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Abstract

We study the detailed bond reconstructions that occur in S vacancies within monolayer MoS2

using a combination of aberration-corrected transmission electron microscopy, density

functional theory and multislice image simulations. Removal of a single S atom causes little

perturbation to the surrounding MoS2 lattice, whereas the loss of two S atoms from the same

atomic column causes a measureable local contraction. Aggregation of S vacancies into linear

line defects along the zig-zag direction results in larger lattice compression that is more

pronounced as the length of the line defect increases. For the case of two rows of S line

vacancies we find two different types of S atom reconstruction with different amounts of lattice

compression. Increasing the width of line defects leads to nanoscale regions of reconstructed

MoS2 that are shown by DFT to behave as metallic channels. These results provide important

insights into how defect structures could be used for creating metallic tracks within

semiconducting monolayer MoS2 films for future applications in electronics and opto-

electronics.
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Monolayer molybdenum disulphide (MoS2) is a two-dimensional transition metal

dichalcogenides (TMDs) consisting of three hexagonally-arranged S-Mo-S atomic planes. It is

a direct band gap semiconductor and is complementary to the semi-metal nature of graphene

for expanding 2D materials in the application areas of nanoelectronics, optoelectronics and

flexible devices.1–4 Several different approaches have been utilized to obtain MoS2 monolayers,

including exfoliation,5 hydrothermal synthesis6 and chemical vapour deposition (CVD).7–13

CVD has the greatest potential to produce wafer-scale high-quality monolayer films of TMDs

for future industrial needs. Further tuning of the fundamental properties of TMDs can be

achieved by doping,14,15 strain engineering16,17 and phase transitions.18 These modify the band

gap structure of MoS2 and can even switch its electronic characteristics from semiconducting

to metallic.

Structural imperfections in graphene, such as point defects, dislocations, edges and

grain boundaries, can impact its chemical, mechanical, optical and electronic properties. The

effects can be beneficial, such as providing active bonding sites for absorbed atoms and

molecules in controlled chemical reactions, or detrimental, such as decreasing the charge

carrier mobility for graphene-based field-effect transistors.19,20 There have also been several

reports concerning defects in monolayer MoS2 and the TMDs family in general. For example,

a unique class of trefoil-like point defects formed by 60⁰ rotations of metal-chalcogen bonds

has been recently discovered, which could give rise to p-type doping and local magnetic

moments.21 In addition, due to the flexibility of coordination characteristics for both transition

metal and chalcogen atoms, a variety of grain boundaries composed of a series of dislocation

cores having 5|7, 4|4, 4|6, 4|8, and 6|8 fold rings have been discovered. Some of these defect



structures are predicted to be one-dimensional conductive channels embedded in the intrinsic

trigonal prismatic lattice, providing exciting opportunities to tailor local properties of

monolayer MoS2.9,22,23 All these examples offer successful paradigms of adjusting monolayer

MoS2 properties through defect engineering.

Electron beam irradiation can create defects in 2D materials, due to either a ‘knock-on’

effect, ionization or beam-induced chemical etching, facilitating the sculpting of 2D

membranes with high spatial accuracy and flexible pattern design.24,25 A recent study showed

that 60⁰ grain boundaries around vacancy-induced inversion domains on TMD monolayers can

be generated artificially by a proper dose of electron irradiation.26 The electron beam in the

transmission electron microscope can be utilized not only as an imaging tool but also as a probe

for precise nanostructure fabrication. Theoretical calculations reported that the displacement

threshold of S atoms in a pristine MoS2 lattice is ~ 6.5 eV, similar to the maximum knock-on

energy transferred from 80 keV electrons to S atoms.27,28 Therefore, a prolonged electron beam

illumination on monolayer MoS2 under 80kV can produce large amounts of S vacancies. In

contrast, bond rotations similar to Stone–Wales defects in graphene, need much higher

formation energy and are not favourable in MoS2 under this imaging condition at room

temperature.21 The isolated S vacancies are prone to agglomerating into line defects of various

geometries, which are different from the defect structures produced in graphene.29,30 Although

line defects in transition metal dichalcogenides have been imaged before by AC-TEM, the

spatial resolution was not sufficient to accurately resolve the positions of all S atoms within

the defect structure and provide direct insights into the detailed S bond lengths and

reconstructions.29 The details of subtle lattice reconstructions in line defects in monolayer

MoS2, such as the bond length changes and S atom positions are needed for precise theoretical

predictions of its electronic and magnetic properties.



Here, we use a combination of atomic resolution imaging by aberration corrected TEM

(AC-TEM) and DFT calculations to systematically study the lattice reconstructions associated

with line defects in MoS2. We provide detailed information about bond length changes and 2D

strain field variations for line defects as a function of their length and width, as well as a

prediction on the band structure evolution from semiconducting to metallic as the line defect

broadens in width.

Results and Discussion

Monolayer MoS2 is produced by chemical vapour deposition growth using our

previously reported method.11 Samples are transferred to SiN TEM grids with 2 µm holes using

a polymer support layer that is removed to leave suspended monolayer MoS2 regions. AC-

TEM imaging is performed using an accelerating voltage of 80kV, which has sufficient energy

to produce S vacancies. Monochromation of the electron beam is used to reduce the effects of

chromatic aberration and achieve AC-TEM images with higher spatial resolution than using

just spherical aberration correction alone can achieve and this increases the ability to resolve

the position of atoms. Single S vacancies (SV) and double S vacancies (DV) are the two simple

point defects produced in monolayer MoS2 under electron beam irradiation, shown in figure

1a-1d.

Bond length measurements in the SV region were obtained using boxed line profiles

along three armchair directions starting from one SV site in figure 1e, spanning four atoms in

projection as S-Mo-2S-Mo, which is schematically illustrated in figure 1i (supporting

information figure S1). The distance between atoms is determined by fitting double Gaussians

and measuring the distance between Gaussian peak positions, with the distance scale calibrated

by measuring Mo-S bonds in a pristine region of MoS2 lattice. The distances measured between

atoms in the AC-TEM image are the 2D projected distances of MoS2. The deviations of bond



lengths between S-Mo and 2S-Mo in three armchair directions for the SV are almost negligible

and are close to the standard 2S-Mo distance measured in 2D projection (~1.8 Å). Small

fluctuations in the distance is attributed to the influence of other SVs around the area and are

within the noise level of the measurement (labelled by white circles in figure 1e).

For the DV in figure 1f, the loss of two S atoms causes the distance between the three

neighbouring Mo atoms to be reduced by 12% from a value of 3.13 Å in the pristine lattice to

2.75, 2.75 and 3.02 Å, (labelled by 1, 2 and 3, respectively), figure 1j. The Mo-Mo bond

contraction along three zigzag directions in the DV is not purely isotropic and we attributed

this to the random distribution of other SVs around DV (marked by white circles in figure 1f),

exerting anisotropic influence on the lattice configuration at the DV site. This effect is

supported by the DFT calculations (supporting information figures S2 and S3). In comparison,

the Mo-Mo bond lengths around the one missing S atom in the SV were all measured as ~3.10

Å, which is close to the pristine value and indicates negligible compression.



Figure 1. (a, b) Typical AC-TEM images of SV in MoS2. (c, d) Typical AC-TEM images DV in MoS2. (e-f) AC-

TEM images of SV and DV, represented as V1S and V2S, respectively. The typical examples that are used to

conduct bond length measurements in figures 1i and 1j have been highlighted by yellow arrows. The distribution

of other single S vacancies around are marked by white circles. (g, h) DFT-calculated atomic models for SV and

DV, respectively, in a pristine monolayer MoS2 lattice. (i, j) Intensity line profiles at SV and DV shown in figure

1e and 1f, respectively, along directions indicated by red arrows in the schematic diagrams in each panel. Scale

bar corresponds to 0.5nm in all panels.



Prolonged electron beam irradiation causes the concentration of point defects to

increase, with a tendency to initially aggregate into small clusters and then form extended line

defect networks (figure 2a to 2c; supporting information figure S4). Figure 2d shows the

detailed lattice structure corresponding to the early stage of vacancy agglomeration, where

isolated point defects begin to migrate and gather into small clusters and short lines in different

geometries, indicated by white circles and lines (supporting information figure S5). As the size

of the vacancy cluster grows, the amount of bond reconstruction increases, as shown in the red

and yellow circles in figure 2d. The defect clusters primarily adopt linear geometry, which is

different to graphene defect clusters at room temperature. These line defects have a certain

length along the zig-zag direction determined by the number of missing S atoms, but can also

grow across more than one zig-zag lattice line to obtain width in the arm-chair direction. The

width of a line defect is essentially the number of adjoining parallel S vacancy lines (n), and

denoted as nSVL. Some S point defects agglomerate into ultra-short 1SVL, 2SVL and 3SVL,

as shown in figure 2e to 2g, respectively, and become the nucleation of future extended line

defects.



Figure 2. (a-c) Sequence of AC-TEM images showing isolated S vacancies aggregating into extended line defects

under a continuous electron beam illumination at an accelerating voltage of 80 kV. All scale bars correspond to

1nm. (d) AC-TEM image showing detailed configurations of agglomerated S point defects into lines in different

geometries, varying in length and width, which are marked by white circles and lines. The red and yellow ellipses

show two line defect examples that both have two parallel S vacancy lines aggregated but in different lengths,

which show a detectable variation on the lattice contraction level along the armchair direction. The scale bar

corresponds to 0.5nm. (e-g) AC-TEM images of three typical examples of short 1SVL, 2SVL and 3SVL,

respectively, which can be seen as the nucleation of extended line defects. All scale bars correspond to 0.5nm.



In figure 3 we examine the changes in bond reconstruction as a function of length for a 1SVL

line defect in more detail. Figure 3a-3d are a series of AC-TEM images showing line defects

of having only one line of single S vacancies (1SVL) but with lengths varying from 2 to 7 SVs

(marked by white circles in figures 3a-d, respectively). Figure 3e shows the atomic model

obtained from the DFT calculation in both the 2D projection (top down view) and side view

based on figure 3d. A multislice image simulation based on the atomic model shown in figure

3e is presented in figure 3f and matches the experimental image. DFT calculations indicate that

having the S vacancies all within the same layer reduces the energy by 1.7eV compared to

random distribution across the two layers (supporting information figure S6). The formation of

1SVL alters the local stoichiometry from MoS2 to Mo3S5, whereby the coordination of Mo

atoms with S atoms at the defect site changes from six-fold to five-fold and S atoms maintain

the three-fold coordination with Mo atoms as in a pristine lattice. The DFT calculated atomic

model shows the generation of 1SVL triggers a slight out-of-plane distortion (side view),

leading to the splitting of double stacked S atoms adjacent to 1SVL in the top down view

(labelled by two black rectangular boxes in figure 3e). This results in the slight intensity

decrease and blurring at the corresponding 2S sites in the AC-TEM image (marked in white

square boxes in figure 3d). We measured the lattice contraction in 1SVL lines defects of

different lengths by taking intensity line profiles along the armchair direction across the middle

section (supporting information figure S7) spanning 2S-Mo1-S-Mo2, figure 3g (the subscripts

are used to differentiate two Mo atoms measured in the same line). Comparing 1SVL with

different lengths to the pristine lattice shows the projected atomic distances between 2S and

Mo1 are the same, figure 3g, whereas the distance between the two Mo atoms (Mo1-Mo2) has

contracted, along with the S atom position moving closer to Mo1 as the length of the 1SVL

extends. We determined the projected atomic distances between Mo1-S, S-Mo2 and Mo1-Mo2

by Gaussian peak fitting, and figure 3h shows the plot of the relevant interatomic distances as



a function of the 1SVL defect length. It shows that the Mo1-Mo2 distance has a compression

that increases with the 1SVL length, from ~5.3 Å in a pristine lattice to ~4.2 Å when the

aggregated number of S vacancies reaches 7 at 1SVL, yielding a shrinkage ratio of 21%. The

planar Mo1-S distance drastically decreases, while the S-Mo2 distance increases when the

aggregated number of single S vacancies increases from 0 to 5, indicating that a single S atom

undergoes displacement relative to Mo1 on its left. Therefore, with the extension of 1SVL, the

projected view of the line defect structure shows an increased contraction ratio for Mo

sublattice at 1SVL along the armchair direction, indicated by a continuous decrease of Mo1–

Mo2 distance. In addition, residual single S atoms at 1SVL undergo displacement to Mo1 atoms,

which switches the original zigzag configuration of the Mo-S string to an approximately

straight line (indicated by dashed rectangular black and white boxes in figure 3e and 3f,

respectively).



Figure 3. (a-d) AC-TEM images showing 1SVL in different lengths, having elevated numbers of single S

vacancies aligning in the same line, being 2, 3, 5 and 7, respectively. (e) DFT-calculated atomic model based on

figure 3d, with both the projection view and the associated side view. (f) Multislice TEM image simulation

corresponding to the atomic model in figure 3e. (g) Intensity line profiles measured across the middle of 1SVL in

different lengths, shown in figure 3a-3d, along the armchair direction indicated by the red arrow labelled in the

schematic diagram, spanning 2S-Mo1-S-Mo2 in projection (the subscripts are used to differentiate two Mo atoms

measured in the same line). (h) Scattered line graphs showing the distance variations between Mo1 and Mo2, S

and Mo2, as well as Mo1 and S, respectively, when the number of aggregated single S vacancies increases from 0

to 7. Scale bar corresponds to 0.5nm in all panels.



We next studied the effect of increasing the width of line defects by examining the

2SVL that has two adjacent parallel sulphur vacancy lines. Figures 4a and 4b show two types

of extended 2SVL defects, which have slightly different S reconstruction. Figure 4c shows a

2SVL with a kink that has the two different types of reconstruction present. The fine details of

these reconstruction are shown in figure 4d-g, highlighting the shifts in the S positions and the

impact on the positions of Mo along the line defect, figure 4h and 4i. The S atoms in the type

1 2SVL are further apart compared to the type 2 2SVL and the Mo atoms are spaced further

apart in the type 1 2SVL compared to the type 2. Figure 4i shows the separation distances

between Mo atoms along the regions indicated in the AC-TEM image in figure 4h, for type 1

and type 2 2SVL structures. The origin of the two types of 2SVL is likely associated with strain

effects from the compression occurring in the lattice from the missing S atoms. The kink in the

line defect in figure 4c results in non-orthogonal strain components from one line defect

impacting on the other section. In general, type 1 2SVL is the most common 2SVL observed

in the lattice.



Figure 4. AC-TEM image of a 2SVL with (a) type 1 S reconstruction and (b) type 2 S reconstruction. (c) AC-

TEM image showing the intersection of type 1 and type 2 2SVL defects. (d) Magnified view of the red boxed

region in (c) for a type 2 2SVL. (e) Magnified view of the yellow boxed region in (c) for a type 1 2SVL. (f) and

(g) show schematic atomic model overlaid onto the respective AC-TEM images from (d) and (e). (h) Positions of

Mo and S atomic columns are indicated on the AC-TEM image from (c), with S in yellow and Mo in cyan. White

circles indicate the S vacancy sites. (i) Comparison of line profiles taken in the regions indicated with the broad

white lines in (h) for the two types of 2SVL. All scale bars corresponds to 0.5 nm.



Based on DFT calculations, the low energy configuration for the type 1 2SVL has

alternating rows of S vacancies between top and bottom planes, shown in figure 5b, agreeing

with previous reports.29 Similar to 1SVL, 2SVL also induces a slight out-of-plane distortion at

the defect site. The lowest coordination number of Mo atoms with S atoms further decreases

from 5-fold for 1SVL to 3-fold for type 1 2SVL, figure 5b. The type 2 2SVL has similar S

positions to a 1T phase of MoS2 and in figure 5e-h we show it transformation to a type 1 2SVL

structure after 10 seconds of electron beam irradiation. This occurs by shifting the single S

atom line labelled in yellow circles (figure 5e) to right along the armchair direction slightly

(figure 5h), switching the geometry of the Mo-S string on the right side from zigzag to a straight

line. The type 2 2SVL usually occurs when there are other defect structures around, such as the

triangular inversion domain shown in figure 5d. Figure 5i-l shows a schematic illustration of

the atomic position changes needed to achieve a type 2 2SVL structure. The actual formation

pathway of a type 2 2SVL will be more complicated than the process shown in figure 5i-l,

because the line defects are formed by the agglomeration of point defects that involves multiple

bond reconstructions.

The lattice changes for the 2SVL were measured as a function of their lengths and types

using line profiles across the middle section spanning Mo1-S-Mo2, figure 5m. The short type 1

2SVL is from figure 2f, while the longer type 1 2SVL is from figure 5a (supporting information

figure S8). The projected distances between Mo1-Mo2, S-Mo1 and Mo1-S in 2SVL as a function

of their type and length are plotted in figure 5n. Compared with the pristine MoS2 structure,

both types of 2SVL have lattice compression along the armchair direction, as depicted in the

line chart of Mo1-Mo2, figure 5n. However, the contraction for a type 1 2SVL (17%) is larger

than for a type 2 (11%), even considering both the short type 1 2SVL and a long type 2 2SVL.

The compression is greater for the longer type 1 2SVL compared to short type 1 2SVL, similar

to 1SVL and confirms an increased lattice compression in the projected view with an extension



of S vacancy lines. The position of single S atoms relative to its two neighbouring Mo atoms

also varies for the two types of 2SVL. Compared with the pristine MoS2 lattice having 2S

placed closer to Mo1, the single S atom tends to locate at approximately the middle of two Mo

atoms for type 1 2SVL, whereas the type 2 2SVL has single S positioned closer to Mo2.



Figure 5. (a) AC-TEM image of type 1 2SVL with two adjacent single S vacancy lines highlighted by white

circles. (b) DFT-calculated atomic model for the type 1 2SVL shown in figure 5a. The Mo atoms marked by red

circles show a three-fold coordination with their neighbouring S atoms. (c) Multislice TEM image simulation

based on the atomic model in figure 5b. (d) AC-TEM image showing type 2 2SVL with its surrounding

environment included, having a triangular inversion domain on top. The detailed configuration of type 2 2SVL



labelled in the white dashed box is magnified as inset. (e) AC-TEM image of the region marked in the orange

dashed box in figure 5d, with two single S vacancy lines marked by white and yellow circles from left to right,

respectively. (f) Atomic model of type 2 2SVL, with labels indicating that single S atoms along two S vacancy

lines are located in the centre of their triangularly-arranged three Mo atoms. (g) Multislice TEM image simulation

based on the atomic model in figure 5f. (h) AC-TEM showing the transformation of a type 2 2SVL to type 1 after

10 seconds. (i-l) Schematic illustration showing atomic position changes from pristine lattice to type 2 2SVL. (m)

Intensity line profiles measured across the middle of 2SVL in different types and lengths, along the armchair

direction indicated by the red arrow shown in the schematic diagram. The short type 1 2SVL, long type 1 2SVL

and type 2 2SVL correspond to the example of the type 1 2SVL in figures 2f, 5a and 5e, respectively. (n) Plots

showing the distance difference between Mo1 and Mo2, S and Mo2, as well as Mo1-S, respectively, for 2SVL with

the variation of types and lengths. Scale bar corresponds to 0.5nm in all panels.

The 2SVL further increases in width by S vacancies agglomerating along the armchair

direction, forming 3SVL and 4SVL, as shown in figure 6a-c. These generally have structure

similar to the type 1 2SVL in terms of the S bond reconstruction. Figure 6d shows the AC-

TEM image of the region marked with the dashed white box in figure 6c, with the DFT-

calculated relaxed atomic model and the corresponding multislice simulation shown in figure

6e and 6f, respectively. The energetically stable structure still has staggered arrangements of S

line vacancies alternating between the top and bottom S planes, figure 6e. In the 2D projected

view, the periodical structure at the defect site transforms from hexagonal in the pristine lattice

to rectangular, highlighted by the red box in figure 6e. Intensity line profiles are measured for

the 3SVLs with two different lengths (long and short) from images in figure 2g and 6d (figure

6g) (supporting information figure S9). Lattice contraction occurs along the armchair

orientation and increases with the 3SVL length, agreeing with the observations on 1SVL and

2SVL. A prolonged electron beam irradiation causes the line defects to further expand in both

length and width. Figures 6h and 6j are two typical examples of nSVL having 5 and 8 extended

sulphur vacancy line widths, with corresponding atomic models shown in figures 6i and 6k,



respectively. This indicates a large tunable range for line defect geometry, providing flexibility

for patterning MoS2-based 2D nanodevices.

Figure 6. (a) AC-TEM image of S line vacancy with increased width, with (b) showing white circles to indicate

the 1S vacancy locations. (c) AC-TEM image showing the structure of 3SVL. (d) Magnified AC-TEM image of

the region labelled in the white dashed box in figure 6c, showing the detailed lattice reconstruction at 3SVL, with



three single S vacancy lines highlighted by white circles. (e) DFT-calculated atomic model of 3SVL corresponding

to figure 6d. The lattice marked in the red dashed box indicates a transformation on the periodicity of atom

arrangements from hexagons to rectangles in the projection view. (f) Multislice TEM image simulation based on

the atomic model in figure 6e. (g) Intensity line profiles measured across the middle of 3SVL in different lengths,

along the armchair direction indicated by the red arrow shown in the schematic diagram. The short and long

examples correspond to 3SVL shown in figure 2g and figure 6d, respectively. (h, j) AC-TEM images showing

two typical examples of nSVL (n>3), which are 5SVL and 8SVL, respectively. The line defect region has been

highlighted by covering a half-transparent white mask, which displays distinct structural difference from the right

pristine lattice with an atomically-sharp and straight boundary. (i, k) Atomistic models corresponding to the

structure of 5SVL and 8SVL shown in figure 6h and 6j, respectively. Scale bar corresponds to 0.5nm in all panels.

We examine the strain in the lattice resulting from the line defect formation, figure 7.

2D displacement and strain maps were constructed for two typical examples of type 1 2SVL

and 7SVL using a real space analysis method similar to prior work on carbon nanotubes.31

Measuring changes in atomic positions has also been used to map strain in graphene grain

boundaries and divacancies.32,33 The 2D displacement maps of 2SVL and 7SVL show

prominent lattice compression towards the line defects in the x direction with an increased

magnitude as the line defect broadens (figure 7(i)a and 7(ii)a), whereas the lattice distortion in

the y-axis is insignificant (figure 7(i)b and 7(ii)b) (supporting information figure S10). The

compression or tension of the local lattice in the x-y plane is revealed by maps of
ப௎ೣ

డ௫
and

ப௎೤

డ௬
.

Interestingly, for type 1 2SVL, strain fields in the x direction are organized into tension-

compression dipoles along the S line defects but in large magnitude variations, as indicated by

black boxes in figure 7(i)c. The contraction strain fields can reach above 50%, while the tension

strain fields are only around 20%. This is consistent with the atomic position measurements

across the type 1 2SVL (figure 5n), where the projected interatomic distance of S-Mo2 and

Mo1-S for the long type 1 2SVL show a compression and an elongation trend, respectively,

with a distinct difference on the relative change. The strain field in the y direction is almost



zero, which is due to the negligible displacement along this direction. Because the TEM image

is the 2D projection of the 3D atomic structure, the elongation or shrinkage of the distance

between two neighbouring atoms measured in a TEM image can come from two effects: (i) the

bond length variation between two atoms, which indicates an in-plane lattice deformation; (ii)

an out-of-plane distortion, which can alter the projected distance between two atoms along

certain direction in the x-y plane. To confirm the origin of the 2D strain fields in the x direction

in line defects, we calculated the Mo-S bond length variation between line defects in DFT-

calculated atomic models and a pristine lattice, yielding a compression/tension ratio of less

than 5% (supporting information figure S11). This indicates that both the contraction and

tension fields along x-axis are mainly derived from the out-of-plane distortions of the lattice in

line defects, also seen in the side view of atomic models for type 1 2SVL (figure 5b). The angle

between Mo-S bonds and the x-y plane varies at the defect site compared with the pristine

lattice, resulting in a change of the projected distance between Mo and S atoms. The 2D shear

strain fields of
ப௎ೣ

డ௬
are ordered into positive-negative dipoles as well (marked by black dashed

boxes in figure 7(i)e), with an approximately balanced magnitude along the line defects, while

ப௎ೣ

డ௬
is nearly ignorable, representing a periodically-organized simple shear mode in projection.

Both the normal and shear strain fields are highly localized along the 2SVL, with small

perturbations to the neighbouring lattice. In terms of strain field maps for 7SVL, they show

similar characteristics as 2SVL regarding both the organization manner of strain fields and

their magnitudes, as shown in figure 7(ii)c-f. The only difference is that the strain fields of
ப௎ೣ

డ௫

along different S vacancy lines has small deviations in magnitudes, which could be due to the

generation of ripples at line defects.



Figure 7. (i)(a, b) 2D displacement maps of type 1 2SVL in the x and y direction, respectively, which are overlaid

on the corresponding maximum-filtered 2SVL AC-TEM image. The colour scale is ± 1.5Å. The white circles

indicate the line of Mo atoms which locate close to its neighbouring two single S vacancy lines, marked by blue

circles. The black arrow points out the Mo atom that is chosen as the reference point. (c-f) 2D strain maps of

߲ܷ /ݔ ,ݔ߲ ߲ܷ /ݕ /ݔܷ߲�,ݕ߲ ݕ߲ and ߲ܷ /ݕ .ݔ߲ The colour scale is ±1.1 (±110%). The black rectangular boxes marked

in panel c show the normal strain fields in the x direction, which are organized into tension-compression dipoles

with a large magnitude variation, while the black boxes labelled in panel e displays shear strain fields that are also

ordered into pairs but with balanced magnitude along type 1 2SVL. (ii)(a, b) 2D displacement maps of 7SVL

along the x and y direction, respectively, which are overlaid on the corresponding maximum-filtered 7SVL AC-

TEM image. The colour scale is ± 3.5Å. The white circles indicate one line of Mo atoms which locates in the

middle of the defective region. The black arrow indicates the Mo atom that is chosen as the reference point. (c-f)

2D strain maps of ߲ܷ /ݔ ,ݔ߲ ߲ܷ /ݕ /ݔܷ߲�,ݕ߲ ݕ߲ and ߲ܷ /ݕ ݔ߲ for 7SVL. The colour scale is ±1.1 (±110%). Scale

bar corresponds to 0.5nm in all panels.

Finally, we use DFT to calculate how the band structures of MoS2 are impacted by the

presence of these line defects. In particular, we study the electronic properties under the



assumption of infinitely long line defects in MoS2. For the band structure calculations, the

infinite line defects are made within a periodic orthorhombic unit cell of the pristine MoS2

lattice structure. As the width of the line defects increases, the size of the band gap decreases,

as shown in figure 8. The band gap of pristine MoS2 without a line defect is found to be 1.68

eV, similar to previous reports.34,35 The defect lines introduce new states between the

conduction band minimum and the valence band maximum, compared with the band structure

of pristine MoS2. The band structure of 1SVL, 2SVL, and 3SVL shows direct band gaps of

0.546, 0.058 eV, and 0.047 eV, respectively. As the number of defect lines increases over 4SVL,

the band gap disappears and it finally becomes metallic (supporting information figure S12).

From the band structure calculations, we find the tunability of band gap depending on the

number of line defects.

Figure 8. DFT calculated band structures of 1SVL, 2SVL, 3SVL and 4SVL, respectively, indicating a gradual

band gap decrease as the line defect broadens with the electronic property alteration from semiconductor to metal.

Conclusion

The ability to accurately resolve the position of atoms within the defect structures in monolayer

MoS2 enabled precise atomic models to be constructed and verified by DFT. These refined



models can be used to predict the properties of defective MoS2 and have broad impact in

understanding the role of lattice perturbations in 2D TMD materials. As the line defects

increase in width, the DFT revealed a reduction in the band gap, eventually leading to metallic

channels in the MoS2. This opens up the opportunity for top-down patterning of

semiconducting/metallic interfaces through defect engineering, which has importance for

future electronic and opto-electronic devices.

Methods

Synthesis and transfer of monolayer MoS2

MoS2 monolayers were grown using a hydrogen-free chemical vapour deposition method in

atmospheric pressure with precursors of molybdenum trioxide (MoO3, ≥99.5%, Sigma-Aldrich) 

and sulphur (S, ≥99.5%, Sigma-Aldrich) powder, similar to a previously reported strategy. The 

MoO3 monolayers were grown on the SiO2/Si (300 nm thick SiO2). To avoid the cross-

contamination between MoO3 and S powder at high temperature, MoO3 precursor was initially

loaded in a smaller diameter tube of around 1cm, which was then placed into the larger 1-inch

quartz tube for the entire CVD growth, while the S powder was put in the outer tube. The mouth

of the inner-tube which is located near the gas inlet was positioned upstream more than 15 cm

from the position of S, which can thoroughly avoid the S vapour to spread into the inner-tube

and react with MoO3. Two furnaces were applied to provide a better temperature control for

both precursors and the substrate. S powder and the substrate (with face up) were placed in the

central area of the first and second furnace, respectively, while MoO3 powder was loaded at

the upstream of the second furnace. The heating temperature for S, MoO3 and substrate were

~ 180, ~300, and ~800 ⁰C with argon used as the carrier gas. After a pre-introduction of S

vapour for ~15 min, the temperature for the second furnace was first increased to ~800 ⁰C at a

ramping rate of 40⁰C/min and maintained for 15 minutes under 150 sccm argon flow. Next,



the argon flow was reduced to 10 sccm and kept for 25 minutes before the growth stopped,

followed by a fast cooling process. The temperature for S was retained at ~180 ⁰C during the

whole synthesis period. After growth, the surface of the MoS2/SiO2/Si substrate was first spin-

coated with a thin film of poly (methyl methacrylate) (PMMA) followed by floating it on a 1

mol/L potassium hydroxide solution to etch SiO2 away. After it peeled off, the PMMA/MoS2

film was then transferred into the deionized water for several times to wash off any residual

contamination from the etching process. The rinsed PMMA/MoS2 film was subsequently

scooped up by a holey Si3N4 TEM grid, (Agar Scientific Y5358), air-dried for overnight and

baked at 180 ⁰C for 15 minutes to ensure a strong interface contact between MoS2 monolayers

and the TEM grid. Finally, the PMMA scaffold was removed by submerging the TEM grid in

the acetone solution for 8 hours.

Transmission electron microscopy and image processing

The HRTEM was conducted using Oxford’s JEOL JEM-2200MCO field emission gun TEM

with a CEOS imaging aberration corrector under an accelerating voltage of 80 kV. A double

Wien filter monochromator with a 7 µm slit were applied to reduce the energy spread of the

electron beam to ~0.21 eV. AC-TEM Images were recorded using a Gatan Ultrascan 4k × 4k

CCD camera with 1-2 s acquisition time, 2 pixel binning. The pixel resolution for each AC-

TEM image is 145 pixels/nm. The electron dose used for imaging was ~105 e-/nm2. Images

were processed using the software of ImageJ. They were initially adjusted with a band-pass

filter (between 100 and 1 pixel) to modify the long-range non-uniformity on the illumination

intensity, and then smoothed by applying a Gaussian blur (2-4 pixels). The Gaussian blur

applied on figures 2a-c is 8, which is for the specific purpose of highlighting locations of

vacancies and line defects in the low magnification AC-TEM images. The original grayscale

images with black atom contrast were inverted and then a fire false colour LUT was used to

improve the visual contrast. Atomic models were established via the software of Accelrys



Discovery Studio Visualizer. Simulated multislice images based on corresponding atomic

models were generated using JEMS software with a proper parameter adjustment according to

the TEM experimental condition.

2D displacement maps and strain analysis

We identified the positions of atoms from the AC-TEM images having sulphur vacancy

lines and subtracting them from their expected locations in a periodic pristine MoS2 lattice. We

used the approach previously applied to resolve the strain in carbon nanotubes.

For 2D displacement maps, we rotated the TEM image to align the S vacancy line’s length in

the vertical direction (y-axis), and chose one set of Mo atoms as the reference point (indicated

by the black arrow in the line of Mo atoms marked by white circles in figure 7(i)a and 7(ii)a,

respectively). This is used to accurately align the corresponding Mo atom in a pristine lattice.

The magnitude of each atom displacement is separately expressed by two directions, x and y.

Atoms undergoing displacement to right (up) are in positive values, while those moving to left

(down) are in negative. To resolve the 2D local lattice strain, we initially used scattered

interpolation with a proper step-size on the displacement map, and then calculated the

displacement value difference divided by their location variations along certain directions

between each two interpolated spots to form 2D gradient maps of ,ݔ߲/ݔܷ߲ ݕ߲/ݔܷ߲�,ݕ߲/ݕܷ߲

and ݔ߲/ݕܷ߲ (supporting information figures S13-S15).

Density Functional Theory (DFT) calculation

We performed DFT calculations within the generalized gradient approximation of Perdew-

Burke-Ernzerhof (PBE) functional using Vienna ab initio simulation package (VASP)

code.36,37 Vanderbilt pseudopotentials are also used in this calculation.38 To make the unit cell

containing line defects, S atoms are pulled out depending on the number of SVL from the

orthorhombic supercell containing 100 Mo atoms and 200 S atoms to make line defects. The



size of supercell is determined considering the contraction by line defects observed in AC-

TEM. In the unit cell, the vacuum region of 30 Å is contained in z direction. The basis set

contains plane waves up to an energy cutoff of 400 eV. The Brillouin zone was sampled using

only Γ point. When structural relaxations are performed, the structure is relaxed under the 

constraint until the force on each atom is smaller than 0.02 eV/Å. For the band structure

calculations, the infinite line defects are made in the periodic orthorhombic unit cell (44.063

Å×3.180 Å×30 Å) of the pristine MoS2 lattice structure containing 16 Mo atoms and 32 S

atoms. The infinite line defects are formed along y-direction. In the band structure calculations,

the Brillouin zone was sampled using a (1×13×1) Γ-centered mesh. 
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