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Growth Anisotropy and Morphology Evolution of Line
Defects in Monolayer MoS2: Atomic-Level Observation,
Large-Scale Statistics, and Mechanism Understanding

Shouheng Li, Jinguo Lin, Yun Chen, Zheng Luo, Haifeng Cheng, Feng Liu,* Jin Zhang,
and Shanshan Wang*

Understanding the growth behavior and morphology evolution of defects in
2D transition metal dichalcogenides is significant for the performance tuning
of nanoelectronic devices. Here, the low-voltage aberration-corrected
transmission electron microscopy with an in situ heating holder and a fast
frame rate camera to investigate the sulfur vacancy lines in monolayer MoS2

is applied. Vacancy concentration-dependent growth anisotropy is discovered,
displaying first lengthening and then broadening of line defects as the
vacancy densifies. With the temperature increase from 20 °C to 800 °C, the
defect morphology evolves from a dense triangular network to an ultralong
linear structure due to the temperature-sensitive vacancy migration process.
Atomistic dynamics of line defect reconstruction on the millisecond time scale
are also captured. Density functional theory calculations, Monte Carlo
simulation, and configurational force analysis are implemented to understand
the growth and reconstruction mechanisms at relevant time and length
scales. Throughout the work, high-resolution imaging is closely combined
with quantitative analysis of images involving thousands of atoms so that the
atomic-level structure and the large-area statistical rules are obtained
simultaneously. The work provides new ideas for balancing the accuracy and
universality of discoveries in the TEM study and will be helpful to the
controlled sculpture of nanomaterials.

S. Li, Y. Chen, Z. Luo, H. Cheng, S. Wang
Science and Technology on Advanced Ceramic Fibers
and Composites Laboratory
College of Aerospace Science and Engineering
National University of Defense Technology
Changsha 410073, P. R. China
E-mail: wangshanshan08@nudt.edu.cn
S. Li, J. Zhang
Center for Nanochemistry
Beijing Science and Engineering Center for Nanocarbons
Beijing National Laboratory for Molecular Sciences
College of Chemistry and Molecular Engineering
Peking University
Beijing 100871, P. R. China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202303511

DOI: 10.1002/smll.202303511

1. Introduction

Understanding the growth behavior and
morphology evolution of materials is of
great significance, which is especially true
for 2D materials composed of surface
atoms. On the micrometer scale, tremen-
dous progress has been made. Various
compact shapes (e.g., hexagons, rectan-
gles, triangles, etc.) and dendritic domains
have been thermodynamically or kineti-
cally grown via tailoring the precursor
concentration,[1–6] growth temperature,[7,8]

and substrate symmetry (top panel of
Figure 1),[9,10] which tunes the percentage
and structure of edge atoms and inspires
special electrocatalytic,[11–13] optical,[14] and
magnetic performances.[15] On the atomic
scale, the defect is an important object
to investigate. For 2D transition metal
dichalcogenides (TMDs, e.g., MoS2, WS2),
researchers have studied the growth and
morphology of diverse defects, such as
cracks,[16–18] grain boundaries,[19–23] and
dopant clusters,[24–27] which help unveil
the failure mechanisms and adjust the
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Figure 1. Diagram showing the research idea of this work, which transfers the growth and morphology investigation paradigm of 2D crystals at the
micrometer scale to the defect study at the atomic scale. Cvac represents the vacancy concentration.

electronic properties of 2D material-based flexible and na-
noelectronic devices.[28,29]

As a representative line defect in 2D TMDs, the linearly ar-
ranged chalcogen vacancies[30–34] with locally changed stoichio-
metric ratio and chemical bonding have been widely concerned
due to the special features such as smaller bandgaps,[31] high cat-
alytic activity,[35,36] and unidirectional spin–orbit interaction.[37]

Komsa et al. first demonstrated the staggered configuration
of sulfur (S) vacancy lines by combining transmission elec-
tron microscopy (TEM) and density functional theory (DFT)
calculations.[38] 4D scanning transmission electron microscopy
(STEM) was then performed to directly map the 1D electron-
rich channels at S vacancy lines in monolayer MoS2 and WS2.[39]

Patra et al. combined genetic algorithm with molecular dy-
namics to investigate the evolution of line defects at rela-
tively low vacancy concentrations (1.5–7.5%) and their role in
inducing the 2H-1T phase transition in monolayer MoS2.[40]

In addition, the density and orientation of line defects can
be affected by electron irradiation dose and external strain
field,[38,41] while a high temperature can induce the ultralong
linear defect configuration and the formation of novel 2D
Mo2S3.[42,43] The as-grown line defects were also discovered to
be dynamically unstable under the electron beam in monolayer
MoTe2, displaying migration, rotation, and local phase transition
behaviors.[44,45]

However, there still remain limitations in the study of line
defects in 2D TMDs. First, most of the previous work displays
the atomic-scale structures of individual line defects in a small
area through high-magnification (S)TEM images. How to, at the
same time, quantitatively extract the structural information of de-
fects in a large area is a question. Second, the growth and mor-
phology of line defects are affected by various factors (e.g., tem-
perature, vacancy concentration), but the detailed relationship
and mechanisms between them have not been thoroughly un-
derstood. Third, the atomistic dynamics of line defects at high
temporal resolution lack sufficient experimental and theoretical
research. These deficiencies limit our insights into the growth
and morphological evolution of line defects in 2D TMDs from

different temporal and spatial scales, from individual behavior to
collective behavior, and from qualitative to quantitative.

Here, we combine high-resolution imaging with quantitative
analysis of large-area AC-TEM images to study the S vacancy line
growth behavior and morphology transition in monolayer MoS2
under electron beam irradiation (bottom panel of Figure 1). The
atomic-scale information and statistically significant results can
be acquired simultaneously. The automatic identification of the
atomic coordination states together with the transfer of the math-
ematical concept of “alloying degree” makes us quantitatively un-
veil the vacancy concentration-dependent growth anisotropy of
the S vacancy lines. These line defects lengthen preferentially at
low vacancy concentrations, and broadening is initiated as the
vacancy densifies, whose mechanism has been thermodynami-
cally verified by the DFT calculations. At a high vacancy density,
a small area of monolayer MoS with decreased lattice symme-
try is formed and theoretically predicted to exhibit anisotropy in
mechanical, electrical, and thermal properties. Using an in-situ
heating holder in the low-voltage AC-TEM, the morphology evo-
lution of the S vacancy lines as a function of the growth temper-
ature has also been systematically investigated and the mecha-
nism is attributed to the vacancy diffusion process with the aid
of Monte Carlo simulations. Finally, a fast frame rate camera is
applied to track the atomistic dynamics of line defect reconstruc-
tion on the millisecond time scale. Configurational force analy-
sis together with DFT calculations is performed to understand
the energy optimization and the intermediate steps during the
defect reconstruction.

2. Results and Discussion

We first qualitatively and quantitatively investigated the morphol-
ogy evolution of S vacancy aggregates in monolayer MoS2 over a
relatively large range (≈1600 atoms per image) with increasing
vacancy concentration at 20 °C (Figure 2). The monolayer MoS2
was prepared by atmospheric pressure hydrogen-free chemical
vapor deposition (see Experimental Section). The increase of S
vacancy concentration was achieved by continuous electron beam
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Figure 2. Quantitative analysis of morphological evolution of S vacancy aggregates as a function of vacancy concentration. a–e) Time series of AC-TEM
images showing the S vacancy aggregation evolution in monolayer MoS2 under continuous electron beam irradiation. Scale bars: 1 nm. f–j) Identification
of S vacancy sites among all sulfur atomic columns. The double S sites (S2) are marked by cyan spots, while the S vacancy sites (Vs) are highlighted by
pink spots. k–o) Automatic identification of the coordination number of the nearest neighboring S2 sites around each S vacancy in the projective view.
Squares represent S vacancies, while spots represent disulfide atomic sites. Squares in red, orange, yellow, green, cyan, blue, and ultramarine represent
S vacancies having six, five, four, three, two, one, and zero S2 sites coordinated as the nearest neighbors, respectively. Spots in red, orange, yellow, green,
cyan, blue, and ultramarine represent the disulfide sites having six, five, four, three, two, one, and zero S vacancies coordinated as the nearest neighbors,
respectively. A color bar is situated at the bottom of panels k–o. The closer the color of the square representing the S vacancy is to the left of the color bar,
the more discrete the vacancy distribution. In contrast, the closer the color of the square is to the right of the color bar, the more aggregated the vacancy
distribution. p) Plot showing the alloying degree of S vacancies (JV) as a function of vacancy concentration (Cvac). q) Schematic diagram illustrating the
relation between the alloying degree JV and the topology evolution of the vacancy aggregates.

irradiation of the suspended sample under the conditions of an
accelerating voltage of 80 kV and electron dose of ≈105 e− nm−2

s−1. It is worth noting that, limited by the maximum energy that
the electron beam can transfer to the atom at this accelerating
voltage (≈6.5 eV), only S atoms rather than Mo atoms can be
ejected and form vacancies.[31,33,46,47] Moreover, single S vacan-
cies in which only one S atom is lost in non-metallic sites are
dominant.[31,38] Figure 2a–e and Figure S1 (Supporting Informa-
tion) are time series of AC-TEM images showing the structural

evolution of the same region of monolayer MoS2 as the irradi-
ation time prolongs. To highlight the change in the number of
S vacancies and the morphology of aggregation, we applied soft-
ware to perform contrast analysis on each atomic column and
identified the position of S vacancies in every image contain-
ing ≈800 chalcogen atomic columns. It was found that with the
extension of irradiation time, the quantity of S vacancies rises
(Figure S2, Supporting Information). Their morphology evolves
from isolated spots (Figure 2f) to short vacancy lines along zigzag
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directions (red ellipse in Figure 2g), and then to long vacancy
lines with 2–3 atomic columns wide (red ellipse in Figure 2h).
Finally, when the S vacancies account for about 20%−25% of the
total disulfide sites, the width of the line defect increases signif-
icantly with more than 4 side-by-side S vacancy lines frequently
observed (red ellipse in Figure 2i,j).

Quantitative analysis of large-area AC-TEM images can
achieve atomic-scale information and statistically significant con-
clusions simultaneously. Therefore, we transfer the concept of
“alloying degree” in the alloy research to quantify the aggregation
states of S vacancies, especially the morphology evolution after
the formation of line defects in large-area AC-TEM images.[48]

Mathematically, the alloying degree of S vacancies (Jv) can be ex-
pressed as

JV = P (observed) ∕P (random) × 100% (1)

P (observed) =
∑6

i = 0

(
i × NV−iS

)

6 × NV
(2)

P (random) =
NS

NS + NV
(3)

in which P(observed) represents the ratio of the averaged coordi-
nation number of the disulfide atomic sites around a S vacancy to
the total coordination number (six) of a S vacancy. P(random) rep-
resents the atomic ratio of S vacancy sites to all the non-metallic
sites in monolayer MoS2. NV and NS represent the total num-
ber of the S vacancy sites and the disulfide atomic sites in the
examined area. NV − iS indicates the number of the S vacancies
that have i disulfide atomic sites coordinated around. The value
of i can be from 0 to 6. Note that, we ignored Mo sites in this
study and did not discriminate the S atoms at the top and bot-
tom atomic planes in monolayer MoS2. Such strategies to sim-
plify the discussion have been applied in previous papers related
to 2D alloys.[49–51]

The variation of JV reflects the atomic-scale distribution of S
vacancies in monolayer MoS2, leading to different modes of ag-
glomeration or segregation. When JV < 100%, it means that S
vacancies prefer to aggregate with S vacancies rather than disul-
fide atomic sites and generate a homophilic structure. If JV >

100%, it means that S vacancies are prone to gather disulfide sites
around and form a heterophilic configuration. If JV = 100%, no
preference is seen for the arrangement of S vacancies and disul-
fide sites, leading to a randomly mixed atomic structure. By writ-
ing a program that can automatically analyze information includ-
ing the type of the atomic sites and the distance of neighboring
atoms, the coordination situation of each non-metallic site corre-
sponding to AC-TEM images in panels a-e can be swiftly extracted
in batches (Figure 2k–o and Figure S3, Supporting Informa-
tion). Combining the coordination information in Figure 2k–o
with Equations (1) to (3), we drew a plot showing the change of
JV as a function of the S vacancy concentration (Cvac), as shown
in Figure 2p. The plot exhibits two characteristics: i) the JV value
is always smaller than 100%, indicating that S vacancies tend to
agglomerate with themselves; ii) the decline rate of JV (the slope
of the curve) experiences three stages, namely the rapid decline
period (stage I), the plateau period (stage II), and the secondary
rapid decline period (stage III). These results quantitatively and

statistically support that as the S vacancy concentration increases,
the distribution of vacancies changes from isolated clusters to
aggregated lines (stage I). More importantly, the growth of S va-
cancy lines exhibits prominent vacancy concentration-dependent
growth anisotropy, which means they prefer to extend at a rela-
tively low vacancy concentration (stage II) and then start to widen
as the vacancy concentration goes higher (stage III).

To better understand the relationship between the slope of the
JV–Cvac curve and the vacancy aggregation morphology, we con-
structed a schematic diagram containing 99 atoms for interpre-
tation (Figure 2q). Mathematically, the slope of the JV–Cvac curve
represents the amount of JV change per unit vacancy concen-
tration increase. Therefore, we examined the change of JV after
adding one S vacancy at different positions. At the initial state
(case 0), the model involves 3 vacancies with discrete distribu-
tion, yielding JV = 91.7%. When a new vacancy is added to con-
nect the originally discrete vacancies to a line (case 1), JV signifi-
cantly drops to 78.2%. It explains the first round of rapid JV reduc-
tion (stage I) in Figure 2p, which corresponds to the morphology
change of vacancies from isolated clusters to aggregated lines. On
the basis of case 1, if the next vacancy attaches at the end of the
vacancy line to increase its length (case 2), JV will only decrease
by 1% due to its limited influence on the coordination number
change of the neighboring atoms. It indicates that the prolonga-
tion of line defects has little impact on JV, which explains that the
plateau period (stage II) in Figure 2p mainly corresponds to the
elongation of S vacancy lines. If the newly added vacancy attaches
to the side of the line defect to increase its width (case 3), JV will
decrease by 8%, which is significantly higher than that in case 2.
It verifies that the secondary rapid decline period of JV (stage III)
in Figure 2p corresponds to the broadening behavior of the line
defects.

Figure 3 tracks the dynamics of line defect elongation and
broadening at the atomic scale. Figure 3a–c is consecutive AC-
TEM images showing the extension of a 2SVL. The ends of the
two parallel single S vacancy lines are almost flush, indicating
their comparable growth velocity. We can therefore infer that the
newly added vacancies are inclined to alternately attach at the ter-
minations of two single sulfur vacancy lines. Figure 3d–f displays
the process of broadening a 2SVL into a 3SVL. It is noteworthy
that the widening of a line defect is realized in two steps. First,
a vacancy is attached at the side of the 2SVL (Figure 3e). Sec-
ond, more vacancies aggregate around the first vacancy and ex-
tend along the zigzag direction parallel to the 2SVL (green arrows
in Figure 3e,f). Figure 3g is a histogram exhibiting the quantity
of S vacancies contained in nSVLs (n = 2, 3, and 4) of different
widths under different vacancy concentrations. The data are de-
rived from the analysis of another large region (Figure S4, Sup-
porting Information) that is distinct from the region discussed in
Figure 2. Two results can be obtained from Figure 3g. First, with
the increase in vacancy concentration, the increased number of
vacancies in 2SVLs is much greater than that in other line defects
with larger widths, indicating that the newly introduced vacancies
mainly contribute to the extension of 2SVLs. Second, when the
vacancy concentration exceeds 12%, 3SVLs and even wider line
defects begin to appear, and their growth rate dramatically rises.
It further verifies the vacancy concentration-dependent growth
anisotropy of line defects in monolayer MoS2, which has been
discussed in Figure 2p. At low vacancy concentrations, the growth
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Figure 3. Growth anisotropy of S vacancy lines and the formation of low-symmetry monolayer molybdenum monosulfide (MoS) with DFT-calculated
anisotropic properties. a–c) Time series of AC-TEM images showing the extension of a 2SVL. The 2SVL represents two adjacent parallel monosulfur
vacancy lines along the zigzag direction. With the broadening of line defects, n adjoining monosulfur vacancy lines can be generated, which are denoted
as nSVL. The location of the 2SVL is highlighted by a semi-transparent white mask. Scale bar: 0.5 nm. d–f) Time series of AC-TEM images showing the
broadening of a 2SVL. Scale bar: 0.5 nm. g) Histogram displaying the total number of S vacancies contained in line defects of different widths (nSVL, n =
2, 3, and 4) under different vacancy concentrations. h) Energy profiles for lengthening and broadening of a 2SVL, respectively. i) Histogram showing the
energy required to add a S vacancy at the end or side of a nSVL (n = 2, 3, and 4) for line defect lengthening and broadening, respectively. j) AC-TEM image
showing the formation of monoatomic MoS layer. Scale bar: 0.5 nm. k) Projective-view and side-view of the DFT-relaxed atomic model of monolayer
MoS. l) Radar map showing the anisotropy in elastic modulus (E), lattice thermal conductivity (Kl), electron thermal conductivity (Ke/𝜏) and electrical
conductivity (𝜎/𝜏) properties of monolayer MoS along a-axis and b-axis, respectively.

of line defects is mainly manifested as the prolongation of nar-
row line defects such as 2SVLs. As the vacancy concentration en-
hances, the broadening behavior of line defects emerges and be-
comes common.

Density functional theory (DFT) calculations were performed
to unveil the growth anisotropy of S vacancy lines along the
zigzag and armchair directions. Figure 3h shows the energy re-
quired when adding two vacancies sequentially for the extension
and broadening of a 2SVL, respectively. The energy required to
add two vacancies sequentially on the side of a 2SVL for its broad-
ening is 6.36 eV and 6.30 eV, respectively. In comparison, the en-
ergy needed to add two vacancies one by one at the end of a 2SVL
are only 4.90 eV and 5.50 eV, respectively, which are significantly
lower than those for the line defect widening (Figure S5, Sup-

porting Information). The results unravel the reason why the line
defect growth along the zigzag lattice directions (i.e., elongation)
is preferred over the growth along the armchair directions (i.e.,
broadening). Figure 3i displays the formation energy required
to add one vacancy at the side or end of a nSVL (n = 2, 3, and
4, Figure S6, Supporting Information), manifesting that line de-
fects in different widths are always thermodynamically advanta-
geous in lengthening over broadening.

A small region of monoatomic MoS membrane was generated
when the S vacancy concentration in monolayer MoS2 is high
(yellow dashed frame in Figure 3j). Distinct from the honeycomb
lattice structure of hexagonal MoS2, MoS undergoes significant
compression in the a-axis direction (i.e., the armchair direction of
MoS2) and transforms into a rectangular lattice. The DFT-relaxed

Small 2024, 20, 2303511 © 2023 Wiley-VCH GmbH2303511 (5 of 11)

 16136829, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202303511 by Institute O
f M

echanics (C
as), W

iley O
nline L

ibrary on [11/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 4. Temperature-dependent morphology of S vacancy lines. a–c) Aberration-corrected (S)TEM images showing the morphology of S vacancy
lines formed at 20 °C, 400 °C, and 800 °C, respectively. Panels a and b are AC-TEM images, while panel c is an ADF-STEM image. Vacancy lines in
panels a and b are highlighted by the yellow dashed lines. The inset of panel c displays the atomic model corresponding to the line defect generated at
800 °C. d) Histogram showing the length distribution of 2SVLs formed at 20 °C, 400 °C, and 800 °C, respectively. Inset is the scatter diagram displaying
the average 2SVL length grown at different temperatures. e) Logical framework for analyzing the temperature effect on the morphology of line defects.
Ef represents the energy of directly generating a vacancy at the end or edge of a line defect, while k represents the vacancy diffusion rate constant
estimated based on the Arrhenius equation. f,g) Monte Carlo simulation snapshots displaying the morphology of line defects formed at 20 °C and
800 °C, respectively. The green dots represent the vacancies that have already assembled into fixed line defects in the initial model, while the red dots
are vacancies that are mobile during the simulation process. kM represents the diffusion probability in the Monte Carlo simulation.

atomic models of monolayer MoS are exhibited in Figure 3k.
It shows that the coordination number of Mo and S atoms in
monolayer MoS is 4. The side view of the MoS model shows an
undulating zigzag structure, which is disparate from monolayer
MoS2. The calculations indicate that the thermodynamically sta-
ble lattice constants a and b for monolayer MoS are 0.22 and
0.17 nm, respectively, which match well with the experimentally
measured 0.21 ± 0.05 nm and 0.17 ± 0.05 nm in the AC-TEM
images (Figure S7, Supporting Information). Compared with the
hexagonal MoS2, monolayer MoS belongs to the rectangular crys-
tal system in the 2D Bravais lattice. The decreased lattice sym-
metry of MoS may lead to prominent property anisotropy along
different crystal orientations. Figure 3l is a radar map displaying
the anisotropy in elastic modulus (E), lattice thermal conductivity
(Kl), electron thermal conductivity (Ke/𝜏), and electrical conduc-
tivity (𝜎/𝜏) of monolayer MoS along the a-axis and b-axis, respec-
tively, based on DFT calculations. The elastic modulus of MoS
in the a-axis direction is about 1.5 times higher than that along
the b-axis. In contrast, the lattice thermal conductivity, electron
thermal conductivity, and electrical conductivity in the b-axis di-

rection are about 2 times greater than those along a-axis. In com-
parison, these properties are almost the same along the armchair
and zigzag directions in monolayer MoS2 due to its high lattice
symmetry (Figure S8, Supporting Information).

The growth and morphology of S vacancy lines also exhibit
temperature dependence. Figure 4a–c shows the morphology of
the line defects grown at 20 °C, 400 °C, and 800 °C, respectively,
under similar vacancy concentrations. 2SVLs are dominant at all
three temperatures, while the line defect configuration formed
at 800 °C has a slight deviation from those generated at the other
two temperatures (Figures S9 and S10, Supporting Information).
The nucleation density of the S vacancy lines grown at 20 °C
is high, leading to the formation of dense triangular networks.
The individual line defects are short in length, uneven in width,
and have many kinks under this condition (Figure 4a). When the
heating temperature increases to 400 °C, the density of the line
defects decreases with increased length and width uniformity for
individual defects (Figure 4b). At 800 °C, the S vacancies gener-
ate smooth and ultralong line defects up to tens of nanometers
in length with homogeneous configuration (Figure 4c). Figure 4d
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is a histogram displaying the length distribution of 2SVLs grown
at 20 °C, 400 °C, and 800 °C, respectively, with an inset showing
the average length of the line defects at these three temperatures.
The average length of the line defects increases slightly from ≈2.1
to ≈3.3 nm when the growth temperature enhances from 20 to
400 °C. When the temperature reaches 800 °C, the average length
of the S vacancy lines spikes to ≈20 nm. It should be noted that
the initial region for TEM imaging at different heating tempera-
tures was the well-preserved MoS2 lattice, which ensures that the
heating process did not affect the formation of vacancy lines.

Monte Carlo (MC) simulations combined with DFT cal-
culations were applied to investigate the mechanism of the
temperature-dependent morphology evolution of S vacancy lines.
There are mainly two routes for the line defect growth (Figure 4e).
First, the newly introduced vacancy is directly generated at the
end or side of the line defects (Route 1). Second, the vacancy
is generated in the intrinsic region and migrates to the line de-
fect, contributing to its extension or broadening (Route 2). We
first applied the DFT calculations for Route 1 (Table S1, Support-
ing Information). The results show that the formation energy re-
quired to generate a vacancy at the side or end of a line defect
(Ef) is very similar at 20 °C and 800 °C, indicating that Route
1 is not sensitive to temperature and thus not the main cause
of the temperature-dependent line defect morphology evolution.
For Route 2 which is diffusion dominated, according to the Ar-
rhenius equation,

k = A ⋅ exp
(
−Q∕kBT

)
(4)

in which k represents the diffusion rate constant of the S vacancy
in monolayer MoS2, A is the pre-exponential factor, Q represents
the diffusion barrier of the S vacancy, kB is the Boltzmann con-
stant, and T is the temperature in Kelvin, the vacancy diffusion
rate at 800 °C will be at least 9 orders of magnitude faster than
that at 20 °C with a diffusion barrier of 0.8 eV. Therefore, the
variation in vacancy diffusion at different temperatures may be
the dominant reason for the temperature dependence of the line
defect morphology.

We performed cluster expansion model-based MC simulations
to better understand the intermediate diffusion process of S va-
cancies (Figure 4f,g). The green spots are fixed vacancies that
have already grown into line defects in the initial model, while
the red spots are vacancies that are newly added and mobile dur-
ing the simulation process. Figure 4f are series of snapshots of
MC simulations. It shows that S vacancies represented by the red
spots move slowly at 20 °C. They either attach to the side/end of
the nearby line defects or generate short new vacancy lines with
only 2–3 atomic columns in length, leading to the formation of a
dense and complex network structure. In contrast, the diffusion
rate of the S vacancies dramatically increases together with an
obvious expansion of the diffusion range when the heating tem-
perature enhances to 800 °C (Figure 4g). The newly introduced
vacancies are inclined to attach to the termination of the vacancy
lines, generating a long and straight linear structure. The simu-
lation results are consistent with the experimental observations
in Figure 4a,c, further verifying that the temperature-dependent
morphology change of S vacancy lines is predominantly derived
from the dramatic variation in the vacancy diffusion rate at dif-
ferent temperatures.

The morphology of S vacancy lines is not only determined by
the growth behavior but also affected by reconstruction, which
was observed at both 20 °C and 800 °C (Figure S11, Supporting
Information). Reconstruction results in the elimination of kinks
and corners, thus promoting the smoothness and straightness
of line defects. Figure 5a includes typical AC-TEM images show-
ing the translation of the line defects. The left line defect (SVL-2)
shifts horizontally to the right about 0.5 nm to align with the other
line defect (SVL-1), eliminating the kink formed by the disloca-
tion of the two line defect terminations. Figure 5b displays the
deflection behavior of a 2SVL, where the SVL-1 is rotated clock-
wise 60° to align with SVL-2, thus eliminating a corner. The DFT
calculations indicate that these types of reconfigurations can lead
to a decrease in the system’s total energy. For the S vacancy line
models with the same total defect length (Figure S12, Support-
ing Information), translation and deflection result in the system
energy reduction of 7.1 eV and 8.7 eV, respectively (Figure 5c).

We also conducted configurational force analysis to theoret-
ically understand the force direction and the movement trend
of the line defect during the reconstruction. The configurational
force is defined as the partial conduction of the energy of the
material configuration to the position. Here, the calculation was
based on solving the full field stress distribution using Eshelby’s
inclusion theory (see Section S1 in the Supporting Information).
According to literature reports, Eshelby’s inclusion theory can be
extended to the atomic scale.[52] Therefore, we constructed ellip-
tical inclusions in a flat plate region (MoS2) to represent line de-
fects. The motion of an elliptical inclusion is mainly attributed to
the configurational force component perpendicular to the major
axis of the ellipse. Taking Ellipse 2 as an example, in the model
corresponding to translation, the horizontal leftward configura-
tional force component applied to Ellipse 2 makes it tend to trans-
late to the left (Figure 5d). In the model corresponding to the de-
flection, the configurational force perpendicular to the major axis
of Ellipse 2 will generate a torque that causes it to rotate coun-
terclockwise (Figure 5e). It can be seen that in the final stage of
translation and deflection, Ellipse 2 has no configurational force
component in the horizontal direction, indicating that the state
of two elliptical inclusions arranged along the same straight line
is a stable state with the lowest energy. Both DFT calculations and
configurational force calculations indicate that the reconstruction
of linear defects to form a straight morphology is a result of en-
ergy optimization.

To figure out the intermediate process of the line defect re-
construction, we applied a high frame rate camera to continu-
ously shoot the line defects in translation at an interval of 200 ms
(Figure 5f). It is found that the translation between two adja-
cent line defects is not completed in one step. Instead, a piece-
wise translation occurs, which is manifested as a gradual down-
ward movement of the kink from the middle to the end (the
white arrows in Figure 5f). Each time the kink moves down one
unit length, it intuitively shows as swapping the position be-
tween a S vacancy (𝛼) and a disulfide atomic site (𝛽), as shown
in Figure 5g. The line defect deflection also involves complex in-
termediate steps (Figure S13, Supporting Information). To gain
insights into the mechanism of line defect translation at the high
temporal and spatial resolution, there still remain two questions
to be answered: i) what is the intermediate process of switching
the position of the S vacancy at the 𝛼 site and the position of the
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Figure 5. Reconstruction of S vacancy lines. a) Consecutive AC-TEM images showing the translation of S vacancy lines at 20 °C. Scale bar: 0.5 nm.
b) Consecutive AC-TEM images showing the deflection of S vacancy lines at 20 °C. Scale bar: 0.5 nm. c) Energy reduction caused by one line defect
formed after translation or deflection of two adjacent line defects. d,e) Configurational force analysis for line defect translation and deflection, respectively.
Ellipses 1 and 2 represent line defects, and the remaining regions represent intrinsic MoS2. The heat map shows the distribution of plane stress (𝜎xx).
The red arrow indicates the direction of configurational force subjected to the line defect. f) Time series of AC-TEM images captured by a high-speed
camera displaying the intermediate process of line defect translation with a time interval of 200 ms at 20 °C. Scale bar: 0.5 nm. g) Atomic models
corresponding to panel (f). h) DFT-calculated model showing the atomic movement during the line defect translation. i) Energy profile corresponding
to the atomic movement in panel (h).

disulfide atomic column at the 𝛽 site separated by a row of atoms?
ii) why does the piecewise translation start with a kink of the line
defect? Figure 5h displays the DFT-calculated atomic migration
process during the line deflect translation with the corresponding
energy profiles shown in Figure 5i. The downward movement is
realized by the sequential migration of the two S atoms situated
in the top and bottom atomic planes in monolayer MoS2. The S
atoms that migrate are highlighted in blue. As shown in the side
view of the atomic model, the S atom (SA) in the bottom atomic
plane in Conf. 1 first slides to the left and resides at the position
denoted as SA’ in Conf. 5. The energy barrier of this process is
0.8 eV, as shown by the pink peak in Figure 5i. Subsequently, the
S atom (SB) situated in the top atomic plane in Conf. 5 moves
to the left to reach the position denoted as SB’ in Conf.9. This
process only needs to overcome an energy barrier of 0.1 eV, as
represented as the yellow peak in Figure 5i. Such sequential mi-
gration of the two S atoms leads to the downward shift of the line
defect kink by one unit length, as can be seen from the projec-
tive view of the atomic models in Figure 5h. The energy of Conf.
9 is 0.2 eV lower than that of Conf. 1, indicating the thermody-
namic advantage of this migration path. We also calculated the
energy profile of another migration path, where the S atoms that
migrate are far away from the kink (Figure S14, Supporting Infor-
mation). Such migration path not only results in a diffusion bar-

rier of up to 2.2 eV but also leads to a higher final system energy
than the initial configuration. These results unveil the reason
why piecewise translation of line defects occurs at the kinks and
suggest the energetically favorable atomic steps of the line defect
translation.

3. Conclusion

By applying the low-voltage AC-TEM with an ultrastable in-situ
heating holder and a fast frame rate camera, we unveil the va-
cancy concentration-dependent growth anisotropy, temperature-
dependent morphology evolution, and the millisecond-scale
atomistic reconstruction process of S vacancy lines in monolayer
MoS2. We transfer the concept of alloying degree to quantitatively
investigate the growth mode of sulfur vacancy lines. It is discov-
ered that the vacancy lines lengthen first and then start to widen
as the vacancy densifies. This method implies that both atomic-
scale structural information and large-scale statistical regulari-
ties can be obtained simultaneously through quantitative anal-
ysis of nearly a thousand atomic sites in the TEM image. At a
high vacancy concentration, a small area monolayer MoS with
a rectangular lattice is formed and theoretically predicted to ex-
hibit anisotropy in mechanical, electrical, and thermal properties.
When the temperature of defect generation increases from 20 to
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800 °C, the defect configuration changes from dense triangular
networks to ultralong and narrow lines, which is due to the sig-
nificant increase in the vacancy migration rate at high temper-
atures. The vacancy line reconstructions, including translation
and distortion, are discovered, which are realized by the sequen-
tial migration of sulfur atoms at the kink sites on the millisecond
scale. These reconstructions lead to prominent energy reduction
by theoretical calculations. This work provides new ideas for how
to carry out the TEM study that balances the accuracy and univer-
sality of the discoveries. It also gives insights into the defect for-
mation mechanisms and helps improve the controlled sculpture
of nanomaterials, which may generate novel 2D structures with
exotic properties.

4. Experimental Section
Synthesis and Transfer of Monolayer MoS2: Monolayer MoS2 was

grown by a hydrogen-free CVD method under atmospheric pressure with
molybdenum trioxide (MoO3, ≥99.5%, Sigma-Aldrich) and sulfur (S,
≥99.5%, Sigma-Aldrich) powder used as precursors, similar to the pre-
vious reports.[53,54] SiO2/Si (300 nm thick SiO2) chips were used as sub-
strates. To avoid the quench of MoO3 powder by S vapor during the re-
action, an inner tube with MoO3 powder placed inside was inserted into
the outer 1 in. quartz tube, where S powder was positioned. Two furnaces
were used to give independent temperature control on both two precur-
sors and the substrate. The typical heating temperatures for S, MoO3 and
SiO2/Si substrate were ≈180, ≈300, and ≈800 °C, respectively. After the
growth, monolayer MoS2 was transferred to a Si3N4 TEM grid (Agar Sci-
entific AG21580). A thin film of poly (methyl methacrylate) (PMMA) was
first spin-coated on the MoS2/SiO2/Si substrate surface. Subsequently,
the sample was floated on a 1 mol L−1 potassium hydroxide (KOH) so-
lution to etch SiO2 away. As soon as the PMMA/MoS2 film detached from
the Si substrate, the film was transferred to the deionized water three
times to remove residuals left by the etchant thoroughly. After that, the
PMMA/MoS2 film was scooped up by a holey Si3N4 TEM grid, allowed to
dry in the air naturally and baked at 180 °C for 15 min. The PMMA scaffold
was finally removed by submerging the TEM grid in acetone for 8 h.

Transmission Electron Microscopy and Image Processing: The AC-TEM
images at 20 °C were conducted by 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 was applied to reduce the energy spread of the electron beam to
≈ 0.21 eV. AC-TEM images were recorded by a Gatan Ultrascan 4k × 4k
CCD camera with 2 s acquisition time and 2-pixel binning. The pixel reso-
lution for each AC-TEM image is 145 pixels nm−1. The high-temperature
AC-TEM images at 400 °C in Figure 4b were conducted using an FEI Titan
80-300 environmental TEM under 80 kV accelerating voltage with a Gatan
OneView (4k×4k) high frame rate camera. In-situ heating was achieved by
a Gatan 652 Inconel heating holder, and the heating rate was 10 °C s−1. The
high-temperature ADF-STEM images at 800 °C in Figure 4c, Figures S10
and S11 (Supporting Information) were conducted using an aberration-
corrected JEOL ARM300CF equipped with a JEOL ETA corrector.[55] The
heating rate was 10 °C s−1. Dwell times of 5–20 μs and a pixel size of
0.006 nm per pixel were applied for imaging with a convergence semi-angle
of 31.5 mrad, a beam current of 44 pA, and inner-outer acquisition angles
of 49.5–198 mrad. In situ heating was achieved using a commercially avail-
able in situ heating holder from DENS Solutions (SH30-4M-FS). Images
were processed using the ImageJ software. Two types of false color LUTs,
fire and orange hot, were applied to grayscale images for the enhancement
of the visual effect of Pt atom dopants and dislocation cores. A Gaussian
blur filter (≈2–4 pixels) was used on AC-TEM and ADF-STEM images for
smoothing. Atomic models were constructed using the software of Accel-
rys Discovery Studio Visualizer. Multiscale image simulations for AC-TEM
images were performed using the multiscale method in the JEMS software.

Density Functional Theory (DFT) Calculation: All DFT calculations were
implemented in the Vienna Ab initio Simulation Package (VASP).[56,57] The
exchange-correlation potential was described by Perdew-Burke Ernzerhof
(PBE) functional with generalized gradient approximation (GGA).[58] The
plane wave energy cutoff was 300 eV. The structural relaxations are done
with the residual Hellman–Feynman force <10−3 eV Å−1 and electronic
self-consistent step convergence is 10−5 eV. The “6×12×1” Monkhorst-
Pack meshes (see Figure 3k) and only one Γ point (see Figures 3h,i
and 5c,h,i) were used. Based on the DFT calculation results, the lat-
tice thermal conductivity was calculated using the Phono3py software
package.[59] In addition, the BoltzTraP2 software package was used to
solve the Boltzmann transport equation and obtain the electronic thermal
conductivity and conductivity.[60]

Cluster Expansion Model-Based Monte Carlo Simulation: To simulate
the evolution process of linear defects morphology herein, the cluster ex-
pansion model was used. For simplification, we constructed the honey-
comb mesh plane only composed of non-metallic sites (Figure 4f,g). The
state of a site can be described as a state variable Si(i = 1, 2, …, n),
where Si= 0 means the site i was occupied by a S atom, and Si= 1 means
it was occupied by a vacancy. In addition, the energy of the system can be
expressed as

E = J0 +
∑

i

JiSi +
∑

j,i

JijSiSj +
∑

k,j,i

JijkSiSjSk + ⋅ ⋅ ⋅ (5)

where J’s are the interaction energies (effective cluster interactions) of var-
ious orders, and the second, third and fourth term is the summation over
all sites, pairs of sites, and triples, respectively, and so on.[61] Only the
nearest-neighbor interaction was considered, J0= 0, Ji= 0, Jij= −0.5 eV,
and Jijk= −1, 0.5 and 0.5 eV corresponds to the angle of i-j-k to be 180°,
120°, and 60°, respectively. On this basis, the energy E of a system with
a certain S vacancy distribution can be obtained by Equation (5). Then,
the evolution of the whole system can be simulated using the Metropolis
Monte Carlo.[62]

Considering that theoretical calculations tend to overestimate the dif-
fusion barrier, the diffusion barrier (Q) was set as 1 eV for both 20 °C and
800 °C. To accelerate the diffusion rate in the simulation, the migration
probability kM (i.e., kM = exp( −Q

kBT
)) was expanded by 1000 times.

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