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Abstract

Transition metal dichalcogenide (TMD) monolayers such as MoS2 , MoSe2 , MoTe2 , WS2 and
WSe2 have attracted significant interest due to their remarkable electronic and optical properties,
exhibiting a direct band gap, enabling usability in electronics and optics. Their properties can be
altered further by the introduction of lattice defects. In this work, the dynamics of the formation
of electron-beam-induced lattice defects in monolayer WSe2 are investigated by in-situ spherical
and chromatic aberration-corrected low-voltage transmission electron microscopy. We show and
analyze the electron-dose-limited life of a monolayer WSe2 from the formation of isolated Se
vacancies over extended defects such as vacancy lines, mirror twin boundaries (MTBs) and
inversion domains towards the loss of W atoms leading to the formation of holes and finally the
destruction of the monolayer. We identify, moreover, a new type of MTB. Our study extends the
basic understanding of defect dynamics in monolayer WSe2 , sheds further light on the electron
radiation response and suggests new ways for engineering the in-plane architecture of TMDs.
Keywords: TMD monolayer, high-resolution transmission electron microscopy,
defect engineering
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1. Introduction

members of the class of 2D-TMDs, tungsten diselenide
(WSe2 ) is a very promising candidate with a wide range of
optoelectronic applications [4–10]. For instance, it opens its
direct bandgap from 1.2 eV in bulk [11] to 1.7 eV in the monolayer structure [12]. Separate band minima make it moreover
potentially interesting for quantum information processing
[13]. WSe2 can also work as a saturable absorber for pulsed
fiber lasers [14].
The formation of lattice defects can modify the properties
of TMD monolayers in addition. For example, point defects
are shown to create localized excitons in monolayer WSe2
[15]. These states can not only arise from the growth process of
the crystal [16] but can also be created afterwards, for example,
by electron irradiation via several mechanisms of transferring
energy from the impinging electrons to the lattice [17, 18];

After the discovery of graphene, two-dimensional transition
metal dichalcogenides (2D-TMDs) have received increasing
attention. Similar to graphite, layers are weakly bound by
van-der-Waals bonds, and TMD monolayers can be exfoliated
[1]. Extraordinary mechanical, electrical, magnetic and optical
properties are reported for 2D-TMDs [2, 3]. Among numerous
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those pathways can in principle be followed atom-by-atom if
the resolution of the transmission electron microscope (TEM)
is sufficient.
Due to the lower atomic number of Se compared to W, Se
atoms are more prone to be ejected from the WSe2 lattice by
electron irradiation, which results in the formation of single Se
vacancies as well as double Se vacancy columns [19]. By utilizing an electron beam of variable energy, one can even create
particular defects. This can, potentially, also be used to tailor
unique properties in 2D-TMD materials [20, 21]. It has already
been reported that with increased total electron dose, more
and more complex defect structures form [22, 23]. Some of
these defects agglomerate to line-shaped structures, so called
line defects [24, 25], which affect the electronic structure and
in some cases even add magnetic moments [26]. The orientation of the line defects can be controlled by directional strain
on the material [24]. Mirror twin boundaries (MTBs) are one
type of these line defects which have been intensively studied
recently [27–35]. One of the reasons for the interest in MTBs
is the change of the material properties they cause. Lin et al
[20] have recently shown that MTBs give rise to p-type doping
and local magnetic moments in WSe2 . Thus far, three different types of MTBs have been observed in TMDs, commonly
denoted as 4|4P, 4|4E and 55 × 8 [33]. In the case of WSe2 ,
only the 55 × 8 type has been observed at high temperatures
of 500 ◦ C [20].
To image structural changes on the level of the single atoms,
the resolution of medium-voltage-ranged TEM and scanning
TEM (STEM) has been dramatically improved in recent years
due to the realization of spherical aberration (CS ) correction
of the imaging lenses [36, 37]. However, at medium electron accelerating voltages of 200–300 kV, electron-beamsensitive 2D materials are often fast destroyed during imaging due to knock-on collusions between the electrons and
the atoms. Decreasing knock-on damage while maintaining
atomic resolution has been the driving force behind decreasing the voltage, at which the TEM operates down to 20 kV
and corrects not only the CS but also the chromatic aberration
(CC ) of the objective lens [38, 39]. CS - and CC -corrected TEM
is especially useful to study the dynamics of 2D materials at
lower accelerating voltages in high-resolution TEM (HRTEM)
mode, as it allows, in contrast to the STEM mode, to track
the structural rearrangements atom-by-atom in real time, while
maintaining a large field of view in a single exposure and collecting the information from all scattered electrons.
Here, we report the formation and evolution of defects
in monolayer WSe2 at room temperature, including all three
types of MTBs as well as a fourth type, which was not
observed in TMDs so far. We also report on the evolution of
the defects with continued electron irradiation from single Se
vacancies over extended defects to the rupture of the monolayer.

contrast in the optical microscope, which is about 40% on a
90 nm SiO2 coated Si wafer [40, 41]. Subsequently a Quantifoil 0.6/1 TEM grid was placed on top of the area of interest
by means of a micromanipulator and brought into contact by
an evaporating drop of isopropyl alcohol. The flake and grid
were then removed by etching the substrate with potassium
hydroxide. The grids were finally washed in distilled water.
We applied the Sub-Angstrom Low-Voltage Electron
microscopy (SALVE) instrument at an electron acceleration
voltage of 80 kV [39, 42]. The SALVE microscope is corrected for axial geometric aberrations up to fifth order, off-axial
geometric aberrations up to third order and chromatic aberrations in the first order, which enables to achieve a resolution
of 0.76 Å at 80 kV at a large field of view in a single image
[39]. To maximize the atom contrast, we worked in bright atom
contrast condition [43]. Here we used a slightly negative CS
of about −7 µm to optimize contrast transfer function with
respect to the measured C5 of about 2 mm. CC was corrected
to about 10 µm. To record the data, we used the 2 k x 2 k camera of the Gatan image filter system. Throughout this paper, we
will not only refer to the total accumulated electron dose, but
also time passed between subsequent images for clarity of the
figures. For image simulations, we used the QSTEM software
package [44]. The dampening of the contrast induced by the
camera was included by adding the corresponding modulation
transfer function (MTF) to the simulated images. The MTF of
the camera was prior measured using single pixel illumination
as described by Lubk et al [45]. The effect of limited electron
dose was emulated by applying noise to the calculated images
using a custom script for Gatan DigitalMicrograph based on
Monte-Carlo methods and exploiting the Poisson statistics of
electrons.
3. Results and discussion
We start our discussion with presenting the monolayer flake
of WSe2 used for TEM investigation, which is denoted by the
white arrow in figure 1(a), and the structural model in planand side view shown in figure 1(c). Here we introduce single
Se vacancy and double Se vacancy column and their schematic
used later in the manuscript. Figure 1(b) shows the initial 80
kV CC /CS -corrected HRTEM image of the monolayer WSe2 .
The Se2 atom columns with 2 Se atoms produce higher contrast than one W atom (W mass is 183.84 u, Se mass is 78.97 u,
for explanation see supplementary figure S2) [46].
After accumulating a higher electron dose of 1.0 × 108
e /nm2 on the specimen, which is about a factor of 1000 higher
compared to the initial image presented in figure 1(b), we
observe the formation of single Se vacancies which tend to
transfer into double Se vacancy columns (figure 2(a)). Here
we inserted in the right upper corner a simulated image with
one double Se vacancy column and one single Se vacancy,
using the experimental parameters as described in the method
section. One can identify the positions of W and Se and distinguish double Se vacancy columns from single Se vacancies (see the agreement between the red (calculation) and
green (experiment) line profiles through single Se vacancy and
double Se vacancy column). By comparing subsequent images

2. Method
WSe2 monolayers were prepared by mechanical exfoliation
using a Nitto wafer tape. After applying the flakes to a silicon
dioxide wafer, suitable monolayers were identified by their
2
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Figure 1. (a) Optical micrograph of few-layer WSe2 on a SiO2 substrate. The monolayer WSe2 is marked with a white arrow. Scale bar is

5 µm. (b) 80 kV CC /CS -corrected HRTEM image showing the initial state of the monolayer WSe2 , showing a predominantly intact layer.
The brighter atom contrast originates from the two Se atoms underneath each other (compare the model in (c) and see supplementary figure
S2 (available online at stacks.iop.org/NANO/31/495704/mmedia) for explanation). The electron dose is 2.9 × 105 e- /nm2 , scale bar is 5 Å.
(c) shows the atomic model of a monolayer WSe2 , which is structurally identical in most TMDs: The W atoms (marked red) sit in the center
of the film, while the Se atoms (marked yellow) stacked on top of each other. Together they form a hexagonal structure when observed from
above. Single and double Se vacancies are marked by orange circle and yellow dotted circle, respectively, which will be further discussed in
the text.

Figure 2. Early stages of electron irradiation damage. (a) 80 kV CC /CS -corrected HRTEM image of an area with single and double Se

vacancies (top) with corresponding HRTEM image simulation (inset) and intensity profiles showing good agreement between experiment
and simulation. The green profile was taken from the correspondingly marked area in the experimental image, while the red profile is from
the simulation. Dose rate is 6.2 × 105 e- /nm2 s in this and all subsequent images. Note that due to the low electron dose, the height of the
peaks varies due to the random nature of the noise. In addition, the relatively low sampling rate affects the shape of the peaks. In general, the
Se2 columns appear brighter than a W atom despite their added mass being lower (for details, see supplementary information). (b) and (c),
as well as the following figures, show the unfiltered raw images in the top row and the same images with an overlay of the proposed atomic
structure in the lower row. (b) Initial state showing two different double vacancies of Se in close proximity. (c) The next frame, 1 s later,
shows the double vacancy filled up by neighboring atoms, therefore leaving another double vacancy in a nearby position, showing the high
mobility of Se atoms. See supplementary movie 2 for the whole evolution. Scale bar is 5 Å.

of our image series, we observe a high mobility of double
Se vacancy columns, resulting in back and forth jumping of
double Se vacancy columns as exemplified in figures 2(b), (c)
and figure S1 (supplementary information), as well as supplementary movie 2. This can be explained by the low energy

barrier for migration in WSe2 , as was already reported in literature [27, 47].
As Se atoms continue to be ejected under further electron
irradiation, more complex extended defect structures evolve.
Figure 3 shows the formation of a symmetric trefoil defect,
3
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Figure 3. 80 kV CC /CS -corrected HRTEM images showing the formation of a trefoil defect in monolayer WSe2 . For better understanding

of the defect formation, the lower raw depicts the same images as above with marked atoms (see the legend). (a) Initial state showing several
single and double vacancies in close proximity, as marked by transparent orange dots and a broken yellow circle, respectively. (b) After 4 s,
rearrangement starts in the lower part of the image, where the W atoms move outward while one Se2 column moves inward, thus creating
two irregularly shaped rings. Additionally, a staggered double vacancy line is formed by rearrangement of the Se atoms in the lower part of
the image. (c) After 6 s, the first ring of the final structure is formed. This is due to the recombination of the staggered atoms in the vacancy
line, leaving three isolated double vacancies as well as an upwards move of the second row of W atoms from the bottom. (d) After 7 s, the
trefoil structure moves to its final state by a downwards move of the Se2 column in the top center and a simultaneous upwards move of the
neighboring two W atoms. Dose rate is 6.2 × 105 e- /nm2 s. See supplementary movie 3 for the whole evolution. Scale bar is 5 Å.

Figure 4. 80 kV CC /CS -corrected HRTEM images showing the growth of a staggered double vacancy line in monolayer WSe2 . For better

understanding of the defect formation, the lower raw depicted the same image as above with marked atoms (see the legend). (a) Initial state
with the vacancy line consisting of five single Se vacancies. (b) The line defect extends to the top left via the collapse of a hexagon
containing single Se vacancies. The number of Se vacancies in the line increases to nine. (c) After being stable for 83 s (5.1 x 107 e- /nm2 ),
the structure begins to expand to the lower right. In this transitional state, the line defect is terminated by a hexagon containing single Se
vacancies and contains a total of 13 Se vacancies including the hexagon. (d) Two more hexagons collapse and form the final state of the line
defect with 15 single Se vacancies. Dose rate is 6.2 × 105 e- /nm2 s. See supplementary movie 4 for the whole evolution. Scale bar is 5 Å.

which requires a deficit of six Se atoms; in the lower raw of
the images the same images are displayed together with the
marked atoms for better understanding of the defect formation
process. We identify the formation path as a multi-step process, which also includes asymmetric rings as follows: In
figure 3(a) two double vacancies form, as well as five single
vacancies as shown schematically in the lower image. The

atoms then rearrange (see figure 3(b)) to fill up the voids
in the upper part of the structure, while creating two irregularly shaped rings and a staggered double vacancy line again
schematically shown in the lower image of figure 3(b). In
the next step, the atoms rearrange into one 8-membered ring
as marked in the lower image (figure 3(c)). Finally, two
more rings are formed by a simple move of one Se2 column
4
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Figure 5. 80 kV CC /CS -corrected HRTEM images showing the formation of inversion domains in monolayer WSe2 . For better

understanding of the defect formation, the lower raw depicted the same image as above with marked atoms (see the legend). (a) The initial
state with two staggered double vacancy lines as marked with orange dots denoting single Se atoms. (b) The Se atoms from the vacancy
lines glide into each other and form a 4|4P MTB, while in the central area there is also a glide of both Se planes in one direction and the W
plane in the opposite direction, constituting the inversion domain. In this case, all three edges are 4|4P MTBs. Note that one complete
double vacancy column is missing from the left MTB. Dose rate is 6.2 × 105 e- /nm2 s. See supplementary movie 5 for the whole evolution.
Scale bar is 5 Å.

down and two W atoms up. This is in contrast to previously
suggested formation pathways, requiring a specific triangular arrangement of double vacancies and a subsequent bond
rotation [20]. This discrepancy may be associated to the local
distribution of missing atoms and therefore may not follow the
energetically lowest pathway.
As more and more Se atoms are removed from the lattice we observe line defects consisting of multiple Se vacancies. Figure 4 shows the formation of a 2.3 nm long double
Se vacancy line with 15 lost Se atoms. The growth process
is driven now by the collapse of hexagons, which contain
three single Se vacancies shown in figure 4(a). In this step,
the remaining single Se atoms move inward of the former
hexagon. This process continues as more vacancies are created by the electron beam. It is conceivable that this process

and the direction of the line growth depends on lattice strain,
which is induced by the rigidity of the holey carbon grid supporting the monolayer. Such preferential orientation was previously reported for MoS2 by Komsa et al [24]. Curiously, the
growth of the defect pauses for over 1 min or 5.1 × 107 e- /nm2
in between figures 4(b) and (c), before another interval of rapid
growth sets in figures 4(c) and (d).
In the timeframe after the formation of one-dimensional
defects (line defects), we begin to observe extended twodimensional defects. One type of these structures forms as
inversion domains, which are terminated with MTBs. An
example of such a formation process is shown in figure 5. We
observe that in this case, two staggered double vacancy lines
glide into each other and recombine by moving the lower Se
atoms on top of the ones to the upper right of their respective
5
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Figure 6. 80 kV CC /CS -corrected HRTEM images showing the evolution of an inversion domain with different MTBs in monolayer WSe2 .

(a) shows 4|4E boundary on the left, 4|4P on the right and 55 × 8 at the bottom. (b) The area of the inversion domain shrinks from the top,
which is now delimitated by a new type of boundary, which we denote 4|4E′ . (c) The area continues to shrink by another row of atoms,
thereby extending the new boundary. Dose rate is 6.2 × 105 e- /nm2 s. See supplementary movie 6 for the whole evolution. Scale bar is 5 Å.

Figure 7. 80 kV CC /CS -corrected HRTEM images showing the stability of the W frame under electron irradiation. The number of W atoms

in the cluster remains constant in the beginning, while Se atoms are constantly removed from the lattice. This leads to the formation of holes
due to the lattice strain. Only with continued irradiation, the first W atom is sputtered after 49 s. W atoms are highlighted in red. Dose rate is
6.2 × 105 e- /nm2 s. See supplementary movie 7 for the whole evolution. Scale bar is 5 Å.

positions while the W atoms move down and to the left.
This in turn causes a glide of the Se planes against the W
plane, were the Se2 columns move down and the W atoms
move up within the triangular area seen in figure 5. In this

case, the MTBs, which terminate the inversion domain on the
left in figure 5(a) are all 4|4P structures. Such a termination
has been previously reported for MoS2 and MoSe2 , but not
in WSe2 [27, 28, 32].
6
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With increased accumulated electron dose, we observe further structural changes for inversion domains and MTBs. In
figure 6(a) we observe an inversion domain with all three types
of MTBs known in TMDs so far, including not only the 4|4P
type on the right, as mentioned above, 55 × 8 at the bottom,
but in addition the 4|4E MTB, which also was not found in
previous reports on WSe2 . 2 s later, we observe the inversion
domain to shrink from the top, simultaneously the Se atoms
move up and the W atoms move down, resulting in two W
planes without Se atoms between. This is a new type of MTB,
which appears at the top of the trapezium domain. This MTB
has a similar edge type symmetry to the 4|4E structure, but
without the staggered single Se atoms in the center. We therefore denote this new type of MTB as 4|4E′ . In addition to the
shrinkage of the inversion domain and further gliding of the
new type of MTB, we observe a change in the left side of
the inversion domain, where the MTB changes from 4|4E to
4|4P. We suggest that this evolution of the inversion domain is
caused by changes to the strain state of the surrounding lattice.
We speculate, that this could lead to the original domain structure being energetically favorable again, similar to the report
of Komsa et al [24].
As we continued to irradiate the sample, the increasingly
strained lattice leads to the formation of holes in the film. Despite this, the W atoms are not sputtered until the local ratio
between W and Se approaches 1:1 (figure 7). In figure 7(a),
we see the initial state with an already slightly defective, but
still continuous layer. As more Se atoms are ejected, a hole
starts to form (figure 7(b)). However, the number of W atoms,
marked in red, remains the same. This also holds for panel
(c), where the size of the hole is extended further as more Se
atoms are removed. The W atom marked by the white arrow is
the first one, which is removed in figure 7(d). As this occurs,
the number of Se atoms has been reduced to about the same
as the W atoms. Recently, Zhao et al demonstrated the formation of a pure Mo islands within MoS2 [48]. However, their
STEM irradiated only a small area on the sample at the same
time, keeping the unirradiated area still stoichiometric without
defects. In our case, a much larger area was under irradiation.
The area was full of defects with loss of many Se atoms at this
stage. The strained, almost destroyed monolayer is not compatible with an active pure W cluster. This could explain why
we did not observe analogous behavior in our experiments.

electronic properties of the material. With further increased
electron dose, highly defective W-rich regions within the
WSe2 matrix formed, paving ways towards future device
engineering. In general, our study may help to tailor devices
composed of defined defect controlled WSe2 monolayers with
specific electronic and magnetic properties in the future.
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