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Abstract

Modern low-voltage scanning transmission electron microscopes (STEMs) have been invaluable
for the atomic scale characterization of two-dimensional (2D) materials. Nevertheless, the
observation of intrinsic structures of semiconducting and insulating 2D materials with

60 kV-microscopes has remained problematic due to electron radiation damage. In recent years,
ultralow-voltage microscopes have been developed with the prospects of minimizing radiation
damage of such 2D materials, however, to date only ultralow-voltage TEM investigations of
semiconducting and insulating 2D materials have been reported, but similar results using STEM,
despite being more widely adopted, are still missing. Here we report a quantitative analysis of
radiation damage and beam-induced defect dynamics in semiconducting 2D WS, during 30 kV
and 60 kV-STEM imaging, particularly by recording atomic resolution electrostatic potential
movies using integrated differential phase contrast to visualize both the light sulfur and heavy
tungsten atoms. Our results demonstrate that electron radiation damage of 2D WS, aggravates by a
factor of two when halving the electron beam energy from 60 keV to 30 keV, from which we
conclude electronic excitation and ionization to be the dominant mechanism inducing defects and
damage during low-voltage STEM imaging of semiconducting 2D materials.

1. Introduction

Two-dimensional transition metal dichalcogen-
ides (2D TMDs) host a variety of unique prop-
erties, unavailable in their bulk counterparts, that
are attractive for fundamental condensed-matter
research and applications including (opto) electron-
ics, photonics [1, 2], spintronics [3] and sensing
[4]. The tunable properties are the virtue of TMDs,
enabled by their strong structure-property relation-
ship via the diverse chemical compositions, various
crystal phases and rich library of defects [5].
Aberration-corrected (scanning) transmission
electron microscopy (TEM) has been most valuable
for the characterization of 2D TMDs. Specifically
scanning TEM (STEM) is the best available tool for
atomic resolution imaging and chemical character-
ization, and also for the manipulation down to the
level of single atoms [6, 7]. Damage free imaging of

© 2021 The Author(s). Published by IOP Publishing Ltd

conductive 2D materials like graphene has been facil-
itated by modern low-voltage microscopes that oper-
ate below the knock-on damage threshold, which is
typically 80 kV [8]. Then the primary electrons can-
not transfer sufficient energy to displace or sputter
single atoms upon a head-on elastic collision with the
atom nuclei. At the same time, insulating and semi-
conducting 2D materials like many TMDs, suffer
from electronic excitation and ionization damage by
inelastic scattering of the primary energetic electron
by the atom’s electron cloud, which starts dominat-
ing when the electron beam energy decreases below
the knock-on threshold. In addition, 2D materials
can also be damaged by chemical etching with oxy-
gen radicals that are formed by the electron beam
from the residual gases in the microscope column
and water on the specimen, which can be minim-
ized by an (ultra) high-vacuum environment and
clean specimens [9]. Due to the balance of knock-on
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displacement damage and ionization damage, it is
expected that electron radiation damage can never be
fully prevented for insulating or semiconducting 2D
materials [10-12].

Nevertheless, with the ultimate goal to image
intrinsic structures of 2D materials with STEM, it
is extremely valuable to know which electron beam
energy is most suitable for the imaging of semi-
conducting 2D materials while minimizing radiation
damage. To date, however, it is not well understood
which damage mechanisms are at play in 2D materi-
als at (ultra) low-voltages, despite the development of
state-of-the-art ultralow-voltage microscopes operat-
ing at 30 kV [13], 20 kV [14, 15] and 15 kV [16].
Interestingly, all quantitative investigations of radi-
ation damage are TEM based, but similar results for
the principally different STEM are missing, despite
being widely adopted by the 2D materials science
community.

Here we report quantitative radiation damage
analysis and electron beam-induced creation and
evolution of defects in the semiconducting 2D TMD
WS,, by recording atomic resolution movies using
30 kV and 60 kV-STEM. To visualize the light sul-
fur and heavier tungsten atoms simultaneously, we
employ electrostatic potential imaging with integ-
rated differential phase contrast (iDPC)-STEM [17],
next to the common annular dark-field (ADF)-
STEM, which is more sensitive to heavy elements. It
has recently been demonstrated that 30 kV iDPC-
STEM is capable of imaging single sulfur atoms and
its dynamics in 2D WS,, which are often practic-
ally invisible in ADF-STEM images [18]. In general,
iDPC-STEM is the most robust method to image
light elements next to heavy ones in various mater-
ials systems, including the imaging of oxygen atoms
in hafnia-based ferroelectric devices [19, 20], single
molecules in the channels of zeolites [21], and hydro-
gen atoms in titanium hydride [22]. Importantly,
iDPC-STEM is currently the only option for the dir-
ect and fast acquisition of atomic electrostatic poten-
tial movies, as it has a major speed advantage over the
competing integrated center of mass (iCOM)-STEM
[23] and electron ptychography [24], which are prac-
tically limited to single images due to its orders of
magnitude slower pixelated detectors, large datasets
and extensive postprocessing.

2. Experimental methods

2D WS, flakes were transferred from a silicon wafer
to a Quantifoil TEM grid using a clean polymer
free method as described previously [18]. A double
aberration corrected 30-300 kV Thermo Fisher Sci-
entific Themis Z S/TEM operating at 30 kV and
60 kV was used for the acquisition of atomic res-
olution movies of 2D WS,, with minimal geomet-
rical and chromatic aberrations employing the S-
CORR probe corrector and electron monochromator,
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respectively. For the 30 kV-STEM imaging the probe
convergence semi-angle was 33 mrad, the probe cur-
rent 2.5-7.5 pA (depending on energy selecting aper-
ture size), probe step size 15.9-22.5 pm, and the dwell
time 40-50 ps. The collection angles of the segmen-
ted DF4 detector (for iDPC-STEM imaging) and ADF
detector were 9-36 mrad and 39-200 mrad, respect-
ively. For the 60 kV-STEM imaging the probe con-
vergence semi-angle was 28 mrad, the probe cur-
rent 15 pA, probe step size 23.52 pm, and the dwell
time 10 ps. The collection angles of the segmented
DF4 detector (for iDPC-STEM imaging) and ADF
detector were 7-29 mrad and 31-186 mrad, respect-
ively. The movies are processed with Fiji [25, 26]
using the ‘FFT Bandpass Filter’, with a low-pass filter
of 3 pixels, and high-pass filter of 10 pixels, a standard
operation in 2D materials research to optimize image
quality.

3. Results and discussion

In figure 1 we show atomic resolution images of
simple defects in 2D WS, that are induced by the
30 keV and 60 keV electron beam. Images of a sul-
fur vacancy (Vg) and a sulfur divacancy (Vs,) are
shown in figures 1(a) and (b) (30 kV) and figures 1(e)
and (f) (60 kV). Note that the images are extracted
from movies for studying the defect dynamics and are
thus not optimized high-dose single shot images (see
movie S1 (available online at stacks.iop.org/2DM/9/
015009/mmedia) for 30 kV-STEM and movie S2 for
60 kV-STEM).

Despite the lower dose imaging conditions, the Vg
and Vg, defects are still identifiable and also differ-
entiable in iDPC-STEM images for both accelerating
voltages, as opposed to the ADF-STEM images. In the
latter case the low signal from sulfur atoms combined
with the lack of contrast between one and two sulfur
atoms, complicates the robust identification of Vs and
Vs,. Other commonly reported defects that we also
observe are mirror grain boundaries (figures 1(g)—
(1)) and sulfur vacancy lines (figures 1(j)—(1)). The
mirror twin grain boundaries are observed in the
4]4P form (according to the notation of [27]) with
four-fold rings sharing a common chalcogen column
(figures 1(g)—(i)), and also in the 4|4E form which
has a structure similar to a double sulfur vacancy
line. The mirror twin boundaries and sulfur vacancy
lines generally form a connected network after pro-
longed exposure, which leads to inversion domains
when forming a closed loop (see figure S1) [28]. The
sulfur vacancy lines generally do not exceed a width
of two sulfur atoms but occasionally grow wider sim-
ilar to [29]. Hence, the sulfur atoms are also more
clearly resolved in iDPC-STEM images of such line
defects. Thus, electrostatic potential imaging with
iDPC-STEM enables a more complete atom-by-atom
evaluation of defect structures than ADF-STEM, even
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Figure 1. Atomic resolution images of common beam-induced defects in 2D WS,. Thirty kilovolt iDPC-STEM (left panels) and
ADF-STEM (right panels) images, respectively, of a (a) sulfur vacancy, (b) sulfur divacancy, (g) mirror twin grain boundary, (j)
sulfur vacancy line. And similarly, 60 kV iDPC-STEM (left panels) and ADF-STEM (right panels) images of a (e) sulfur vacancy,
(f) sulfur divacancy, (i) mirror twin grain boundary, (1) sulfur vacancy line. The generic idealized schematic models of a sulfur
vacancy, sulfur divacancy, mirror twin boundary and double sulfur vacancy line are shown in (c), (d), (h) and (k), respectively. In
the models W, S, and S are blue, orange and pink, respectively. Scale bar in (1) applies to all panels.

in cases of low-dose imaging. Such detailed experi-
mental information on the beam-induced evolution
of atomic structure is valuable for advancing the
understanding of electron—matter interactions which
in the end can contribute to the development of dam-
age free imaging of matter with electron microscopes.

In an effort to investigate which electron—matter
interactions are active during the low-voltage STEM
imaging, we quantify the complete creation and evol-
ution of defects in the atomic resolution movies,
by measuring frame-by-frame the density of point
defects, line defects and holes. To this end the single
sulfur atom sensitivity of electrostatic potential ima-
ging using iDPC-STEM is crucial, because the rel-
atively light sulfur atoms have reduced intensity in
ADEF-STEM images, making their robust detection
more challenging, in fact, often impossible. Using a
template matching approach we have extracted the
sulfur vacancy density for every frame in the movie
as shown in figures 2(a) and (b). The next stage
of beam-induced damage is the rapid nucleation
and growth of sulfur vacancy lines. The contracted
W-W distance perpendicular to the line defects rel-
ative to the pristine W sublattice allows identifica-
tion of such defects with a strain analysis method. We
employ a real-space strain analysis approach, which
we found to be more robust than a reciprocal space
method like geometrical phase analysis (figure 2(c)).
Briefly, first the atom coordinates of the W atoms

are detected in the ADF-STEM images with a scale-
space method, then the W—W nearest-neighbor dis-
tance relative to the mean W—W distance is calculated
and are averaged for every atom (see supplementary
material (SM) for detailed information). For this pur-
pose the ADF-STEM images have an advantage over
iDPC-STEM images, because the W and S, sublat-
tices are readily separated by intensity thresholding
in ADF-STEM images. This is not the case in in the
iDPC-STEM images where the W and S, intensities
are very similar.

Finally, holes appear after prolonged exposure
to the electron beam, which we identify based on
intensity thresholding combined with the criterium
of a minimal area slightly larger than point defects
(figure 2(d)). In general the holes appear at highly
defective regions, e.g. at the intersection of line
defects, or agglomerates of point defects, and are
therefore also correlated with the material’s defect his-
tory [29-31].

The resulting quantitative analysis of all defect
stages is plotted in figures 2(e) and (f) as a func-
tion of electron dose, which is defined in detail in
the SM section 2. We have fitted the evolution of
sulfur vacancies and the growth of holes as a func-
tion of electron dose with an asymptotic exponential
function, and the growth of line defects with a lin-
ear function. The physical interpretation of the expo-
nential function is that the generation rate of sulfur
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Figure 2. Quantitative analysis of electron radiation damage in 2D
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(a) Single frame containing point defects, line defects and a hole, selected from a 60 kV iDPC-STEM movie. (b) Sulfur vacancies
(white squares) and divacancies (red squares) are detected with template matching. (c) Line defect are identified as areas of
compressive stress (blue points) based on real-space strain analysis. (d) Holes are found by intensity thresholding, of which only
those larger than point defects (red area) are selected and smaller ones are ignored (white area). Quantitative evolution of the three
stages of radiation damage including fitting with 95% confidence band is plotted in (e) for 30 kV-STEM and (f) for 60 kV-STEM.
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WS, during low-voltage 30 kV and 60 kV STEM imaging.

vacancies and growth rate of holes is proportional
to the accumulated electron dose and the remaining
sulfur atoms and material, respectively. The trend of
sulfur vacancy densities evolution is similar for both
accelerating voltages: it increases according to the
asymptotic exponential function and saturates close
to 10%, after which it gradually decays.

The indirect measurement of the sulfur vacancy
line density renders it rather noisy, and is not reliable
once the crystal is substantially damaged and other
areas with contracted W—W distances are formed.
Nevertheless, sulfur vacancy line density measure-
ment is reliable in the initial stage including nuc-
leation and growth. They appear once the sulfur
vacancy density exceeds 6%-8%, and, to a first
approximation, grow about linearly in length with the
accumulated electron dose. Moreover, the nucleation
of the sulfur vacancy lines appears to depend pre-
dominantly on the sulfur vacancy density and not on
the electron beam energy, in agreement with the con-
sensus in literature that sulfur vacancy lines are sinks
of sulfur vacancies [30, 31].

An interesting observation is that the sulfur
vacancy density (corrected for remaining area)
decreases once small holes are formed. This suggests
that there is a driving force for sulfur vacancies to
migrate towards exposed edges during electron beam

exposure. In other words, during the destruction of
edges by the electron beam, sulfur atoms are not only
sputtered into the vacuum, but some also migrate
away and annihilate existing vacancies, rendering the
holes as sulfur atom sources. This agrees with the
typical formation of metallic tungsten clusters near
holes that are deficient in sulfur atoms.

Comparing the overall progression of radiation
damage as a function of total accumulated electron
dose indicates that the radiation damage is aggrav-
ated when the electron beam energy is reduced from
60 keV to 30 keV (figures 2(e) and (f)). For quanti-
fication we computed the damage onsets and growth
rates in terms of characteristic electron doses (recip-
rocal of the damage cross-section) based on the fitting
parameters, which are summarized in table 1 (see SM
section 2 for fitting methods).

Overall, the quantitative analysis demonstrates
that the three main stages of radiation damage, point
defects, line defects and holes, develop faster when
the electron beam energy is 30 keV compared to
60 keV. The point defects and holes develop about
twice as fast, and the line defects 1.4 times as fast
with accumulated electron dose. The linearized cross-
sections for sulfur vacancy formation during 30 kV
and 60 kV STEM imaging are 3.96 £+ 0.90 barn and
2.03 & 0.21 barn, respectively, which are both about
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Table 1. Fitted electron doses with corresponding standard deviation required for the initiation (onset dose) and growth (characteristic
dose) of the three main stages in the radiation damage of 2D WS,. Note that the sulfur vacancies density is defined as their total length

per unit area in nanometer units.

30 keV 60 keV Factor
Sulfur vacancies characteristic dose (10° e A™2) 0.25 £ 0.06 0.49 + 0.05 2.0+ 0.5
Sulfur vacancy lines onset dose (106 e A7) 0.17 +0.03 0.75 4+ 0.08 454+ 1.0
Sulfur vacancy lines characteristic dose (10° e A™2) 2.4 +0.2 3.5+ 0.2 1.4 0.1
Holes onset dose (10° e A~%) 1.03 4 0.01 1.41 4 0.01 1.37 4 0.02
Holes characteristic dose (10° e A72) 3942 7.34+0.7 1.9+ 0.8

a factor two lower than those reported for similar
TEM measurements on 2D MoS, [15]. The stochastic
nature of the nucleation of these damage stages is
reflected in the more random values for the onset (see
also figure S2(a)). The nearly factor of two increase of
radiation damage cross-section when decreasing the
primary electron energy from 60 keV to 30 keV is
in good agreement with the inelastic scattering cross-
section (scaling as 1/E) according to the Bethe theory
[32, 33], which describes that more momentum and
energy is transferred from the primary electrons to
the atomic electrons as the velocity (v) of the incom-
ing electrons decreases, resulting in a cross-section
proportional to 1/v2, or equivalently 1/E, for ioniza-
tion [11]. Hence these results suggest that ionization
is the dominant damage mechanism during the low-
voltage STEM imaging of 2D WS,, rather than elastic
scattering effects like knock-on displacement or
sputtering.

Moreover, we observe that the radiation damage
during 30 kV-STEM imaging does not depend sig-
nificantly on the time between consecutive electrons
when itis varied from 4 ns to 64 ns (figure S2(b)). This
suggests that there is not a significant dose rate effect
in this range, implying the total accumulated electron
dose to be the dominant parameter i.e. a high probe
current with short dwell time, or low probe current
with long dwell time, produces the same damage as
long as the total electron dose is equivalent.

Next we focus on more exotic defects, that we
observe during the recording of atomic resolution
movies using 30 kV and also 60 kV-STEM using
simultaneously iDPC-STEM and ADF-STEM for the
unambiguous identification of all sulfur and tung-
sten atoms. To the best of our knowledge these defects
have not been imaged before at 30 kV and also not
using simultaneously iDPC-STEM and ADF-STEM
at 60 kV. The first defect that we describe has been
coined a trefoil defect, due to its peculiar three-fold
symmetric shape that is the result of an effective
60° bond-rotation of the central six metal-chalcogen
bonds [34, 35]. Interestingly, this defect has not been
observed before in WS, at room temperature, but
rather in its selenide counterpart.

With the electron beam energy of 60 keV we have
never observed complete trefoil defects, only four
partial trefoil defects in 400 frames. These partial
defects consist of two eight-membered rings instead

of three, and are always found directly next to exist-
ing sulfur vacancy lines. In figures 3(a)—(d) we show
with iDPC-STEM images how such a defect structure
appears near a sulfur vacancy line defect, and disap-
pears two frames later. The simultaneously acquired
ADEF-STEM images are shown in figures 3(i)—(1), and
are particularly useful to identify the W sublattice.
The full dataset then readily allows the identification
of all atoms from which the schematic in figures 3(e)—
(h) is constructed.

In the first frame (figure 3(a)), several of the
central tungsten atoms are substantially under-
coordinated due to the two neighboring sulfur diva-
cancies. These tungsten atoms are bonded to only
two to four sulfur atoms instead of six, as schem-
atically illustrated in figure 3(e). In the next frame
(figure 3(b)), two sulfur atoms fill the void in the
center of the divacancy cluster, forming two eight-
membered rings and the effective 60° bond rota-
tion. The single sulfur atom that was residing next
to the divacancy cluster in the previous frame, has
most likely moved to this position, considering that
it requires the smallest possible displacement and its
former position has now become vacant [34]. Hence,
it is reasonable to infer that undercoordination of the
tungsten atoms is the driving force for such effect-
ive bond rotations in partial trefoil defects. Next to
the two eight-membered rings, at the position where
the third ring would be present for a complete tre-
foil defect, five single sulfur atoms are visible in the
iDPC-STEM image in figures 3(b) and (c), which
can be interpreted as a local transformation from
trigonal prismatic coordination to partial octahed-
ral (as in the metallic 1 T structure) or tetrahedral
coordination. A small lateral displacement of several
S, columns is visible in the iDPC-STEM image as a
blurred asymmetric peak on the right hand side next
to the sulfur vacancy line (figure 3(b)). The over-
all trefoil structure remains stable for two frames
(figures 3(b) and (c)), and then reverts back to the
original lattice only including a cluster of five sulfur
vacancies (figures 3(d) and (h)).

When the electron beam energy is 30 keV, the tre-
foil defects are about equally rare. In 200 frames we
have observed one partial trefoil and also one com-
plete trefoil, the latter is shown in figure 4. In this
case the trefoil defect is fully three-fold symmetric
and does not form next to line defects, as opposed
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Figure 3. Electron beam-induced creation and healing of a partial trefoil defect next to a sulfur vacancy line during 60 kV-STEM
imaging. (a)—(d) iDPC-STEM images. (e)—(h) Schematic structure evolution of the defect, with blue W atoms, orange S,
columns, and pink single sulfur atoms (equivalent to sulfur vacancies). (i)—(l) Simultaneously acquired ADF-STEM images.

to the partial trefoil defects during 60 kV-STEM ima-
ging. Also here we observe two sulfur divacancies
(figure 4(a)), next to several sulfur vacancies, and rel-
ative displacements of sulfur atoms which we infer
from the blurring of a sulfur column. In the next
frame (figure 4(b)), the trefoil defect is present and
has consumed several sulfur vacancies. The defect
disappears already in the next frame as shown in
figure 4(c).

The rare experimental observations of short lived
trefoil defects during 30 kV and 60 kV-STEM imaging
indicate that their formation is a rather stochastic
process and thermodynamically unstable. This is
agreement with first-principle calculations, that pre-
dict the trefoil defect to be unstable in WS, due to an
0.22 eV energy increase required for the bond rota-
tion, which additionally has a substantial activation
energy of 5.35 eV. This is opposite to the case of
WSe,, where the trefoil defect is stabilized by 1.31 eV
and furthermore also has a reduced energy barrier of
3.12 eV, explaining why they are readily formed at
room temperature [35]. The partial trefoil defect in
WS, is also predicted to be unstable with a positive
formation energy of 0.14 eV relative to a cluster of two
sulfur divacancies [36]. Furthermore, the prerequisite

for the formation of a trefoil defect is the cluster-
ing of chalcogen divacancies, requiring sufficiently
mobile sulfur vacancies. Indeed, this clustering is
a kinetically controlled stochastic process [34]. For
this reason, trefoil defects have only been observed
in WS, at elevated temperatures of 500 °C where
the sulfur vacancy mobility is high [34, 37]. First-
principle calculations predict the activation energy
for sulfur vacancy migration in WS, to be at least
2.8-2.9 eV (and up to 4.6 eV when the lattice can-
not relax sufficiently fast [35]) when no other vacan-
cies are present nearby [35, 36]. However, this energy
is expected (based on calculations for WSe, [35]) to
decrease approximately linearly by as much as 80%
(to 0.5-0.9 eV), when the number of sulfur vacan-
cies in the direct vicinity increases to a maximum
of six.

Sulfur vacancy lines may provide thermody-
namic stabilization facilitating heterogeneous nuc-
leation of partial trefoil defects, if this is the case
the stabilization is expected to be minor consid-
ering that the partial trefoil defects are present
for only several frames before they dissolve dur-
ing 60 kV-STEM imaging. Alternatively, the sulfur
vacancy lines may be a source and sink of sulfur
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Figure 4. Electron beam-induced creation and healing of a complete trefoil defect during 30 kV-STEM imaging.
(a)—(c) iDPC-STEM images. (d)—(f) Schematic structure evolution of the defect, with blue W atoms, orange S, columns, and
pink single sulfur atoms (equivalent to sulfur vacancies). (g)—(i) Simultaneously acquired ADF-STEM images.

atoms due to the enhanced migration rate of atoms
along these line defects enabled by lower binding
energies [30], kinetically enhancing the nucleation
rate of partial trefoil defects near sulfur vacancy
lines.

The electron—matter interactions that provide
energy for the formation of trefoil defects are a
complex combination of elastic and inelastic scatter-
ing events [10, 15]. On the one hand, sulfur atom
migration is possible (in particular when the sul-
fur vacancy density is high) by elastic scattering of
the primary electrons from sulfur nuclei, even when
the electron beam energy is 30 keV, because upon
a head-on elastic collision of the primary electrons
with the sulfur or tungsten nuclei, the maximum
energy transfer is respectively, 4.35 eV and 0.76 eV
(60 keV beam) and 2.11 eV and 0.37 eV (30 keV
beam) [38]. On the other hand, the maximum energy
transfer by elastic scattering is well below the high
energy barriers that are involved in the formation
of trefoil defects, particularly in case of the 30 keV
electron beam. Therefore, predominantly inelastic

scattering of the primary electrons from the atom’s
electron cloud causing electronic excitations must be
involved in the formation of (partial) trefoil defects,
in agreement with our quantitative radiation damage
analysis.

The second defect that we describe here has a sim-
ilar nature as the trefoil defect: a tungsten adatom
induced bond rotational defect, which we observe
during 30 kV and 60 kV-STEM imaging generally
near sulfur vacancy lines or near the edges of holes.
To the best of our knowledge, this defect type has not
yet been reported.

In figure 5 we display the creation and evolu-
tion of this defect during 60 kV-STEM imaging. The
adatom and the induced defect appear within one
frame and generate a distinct triangular shape, partic-
ularly visible in the iDPC-STEM image (figure 5(b)),
and is very stable until the WS, is fully destructed
by the electron beam. We identify the adatom to be
a W atom residing on top of another W atom in
the WS, lattice, based on the twice as high intens-
ity of this column in the ADF-STEM image (compare
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Figure 5. Creation and evolution of a W-adatom induced bond rotational defect and a sub-nanometer pore during 60 kV-STEM
imaging. (a)—(d) iDPC-STEM images. (e)—(h) Schematic structure evolution of the defect, with blue W atoms, orange S,
columns, pink single sulfur atoms and a cyan W adatom. (i)—(1) Simultaneously acquired ADF-STEM images.

figure 5(i) with figure 5(j)). The iDPC-STEM images
in figures 5(a) and (b) clearly reveal that the central
W-W column has attracted the next-nearest S atoms
as their position has become vacant, at the same time,
the nearest S atoms have either combined with the
next-nearest S atoms or have been removed by the
electron beam. This collective displacement mechan-
ism leads to the effective 60° bond rotation with the
central W—W column bonded to three S, columns,
creating the triangular shape with straight W-S,-W
edges.

The formation of nanopores [37] next to the
adatom defect is a typical secondary effect that occurs
once one of the undercoordinated W atoms sur-
rounding the adatom defect is removed by the elec-
tron beam, followed by the outward relaxation of the
remaining undercoordinated S atoms that were pre-
viously bonded to the removed W atom (figure 5(c))
[37]. Such arelaxed edge structure (top left of the pore
in figure 5(c)) likely passivates the undercoordinated
S atom by forming again three stable S~W bonds,
as schematically indicated in figure 5(g), similar to
the case of the partial trefoil defect in figure 3(c).
However, this edge structure is not always formed,
as a single S atom remains protruding in the lower
left part of the pore (figures 5(c) and (d)). In fact,
the most stable edge structure contains not three

single S atoms but rather one S, column as shown
in figure S3, requiring the removal of several more
S atoms.

A practically identical defect is formed during
30 kV-STEM imaging as shown in figure 6. Here the
W adatom and W vacancy are created within one
image frame, suggesting that the adatom originates
from the vacant position. Also in this case underco-
ordinated S atoms relax radially outward to form a
nanopore. However, now the complete defect struc-
ture is not stable as it heals already in the next image
frame.

Overall, during the continuous 30 and 60 kV-
STEM imaging of 2D WS, we have observed the
creation of various defects that are invariant to
the electron beam energy, including point defects,
line defects, trefoil defects, adatom bond rotation
defects, nanopores and holes. The distinct differ-
ence that we observe between the two accelerating
voltages is the increased generation and healing rate
of defects when the electron beam energy is halved
from 60 keV to 30 keV. This phenomenon emphas-
izes that more energy is transferred to the mono-
layer crystal during 30 kV-STEM imaging compared
to 60 kV-STEM imaging, which emphasizes our claim
that electronic excitation and ionization are the dom-
inant electron—matter mechanism proving energy for
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Figure 6. Creation and evolution of a W-adatom induced bond rotational defect and a sub-nanometer pore during 30 kV (a)—(d)
iDPC-STEM and (e)—(h) simultaneous ADF-STEM imaging.

defect dynamics and radiation damage during low-
voltage STEM analysis.

Relevant parameters for the radiation damage
by electronic excitations and ionization are their
temporal relaxation rate, spatial delocalization rate
and the average time between consecutive elec-
trons during the illumination [15]. In semicon-
ducting 2D materials, typical relaxation times of
core holes, valence holes and plasmons are in
the range of femtoseconds, picoseconds and nano-
seconds, respectively, and delocalize over the lattice
within femtoseconds [15, 39]. Even though the elec-
tron dose rate (impinging electrons per unit time per
unit area) is typically three to four orders of mag-
nitude higher for STEM (due to the focused probe)
than for TEM (with parallel illumination), the aver-
age time between consecutive electrons is in the range
of nanoseconds for STEM (with pA probe current),
and in the tens of picoseconds range for TEM (with
nA beam current). Therefore, valence excitations in
semiconducting 2D materials have sufficient time to
relax to the electronic ground state before the next
electron arrives during STEM imaging, but not dur-
ing TEM imaging where valence excitations persist
during illumination due to the substantially higher
electron arrival rate, and may generate multiple excit-
ations in the end leading to ionization damage.
This is also interesting considering that Kretschmer
et al recently demonstrated with first-principle cal-
culations and 20 kV TEM imaging that (core and)
valence electron excitations in 2D MoS, can lower
the atom’s binding energy locally, enabling knock-on
sputtering even at ultralow-voltages. Hence, such a
multi-electron electronic excitation induced sputter-
ing damage mechanism may be active during TEM

imaging, but not in case of STEM. We note, how-
ever, that there is no fundamental reason which for-
bids a single electron to interact with both the elec-
tron cloud and the atom nuclei when it impinges
on the specimen, in which case there is no differ-
ence in radiation damage expected between STEM
or TEM in the framework of this mechanism. Nev-
ertheless, this discussion emphasizes how TEM and
STEM are principally different and thus may host dif-
ferent radiation damage mechanisms, where STEM
has the advantage and possibility to adjust electron
delivery to study, minimize and control radiation
damage.

Strategies to minimize radiation damage of semi-
conducting 2D materials like WS, with low-voltage
STEM should either focus on the reduction of the
ionization cross-section by cooling the specimen to
cryogenic temperatures [10, 40], or minimization of
damage probability by low-dose imaging. The latter
requires the use of a dose-efficient imaging technique
that maintains atomic resolution and high signal-to-
noise-ratio under low-dose (in materials science per-
spective) conditions. The best available options in this
context are sensitive electrostatic potential imaging
techniques that optimize the image signal by collect-
ing the majority of transmitted electrons, like iDPC-
STEM, iCOM-STEM or electron ptychography [24].
Of these techniques, currently only iDPC-STEM is
compatible with fast imaging, and maintains visible
signal of both sulfur and tungsten atoms during low-
dose imaging down to 5.2 x 10° e A=? and also
1.7 x 10° e A7, although slightly obscured by car-
bon contamination (figure S4), similar to the demon-
stration of electron ptychography [24]. In fact, iDPC-
STEM has been applied for the ultralow-dose (down
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to 40 e A~2) atomic resolution imaging of beam sens-
itive zeolites [41, 42].

4. Conclusions

In summary, we have quantified radiation damage
and investigated beam-induced defect dynamics in
semiconducting 2D WS, during 30 kV and 60 kV-
STEM imaging. Atomic resolution movies are recor-
ded with the fast and direct electrostatic potential
imaging technique iDPC-STEM, providing a com-
plete picture and dynamics of all atoms present,
not robustly visible in the simultaneously acquired
ADF-STEM movies. Based on our quantitative radi-
ation damage analysis, together with the observa-
tion of high-energy defect structures, we conclude
that electronic excitation and ionization as caused
by inelastic scattering are the dominant mechan-
ism leading to defects and damage in semiconduct-
ing 2D WS, during such low kV-STEM imaging.
Accordingly, we observe that defect generation is
about a factor two faster at 30 kV than at 60 keV.
Moreover, we illuminate the possible advantages of
STEM over TEM imaging for the minimization of
ionization damage, based on their principally differ-
ent image forming process and the spatial and tem-
poral characteristics of electronic excitations allow-
ing energy dissipation in between every impinging
electron.
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