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DFT-Assisted Investigation of the Electric Field and Charge
Density Distribution of Pristine and Defective 2D WSe, by
Differential Phase Contrast Imaging

Maja Groll, Julius Biirger, loannis Caltzidis, Klaus D. Jéns, Wolf Gero Schmidit,

Uwe Gerstmann, and Jorg K. N. Lindner*

Most properties of solid materials are defined by their internal electric field
and charge density distributions which so far are difficult to measure with
high spatial resolution. Especially for 2D materials, the atomic electric fields
influence the optoelectronic properties. In this study, the atomic-scale electric
field and charge density distribution of WSe, bi- and trilayers are revealed
using an emerging microscopy technique, differential phase contrast (DPC)
imaging in scanning transmission electron microscopy (STEM). For pristine
material, a higher positive charge density located at the selenium atomic
columns compared to the tungsten atomic columns is obtained and
tentatively explained by a coherent scattering effect. Furthermore, the change
in the electric field distribution induced by a missing selenium atomic column
is investigated. A characteristic electric field distribution in the vicinity of the
defect with locally reduced magnitudes compared to the pristine lattice is
observed. This effect is accompanied by a considerable inward relaxation of
the surrounding lattice, which according to first principles DFT calculation is
fully compatible with a missing column of Se atoms. This shows that DPC
imaging, as an electric field sensitive technique, provides additional and
remarkable information to the otherwise only structural analysis obtained

with conventional STEM imaging.

1. Introduction

Transition metal dichalcogenides (TMD) are promising materi-
als for next-generation optoelectronic devices due to their excit-
ing physical properties.['®! 2D TMDs exhibit a variety of layer
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number-dependent  properties,  such
as a tunable band gap.”®! as well as
strong spin-orbit.>*1%l and light-matter
interactions.'"2] These layer number-
dependent properties make 2D TMDs
interesting for photonic and optoelec-
tronic applications, e.g., for single photon
emitters.'*V7] and ultra-thin field ef
fect transistors.'®1°] Tungsten diselenide
(WSe,) is such a semiconducting TMD.
As common for TMDs, the bulk material
of WSe, consists of stacked layers that are
only bonded to each other via van der Waals
interactions, while atoms within each in-
dividual layer are covalently bonded.['!2]
Reducing the number of layers, tungsten
diselenide exhibits changing physical
properties such as a transition from an
indirect band gap of the bulk material to a
direct band gap of the monolayer.*#! Point
defects are omnipresent in bulk crystals
for entropic reasons and are of crucial
importance for numerous macroscopic
properties. In a 2D material, crystallo-
graphic defects and lattice distortions may
be assumed to influence macroscopic
material behavior even more drastically due to the reduced
dimensionality.?!! For example, defects at the edges of 2D WSe,
flakes have been found to form single photon emitters.??] Thus,
the investigation of the crystallographic structure and electric
field distribution of defect-free and defective 2D WSe, and other
2D TMDs is crucial for successful technological integration.

Experimentally, this always has been a challenging task. An
emerging technique to achieve the visualization and quantifica-
tion of local electric fields at sub-atomic resolution is differential
phase contrast (DPC) imaging in the scanning transmission elec-
tron microscope (STEM), in short STEM-DPC. STEM-DPC has
been applied to investigate the electronic structure of long-range
electric,3?4 piezoelectric,[??° and magnetic fields.[?”] within
a specimen. With state-of-the-art correction of lens aberrations
which, in particular, includes the correction of the spherical
aberration, STEM-DPC even allows us to visualize and quantify
atomic electric fields with sub-atomic resolution.[28-32]

In STEM-DPC a convergent electron beam is scanned across
the electron transparent specimen. The interaction of beam elec-
trons with the electric fields present inside the specimen at each
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pixel of the scan causes a transfer of lateral momentum p, per-
pendicular to the optical axis. For electric fields that are homo-
geneous across the probe diameter, the transfer of momentum
leads to a measurable rigid shift of the electron beam intensity
in the detector plane.’>*] However, for atomic electric fields,
which are usually inhomogeneous in direction and magnitude
across the probe diameter, the beam-specimen interaction leads
to a redistribution of intensity in the detector plane.[3%31:3334] If
the specimen is sufficiently thin and fulfills the (weak) phase ob-
ject approximation, the transferred momentum is closely related
to the center of mass (CoM) of the intensity distribution in the de-
tection plane.31333¢] To measure the CoM in the detector plane,
a position-sensitive detector such as a segmented is necessary.
Segmented detectors determine the CoM by calculating the dif-
ference of the signals measured on opposing segments.[3036:37]
Quantum mechanical derivations correlate the transferred lat-
eral momentum p, measured by the shift of CoM with the lat-

eral component of the atomic electric field E, at the scan posi-

tion R convolved with the probe intensity.3233] With the paraxial

approximation the electric field can therefore be related to the

transferred momentum by (38

EJ_ (l-é) _ pj_mrclvfel (1)
Ppoet

Since the incident beam electrons with the elementary charge
eand the momentum p, are accelerated to high energies, the rela-
tivistic mass m,, and relativistic velocity v, of the electrons must
be considered in the calculations of the projected electric field.
With the knowledge of the specimen thickness t at the probe po-
sition R the lateral component of the projected (atomic) elec-
tric field E, can be determined. In addition, the corresponding
projected charge density can be obtained using Maxwell’s equa-
tion p, (R) =&,V - E,(R) where V is the 2D divergence and ¢,
the vacuum permittivity.?!32 It has been shown previously that
quantification of STEM-DPC measurements requires the use of
a few nanometers thin specimens.**3°l Thus, 2D materials are
well suited to further elaborate the STEM-DPC technique itself.

This work focuses on the employment of STEM-DPC to study
the atomic electric field distribution of a pristine WSe, bilayer,
whereby an unexpected distribution of the projected charge den-
sity over the 2 sublattices of the bilayer is observed. Further-
more, the electric field distribution of a Se vacancy column in
a WSe, trilayer is investigated and the difference in field dis-
tribution to an intact region of the trilayer of WSe, is analyzed
and discussed with the help of comparative DFT calculations.
This demonstrates that the combination of the structural anal-
ysis joined with the electric field analysis enabled by DPC imag-
ing can give a detailed insight into the electric field distribution
of material associated with changes in the crystal structure.

2. Results and Discussion

WSe, flakes were mechanically exfoliated and transferred to ho-
ley silicon nitride TEM grids by a PDMS-based transfer process
which allows for STEM investigations on free-standing 2D W Se,
thin films. Schematics of the crystal structure of WSe, in [0001]-
and [1120]-direction for the AA stacking configuration are shown
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in Figure 1a). Within this paper, we refer to the stacking sequence
of the 2D WSe, flakes in the same way as described by He et al.l*"]
In this nomenclature, AA stacking indicates that metal atoms
of the first layer are aligned with the metal atoms of the fol-
lowing layers, and the same holds for the chalcogen atoms. The
investigation of a pristine bilayer of WSe, with a thickness of
t=(1.31 % 0.1) nm near [0001] zone-axis orientation is depicted in
Figure 1b—e. The high-angle annular dark field (HAADF) as well
as the DPC images are denoised using Gaussian blurring and
non-rigid registration as described in the experimental section.
In addition to the conducted measurements, Figure 1 shows the
corresponding multislice image simulations of a WSe, bilayer
in AA stacking configuration. More detailed information about
the thickness determination by electron energy loss spectroscopy
(EELS), image postprocessing, and simulations can be found in
the experimental section and in the Supporting Information.

The HAADF image of the WSe, bilayer in Figure 1b) shows
atomic columns with alternating high and dim intensities in-
dicating an AA stacking of the 2 layers.[***2] This alternating
HAADF intensity (Z-contrast) is also visible in the simulated
HAADF image on the right-hand side of Figure 1b). In WSe,,
this stacking configuration results in pure tungsten and pure se-
lenium atomic columns. Based on the different HAADF inten-
sities the position of selenium and tungsten atomic columns is
determined in the following marked by green and gray dots, re-
spectively.

Figure 1c) depicts the corresponding color-coded DPC image
of the measured electric field distribution acquired with an eight-
fold segmented detector. The electric field direction at each pixel
is indicated by the color according to the color wheel (inset) and
the electric field magnitude is given by the intensity of the respec-
tive color.

Around the determined positions of tungsten and selenium
atomic columns a color distribution roughly comparable to the
inserted reference color wheel is visible in the experiment as well
as in the simulation. Although a distortion of the color wheel
and especially a reduced field magnitude is measured along the
connecting axis between 2 atomic columns (example positions
marked by gray arrows in Figure 1c), a radial electric field distri-
bution is evident around all the atomic columns similar to those
in references.3%%]

The distortion of the color wheel is due to the small distance
between tungsten and selenium atomic columns leading to an
overlap of opposing electric field components and thus to a re-
duced momentum transfer. This effect is also visible within each
hexagonal W-Se ring, where a local minimum of the measured
projected electric field (marked by a white arrow in the measure-
ment and in the simulation in Figure 1c) is observed near the ge-
ometric center due to the overlap of fields of 6 opposing atomic
columns. These local field minima at highly symmetric points
of the projected crystal structure due to an overlap of individual
field distributions are described in the literature for different 2D
materials with hexagonal crystal structures.3%4—7]

In differential phase contrast imaging, no electric field is ex-
pected directly at atomic column positions.?*3”! The measured
DPC image exhibits a non-zero electric field magnitude at almost
all determined atomic column positions (see Figure 1c). Local
field minima are not observed exactly at the atomic column posi-
tions determined using the HAADF image. However, local field
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Figure 1. a) Sketch of the crystal structure of WSe, in [0001]- and [1120]-direction for AA stacking configuration.!*?l The lattice constants indicated by
the arrows are a = 0.329 nm and ¢ = 1.298 nm.[*}] For a bilayer of WSe,, b—e displays a comparison between images acquired in the experiment (left)
and images of the corresponding multislice image simulation (right). b) STEM-HAADF images of a bilayer WSe, in [0001] zone-axis orientation. c)
Color-coded projected electric field maps and d) maps of the electric field magnitude. e) Corresponding charge density distributions. The position and

type of the Se and W atomic columns are marked by green and gray dots, respectively.

minima are evident at positions slightly shifted compared to the
atomic column positions in the HAADF image and are located at
the bottom left of the position of the respective atomic column.
This is particularly noticeable in the vicinity of the Se atomic
columns (an example position is marked by an orange arrow in
Figure 1c). These features might arise due to different lens aber-
rations influencing the measured DPC signal or specimen tilt
during the measurement. The origin of these features is further
investigated with the help of multislice image simulations shown
in the Supporting Information. One of the resulting findings is
that a small tilt of the specimen present during image acquisi-
tion leads to a change of the projected potential and thus to a dis-
tortion of the electric field distribution. Since DPC mainly uses
the direct beam instead of incoherently scattered electrons, as is
the case for HAADF image acquisition, DPC images are more
sensitive to specimen tilt compared to HAADF images.?**8] As
specimen tilt during measurements is especially for thin materi-
als difficult to adjust, Figure S7 (Supporting Information) shows
the simulated HAADF and DPC images for a WSe, bilayer in
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dependence of increasing specimen tilt for up to 100 mrad. The
specimen tilt is noticeable in the HAADF images and the charge
density distribution by an elongation and merging of the detected
intensity distribution of neighboring atomic columns in tilt direc-
tion. Based on these simulations, a local specimen tilt below 5°
is estimated for the measurement shown in Figure 1. Another
conclusion from simulations shown in the Supporting Informa-
tion is that a shift of the local field minima with respect to the
position of atomic nuclei cannot be explained by specimen tilt.
This is presumably caused by residual 3-fold astigmatism as can
be seen in Figure S8 in the Supporting Information.

Figure 1d) displays the electric field magnitude calculated us-
ing Equation (1). The measured electric field distribution is qual-
itatively in good agreement with the multislice image simulation
(right-hand side of Figure 1d). Although the qualitative agree-
ment is evident, the quantitative analysis reveals a discrepancy
between the measured and the simulated electric field magni-
tudes. However, a direct quantitative comparison is difficult as
the conducted multislice image simulations do not include any
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Figure 2. Line profiles of the HAADF intensity and charge density for the measurement and the simulations integrated across the width indicated by
the blue marked regions in Figure 1b,e. The position and type of the atomic columns are marked by the green and gray dashed lines for selenium and
tungsten atomic columns, respectively. a) and b) display the integrated HAADF intensity in [1120]-direction. Besides the HAADF intensity of a WSe,
bilayer, b) also depicts the integrated HAADF intensity for simulated mono- and trilayer for the same region as exemplarily indicated in Figure 1b) for
the bilayer. ) and d) show the integrated line profiles of the corresponding charge density for the area marked with a blue rectangle in Figure 1e). Again,
d) also depicts the corresponding line profiles of the charge density for simulated mono- and trilayer integrated over the same area as indicated for the

bilayer.

interatomic interactions and are only based on screened poten-
tials of isolated atoms. In addition, the comparison is compli-
cated by the fact that the measurable electric field magnitude
can be reduced by non-optimal defocus and specimen tilt as
well as residual lens aberrations.!*) The image post-processing
and especially gaussian blurring can also slightly influence the
measured electric field magnitude and therefore lead to differ-
ences between simulation and measurement. Differences be-
tween DPC measurements and analogous DPC simulations are
already reported in the literature, but the origin is not clarified
yet145:4]

DPC measurements not only enable the investigation of
atomic electric fields but also allow for the calculation of charge
density distributions using Maxwell’s equations. Figure 1le)
shows the corresponding charge density distribution of the WSe,
bilayer. As expected, the positive charge density is strongly lo-
calized at the position of the atomic columns and is dominated
by the screened atomic nuclei. This is also reported in the lit-
erature for GaN and 2D molybdenum disulfide (MoS,).[304449:50]
The negative charge density is delocalized within the hexagonal
rings.[*!

For a further quantitative evaluation of the charge density dis-
tribution, Figure 2 depicts integrated line profiles of the HAADF
intensity and of the charge density from the measurement and
the simulation, the latter for WSe, mono-, bi-, and trilayers. The
areas of the integrated line profiles along the [1120]-direction are
marked by blue boxes in Figure 1b,e and are integrated over 4

Small 2024, 2311635

2311635 (4 of 11)

pixels for the measurement and simulation perpendicular to the
[1120]-direction.

By analyzing the peak position of the integrated line profiles
of the HAADF intensity, the position and the type of the atomic
columns are determined and indicated by green and gray dashed
lines in Figure 2 for selenium and tungsten atomic columns, re-
spectively. Qualitatively, there is a good agreement between the
experimental and simulated HAADF intensity profiles of the bi-
layer, showing the higher signal intensity at the W atomic col-
umn positions compared to Se columns. The simulations also
demonstrate that the W to Se HAADF intensity ratio depends
on the number of monolayers stacked on top of each other with
the ratio increasing with an increasing number of stacked lay-
ers. One might want to exploit this to determine the thickness
of the 2D W Se, flake inspected. However, a quantitative compar-
ison between simulated and experimental intensity profiles like
in Figure 2a) is hampered by the fact that recorded HAADF inten-
sities largely depend on detector gain and contrast settings which
are typically optimized individually for each image to obtain good
image contrasts. Consequently, electron energy loss spectroscopy
(EELS) was used to determine the thickness of the here investi-
gated WSe, flake.

The atomic column positions from Figure 2a) are also inserted
in the integrated line profiles of the charge density in Figure 2¢,d.
This demonstrates again that the local maxima of the positive
charge density are not exactly at the determined positions of
atomic columns due to the aforementioned 3-fold astigmatism.

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. a) STEM-HAADF image of a point defect cluster in a trilayer of WSe, and b) the corresponding DPC image. c) Calculated charge density
distribution. Selenium and tungsten atomic columns are marked by green and gray dots, respectively. The selenium atomic columns highlighted with
bold black lines show a reduced intensity compared to other selenium atomic columns and might therefore exhibit a reduced number of atoms.

Unexpectedly, the integrated line profile of the experimentally
obtained charge density in Figure 2c)reveals a higher positive
charge density measured at selenium atomic columns than at
tungsten atomic columns. In fact, the experimentally determined
charge density averaged over all Se atomic columns in the scan
area is higher by a factor of 1.48 + 0.29 compared to that averaged
over all W atomic columns within the same area.

This observation is surprising, as selenium has a lower atomic
number (Zg, = 34) than tungsten (Zy, = 74) and should there-
fore possess a lower positive charge density at the position of the
atomic columns. Even though WSe, has twice as many selenium
atoms within an atomic column compared to a tungsten atomic
column, the projected atomic number in [0001] zone-axis orien-
tation for AA stacking is lower for the selenium atomic columns
than for the tungsten atomic columns. This unexpected ratio
of the positive charge density of selenium and tungsten atomic
columns is observed in different experimental DPC images of
2D WSe, flakes. The same behavior was also visible, although
not directly reported, for monolayers and multilayers of molyb-
denum disulphide (MoS,).**>%] Tt is qualitatively confirmed in
the conducted multislice image simulations for different num-
bers of layers shown in Figure 2d). The simulations for mono-,
bi-, and trilayer show that the effect is most prominent when the
flakes are as thin as one monolayer.

It is known that in general, quantitative analysis of DPC
images must be conducted carefully as defocus and further
residual lens aberrations influence the measurable electric field
distribution.[**! However, these influences are not expected to
drastically alter the ratio of positive charge densities at the atomic
column positions of a binary compound. Since the effect is vis-
ible in both, experimentally determined and simulated charge
density distributions, it can be ruled out that it is based on a
charge redistribution in the 2D materials because such effects
are not included in the simulations. In fact, according to our
DFT calculations (Lowdin analysis) electron transfer between the
2 sublattices is small (9% of an electron per Se atom) and takes
place from the Se atoms to the W sublattice. Instead, the ob-
served higher positive charge density at selenium sites can pre-
sumably be explained by a coherent scattering effect which from
atom to atom leads to an intensity redistribution inside the spec-
imen. This effect will most likely depend on the kinetic energy
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of the electrons as well as the atomic scattering potentials. Thus,
the obtained higher value for the charge density of the selenium
atomic column is not necessarily the true projected charge den-
sity of selenium atomic columns. To quantify the influence of
this effect an intensive investigation including the interaction of
the electrons with the specimen potential and other specimen-
related parameters is needed. Such a detailed description of
this effect is beyond the scope of this article and will be given
elsewhere.

Due to the low dimensionality, 2D materials are prone to de-
fects that influence the electronic structure and thus the op-
toelectronic properties as well as the chemical reactivity. Infor-
mation about the electronic structure in the vicinity of defects
in such 2D materials is therefore essential. In the following,
we show the structural changes and the changes in the elec-
tric field distribution induced by a defect in a WSe, trilayer.
Figure 3a) depicts a STEM-HAADF image of the WSe, trilayer
with a completely missing atomic column within the otherwise
hexagonal structure. Here, the WSe, trilayer with a thickness of
t = (1.94 £ 0.15) nm is again analyzed near [0001] zone-axis ori-
entation, and again the selenium atomic columns and tungsten
atomic columns are indicated by green and gray dots, respec-
tively. Based on the HAADF intensity, an AA stacking has to be
assumed, and thus the central pattern in Figure 3a) suggests the
absence of a complete selenium atomic column (six selenium
atoms). This is in agreement with the literature, as the selenium
atoms have a lower displacement threshold energy than the tung-
sten atoms and are therefore more likely to be removed from lat-
tice sites.>!)

The hexagonal atomic rings directly adjacent to the defect are
slightly distorted which is illustrated by the white dashed line.

Those lattice distortions are reminiscent of atomic relaxation
in the vicinity of defects as reported for different kinds of
point defects.’>>3] Here, the lattice distortion is most promi-
nently identified by the distance between the 3 tungsten atomic
columns adjacent to the defect. The distances between the
3 atomic columns are measured and marked by the pink
annotations in Figure 3a). With an average of ~2.7 A the
distance is considerably reduced compared to the W-W dis-
tance in the ideal lattice as given by the lattice parameter of
a=329A.
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Three selenium atomic columns highlighted with thick black
lines in the HAADF image in Figure 3a) exhibit lower HAADF
intensities than other selenium atomic columns. From the liter-
ature, it is known that the formation of electron beam-induced
defects in 2D TMD materials is a highly dynamic process that
is driven by chalcogen vacancies and also includes the accumu-
lation and diffusion of point defects.[*”>*>5] We thus speculate
that these marked atomic columns also have a reduced num-
Dber of atoms or are hosting additional defects, i.e., lighter atoms
like oxygen. Based on the HAADF peak intensities, which are
reduced by 20 %-30 % compared to the mean HAADF inten-
sity of selenium atomic columns in a pristine area, presumably
up to 2 atoms (of 6) are missing within these atomic columns
(further information can be found in Figure S4 in the Support-
ing Information). However, it should be noted that an additional
Se vacancy is only one possibility, as, e.g., substitutional oxygen
cannot be excluded.

Inliterature, it is often claimed that lighter atoms tend to fill up
Se vacancies.>®] These substitutional atoms such as oxygen are
less visible in HAADF images than tungsten or selenium atoms
due to the detection principle of HAADF imaging. Instead, DPC
imaging is more sensitive to light atoms as they introduce ad-
ditional electric fields. The measured electric field map of this
defect-including area is shown in the DPC image in Figure 3b).
The surrounding hexagonal lattice in the vicinity of the defect re-
veals again some distorted but clearly visible color wheels around
the atomic column positions and the inverted color wheels within
the hexagonal atom rings. For the rings directly adjacent to the
missing atomic column the central field minima are elongated,
resulting in a reduced projected electric field at the position of the
missing atomic column. No color wheel-like electric field distri-
bution is visible at the position of the defect, supporting the inter-
pretation of this defect as a completely missing atomic column
with no substitutional atoms. Due to the missing atomic column,
complete compensation of opposing electric fields of neighbor-
ing atomic columns is not possible, leading in sum to a projected
electric field pointing toward the defect site. This is also visible
in the map of the electric field magnitude shown in Figure S4b)
(Supporting Information) as a field minimum is measurable at
this position.

Based on the measured electric field distribution, the corre-
sponding charge density distribution derived using Maxwell’s
first law is shown in Figure 3c). As described for the bilayer,
the positive charge densities are localized at the positions of
atomic columns, surrounded by negative charge density. Again,
the charge density distribution reveals that some atomic columns
exhibit a higher mean positive charge density than others. Based
on the different HAADF intensities, selenium atomic columns
show a 1.41 + 0.26 times higher mean positive charge density
compared to tungsten atomic columns.

Only for the 3 selenium atomic columns marked by the green
dots with bold black contour lines the measured charge density
is lower than the charge density at tungsten atomic columns. As
mentioned above, this could be related to a reduced number of
atoms within these 3 atomic columns. Furthermore, a slightly
negative charge density is measured at the defect, but it is less
negative compared to the surrounding charge density (indicated
by the arrow in Figure 3c). To evaluate whether this change in the
charge density distribution is induced by a substitutional atomic
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nucleus or induced by the neighboring atomic columns, multi-
slice image simulations are performed with an increasing num-
ber of substitutional oxygen atoms in a missing selenium column
of a WSe, trilayer. (Detailed information on the simulations can
be found in the Supporting Information.) For up to 2 substitu-
tional oxygen atoms, the measurable charge density at the defect
site is still negative and only changes to a positive value for 3
oxygen atoms or more. To further quantify the change in measur-
able charge density induced by a certain number of substitutional
oxygen atoms for a trilayer of WSe,, relative charge densities are
considered, i.e., the ratio of the charge density measured at the
defect and the averaged charge density of the tungsten atomic
columns are calculated. The averaged charge density of tungsten
atomic columns is used as a reference because the transition
metal atomic columns of TMDs are less prone to defects com-
pared to the chalcogen atomic columns. Therefore, this value is
reliable to be used as a reference value for the calculation and
comparison with the simulation. As expected, the charge density
ratios calculated from the simulations increase linearly with an
increasing number of substitutional atoms (see Figure S6, Sup-
porting Information). Comparing these ratios with the one cal-
culated from the measurement it is concluded that presumably
zero or a maximum of one substitutional oxygen atom fills up the
defect. The uncertainty here is due to the fact that the simulated
and measured values will depend on lens aberrations, the posi-
tion, and nature of substitutional atoms within the defect, as well
as the image blurring due to the electron beam.

The defect model of a missing Se atomic column in WSe, mul-
tilayers is also supported by first-principles calculations using
density functional theory (DFT). For technical details please see
the Methods section. By fully relaxing the atomic structurea 15 %
inward relaxation of the 3 W dangling bond (db) atoms is ob-
tained, resulting in W-W distances of ~2.76 A (see Table 1), which

Table 1. Calculated symmetry-conserving inward relaxation of the 3 central
dangling-bond (db-) like W atoms around possible defects in 1L 2L, and
3L (trilayer) WSe, structures, as given by the resulting distance between 2
db-like W atoms. Notably, the size of the inward relaxation depends crit-
ically on the defect type (column of Se vacancies or Og, substitutional),
but does not depend on the number of layers nor on spin-orbit coupling
(SOC).>7I Even an additional Se vacancy right beside a missing Se atomic
column (1L, 2+1 vacg,) is only slightly distorting the triangle but leaves the
average bond length within the central W; triangle almost unchanged. For
the experiment, the average bond length is determined by the weighted
average with the corresponding standard deviation.

PBE+D2 WW PBE+D2 + SOC
distance [A] WW distance [A]
WSe,, ideal 3.298 3.298
1L, 20, 2.972 2.972
21,40, 2.972 2.972
3L, 60, 2.972 2.972
1L, 2vacg, 2.763 2.766
2, 4vacg, 2.763 2.766
3L, 6vacg, 2763 2.767
1L, 2+1vacg, 2.732 / 2.746 | 2.829 2.736 [ 2.742 | 2.827
@ =2.769 @ =2.768

exp. (this work) 2.69 +0.03
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is in good agreement with experimental distances determined
from the HAADF image (pink annotations in Figure 3a). Ref.
[58] gives a systematic study on the structural relaxation caused
by different kinds of defects in monolayers of various TMDs, i.e.,
WSe,, which are in good agreement with our DFT calculations.
As Ref. [58] only considers monolayers and neglects the interac-
tion between stacked layers, we further investigate the structural
relaxation of missing Se atomic columns for the case of bi- and
trilayers.

Clearly, the resulting distance between the central W atoms
of 2.76 A matches with the bond length of the nearest neigh-
bors in metallic tungsten (2.74 A 1)), strongly suggesting di-
rect bonds, i.e., missing Se atoms. Based on the DFT total energy
calculations, however, at least a completely O-decorated column
can be clearly ruled out. The predicted inward relaxation for an O-
decorated column is restricted to the 3 nearest-neighbor W atoms
and with 5 % by far too small. Notably, the result that only undec-
orated Se-vacancy columns (i.e., W, cores) are compatible with
the experiment, is very robust. The relaxation of the W dangling
bond atoms does not depend on the number of WSe, layers (see
Table 1). Also, spin-orbit coupling (SOC) has only a minor influ-
ence on the geometric properties and corrects the W-W distance
of the db atoms only slightly, i.e., clearly below experimental ac-
curacy of 0.001 nm. In addition, the 6 columns of neighboring
Se atoms adjacent to the missing Se vacancy are shifted by 0.15 A
toward the W db atoms. As a result, the central W Se, unit (built
up by 3 “honeycombs”) is somewhat separated from the rest of
the 2D layer.

Comparing the atomic relaxation predicted by the DFT calcu-
lations with the structural state visible by the HAADF image, a
completely missing selenium atomic column with no substitu-
tional oxygen can be assumed.

As such defects alter the optoelectronic properties of the mate-
rial, the exploration of resulting changes in the electric field distri-
bution at the atomic level is of great interest. Investigations of the
electric field distribution of point defects in 2D mono- or multi-
layers have so far only been described for molybdenum disulfide
(MoS,).>% and hexagonal boron nitride (h-BN).[*] For monolay-
ers of MoS,, Calderon et al. observe a reduction in electric field
magnitude for mono- and divacancies of missing sulfur atoms.
There, a charge density distribution comparable to the one shown
in Figure 3c) is reported for a missing S atomic column in a MoS,
monolayer. For multilayers of h-BN, the electric field distribution
in the vicinity of point defects is reported to be rather complex.
Cretu et al. investigated a B vacancy in a h-BN multilayer and
identified some regions of the defect-containing area with a lo-
cally reduced electric field magnitude compared to the electric
field distribution in pristine h-BN and some regions in the vicin-
ity of the defect with a locally enhanced electric field magnitude.

In a similar manner, we also analyze the electric field distri-
bution at the defect site. More specifically, we consider the differ-

-

ence in the electric field AE = E,, —E

s Detween an almost

pristine lattice Epris and the defect-containing area E,., where
the difference is calculated using a non-rigid registration (! of
atomic columns based on the HAADF images to register the de-
fective and pristine areas. Here, both areas have the same num-
ber of pixels and depict an area of equal extension with ~14

pairs of W-Se atomic columns. In addition, the defective area acts
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as the reference image to address the lattice distortion and the
pristine image is registered to this reference image. The defect-
related distortion of the lattice is therefore considered within this
process. After registering, the difference in electric field magni-
tude is calculated. The result is depicted in Figure 4a). As indi-
cated by the color bar, pixels with a blue color indicate a decrease
in electric field magnitude, and pixels with a red color reveal an
increased electric field magnitude compared to the pristine WSe,
lattice.

This difference map clearly reveals a triangle-shaped region
of reduced field magnitude at the defect site (highlighted by the
dashed black triangle) with 3-fold symmetry. The tips of this
triangle-like shape do not point toward the adjacent W atomic
columns but are rotated by 60°. At the center of this region, al-
most no difference in electric field magnitude between the pris-
tine and defective lattice is visible. However, this fits the expecta-
tions since no measurable electric field is to be expected either at
the exact position of an atomic column or in a vacuum where op-
posing electric fields should compensate each other. More impor-
tantly, an increased electric field magnitude compared to the elec-
tric field magnitude of a pristine lattice is evident at the adjacent
W atomic columns, as indicated by the black arrows in Figure 4a).
This is in good agreement with the observation of Cretu et al. for
a B vacancy in h-BN.[4]

To further clarify these observations, we conducted a multi-
slice image simulation of a completely missing Se atomic col-
umn in a WSe, trilayer, where for the defective lattice the relaxed
atomic positions obtained by the DFT calculations were used.
Here again, no lens aberrations are considered and the focus is
set to the entrance plane. Figure 4 b) shows the resulting dif-

ference in electric field magnitude AE = E, — Epris between
simulated DPC images of a defective and a pristine WSe, lat-
tice. Also, here a characteristic triangular-shaped central feature
with a decreased electric field is observed (black dashed triangle).
Similar to the measurement, an enhanced electric field magni-
tude is localized in the vicinity of the 3 adjacent tungsten atomic
columns (indicated by black arrows in Figure 4a).

With the help of DFT calculations, we can gain a more precise
insight into the origin of this specific change in the electric field
distribution, although a straight interpretation is difficult due to
the different approaches of DPC imaging and DFT calculations.
Figure 5 shows the calculated spatial distribution of the defect-
induced electron charge density of a WSe, monolayer in the side
and top view (more details are given in the Methods section). In
Figure 5a), the atomic structure with a missing selenium atomic
column including the resulting atomic inward relaxation of the
adjacent tungsten atomic columns and the corresponding elec-
tron charge density (red) is shown. Here, the atomic relaxation of
the neighboring W Se, atoms discussed above becomes particu-
larly obvious by the missing lines, i.e., missing covalent bonds,
and by the db-like, crescent-shaped accumulation of electronic
charge, pairwise bridging the 6 adjacent W atoms.

In contrast to the DFT results for the Se vacancy columns, the
experimental HAADF, DPC as well and the calculated change in
the electric field distributions in Figure 3 and Figure 4 do not re-
flect a perfect trigonal symmetry. This can be explained by the
fact that even a single additional missing Se atom in this de-
fective region breaks the symmetry completely if this vacancy

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Difference AE in
electric field magnitude
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Figure 4. The difference in the electric field magnitude of the defective area compared to a pristine WSe, area of the same region for a) the measurement
is shown in Figure 3b and 4b) a corresponding multislice image simulation of a missing selenium atomic column in a WSe, trilayer. For the simulation,
the predicted atomic relaxation is considered.

is located in the same layer next to a missing Se column (see
yellow arrow in Figure 5b). Interestingly, according to our DFT
total energy calculations, such a ‘2+1’ Se vacancy configuration
is able to introduce strong symmetry-reducing changes in the
surrounding electron charge, but keeps the triangular configu-
ration of the central quasi-metallic W, core almost unchanged
(see also Table 1). As a result, the distorted defect-induced elec-
tron charge (see Figure 5b) qualitatively resembles the experi-
mentally determined induced change in electric field magnitude
shown in Figure 4a). The other remaining features in the neigh-
boring hexagonal atomic rings are due to polarization effects re-
flecting the DFT-derived inward relaxation of the central W Se,
unit (cf. also Figure 4). Even though the electron charge distribu-
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tion calculated by DFT resembles the triangular shape shown by
the change in the electric field magnitude, one needs to carefully
transfer this to one another as different approaches between DPC
measurement and DFT calculations are used. However, the DFT
calculations along with the DPC measurement provide a deeper
insight into the induced changes caused by such a defect in a 2D
material.

In conclusion, the locally enhanced and reduced electric field
distribution, visible in the simulation as well as in the measure-
ment, is characteristic of the involved point defects, a missing
column of Se atoms in a WSe, trilayer within AA stacking con-
figuration. The observed local changes in the electric field and
charge density distribution at defect sites can on the one hand

Figure 5. Atomic structure of the WSe, layer including defect structures and the electron density distribution of the related defect level (red). W and
Se atoms in gray and green, respectively. The missing Se atomic columns are indicated by the vertical line and by the white cross (top view). a) Simple
configuration with the Se vacancies restricted to a single column clearly showing trigonal symmetry. b) Defect configuration with an additional Se vacancy
in one of the adjacent Se columns, indicated by the white circle and the yellow arrow.
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change the optoelectronic behavior (6162 and on the other hand
act as adatom traps for diffusing atoms %1 and are therefore
interesting for defect engineering . [6263]

3. Conclusion

In this work, the atomic structure and - for the first time — the
interatomic Coulomb field as well as the charge density distri-
bution of 2D WSe, are investigated experimentally and theoret-
ically, using STEM-HAADF and the emerging STEM-DPC (dif-
ferential phase contrast) technique in combination with density
functional theory (DFT). All investigated 2D flakes of WSe, ex-
hibit the so-called AA stacking configuration, in which the metal
atoms of stacked monolayers are aligned with the metal atoms
of the adjacent monolayer(s), and the same holds for the chalco-
genide atoms. The STEM-DPC measurements show outward
pointing radial symmetric electric field distributions at the po-
sition of atomic columns and are in good qualitative agreement
with the conducted multislice image simulations. The calculated
charge density distribution of our measurement indicates that
selenium atomic columns exhibit a higher positive charge den-
sity compared to tungsten atomic columns. This unexpected be-
havior is visible in measurements on a bilayer and trilayer of
WSe, as well as in corresponding multislice image simulations
and is ascribed to a coherent scattering effect. Because this effect
seems to affect the interpretation of sub-atomic resolution STEM-
DPC images of extremely thin specimens in general, further ex-
perimental and theoretical investigations are encouraged by our
results.

Furthermore, the precise atomic configuration and electric
field distribution of a point defect, namely a missing selenium
atomic column in a WSe, trilayer, and the related symmetry-
conserving relaxation of the surrounding lattice is analyzed and
compared with DFT calculations. Deviations from perfect three-
fold symmetry are related to single Se vacancies in the vicinity of
a missing atomic column. The difference in the electric field dis-
tribution of this defect and a pristine WSe, lattice is observed as a
local triangular region of decreased electric field magnitude and
a threefold symmetric region with enhanced electric field magni-
tude in the vicinity of the neighboring atomic columns. Qualita-
tively, the same behavior is obtained in multislice simulations of
such a defect. All in all, STEM-DPC is shown to be a promising
technique to not only reveal the electric field distribution of 2D
materials in a pristine state but also is demonstrated to provide
additional information about changes in the electric field caused
by defects.

4. Experimental Section

Fabrication and Transfer of 2D WSe, Flakes: 2D WSe, flakes were
mechanically exfoliated from a bulk crystal commercially available from
2Dsemiconductors Inc. (Scottsdale, AZ, USA) and transferred to PELCO
holey silicon nitride TEM grids (Ted Pella, Inc., Redding, CA, USA) using a
PDMS-based transfer process.[®#] Further information on the transfer pro-
cess is provided in the Supporting Information. The TEM grids are made
of a 200 um silicon substrate with a 0.5x0.5 mm window which is cov-
ered with a 200 nm thick holey silicon nitride membrane. The diameter of
the holes is 200 nm, which allows TEM investigations of free-standing 2D
TMD flakes.
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Characterization by Scanning Transmission Electron Microscopy: High-
resolution STEM investigations of 2D WSe, flakes are performed using
a probe-side C;-corrected JEOL JEM-ARM200F transmission electron mi-
croscope at an acceleration voltage of 80 kV. The microscope is equipped
with a CEOS ASCOR C,-corrector (CEOS GmbH, Heidelberg, Germany)
which enables the correction of lens aberrations up to the fifth geometri-
cal order including the correction of the spherical aberration (C;). Addi-
tionally, a GATAN post-column GIF QUANTUM ER energy filter is used
for thickness determination of the 2D WSe, flakes by electron energy loss
spectroscopy (EELS).[9566] Despite the presumed inaccuracy of EELS mea-
surements on 2D materials, the local thickness using the log-ratio method
is determined.[%6-68] Based on previously performed photoluminescence
measurements and due to the contrast of the WSe, flakes in visible light
microscopy, the Malis model is chosen for the calculation of the mean free
path as this fits best for the previously identified number of layers.[67:68]
Thus, assuming an electron mean free path of 33.41 nm in WSe, at 80 kV,
the thickness of the 2D flakes is determined via the log-ratio method using
EELS measurements.

DPC measurements are conducted on an eight-fold segmented an-
nular all-field (SAAF) detector consisting of 2 concentric rings subdi-
vided into 4 quadrants each. The convergence semi-angle of the elec-
tron probe was fixed using a 40 pm condenser aperture and amounts to
~(30.2 + 0.8) mrad. The camera length was set to 12 cm such that the
bright-field disk illuminates half of the outer 4 SAAF detector segments.
All segments are individually fiber-optically coupled into photomultipliers
connected to 32-bit AD converters, allowing for the independent detection
of signals. This enables the acquisition of difference signals from oppos-
ing detector segments for the determination of the CoM of the bright-field
disk. For the determination of the CoM in this work we use the outer 4 seg-
ments with an inner radial detection angle of # = (18.2 + 0.4) mrad and
an outer detection angle of # = (36.1 + 0.4) mrad as this configuration
approximates the real first momentum.[%%! With the help of a previously
conducted calibration, the calculated signal differences can be converted
into the transferred momenta and allow for a quantitative analysis of the
projected electric field. The calibration and the DPC image acquisition are
done as described by Biirger et al.I3*l Simultaneously with the DPC im-
ages, high-angle annular dark-field (HAADF) images are acquired using
an annular detector with an inner polar angle of (54.2 + 0.9) mrad and an
outer angle of (191 + 3) mrad for the camera length used.

Post-Processing of Image Data: DPC as well as HAADF images are
post-processed using a drift correction and a Gaussian denoising algo-
rithm which corresponds to a blurring with a Gaussian function with a
FHWM between 55 and 90 pm (which equals a FWHM of ~4 and 10 px).
For the DPC investigations of a pristine WSe, bilayer, an additional HAADF
signal-based non-rigid registration and subsequent averaging of various
image segments is applied.[%%7% Furthermore, based on the Z contrast
of HAADF images the atomic column positions and types are identified
using a self-written algorithm that fits individual 2D Gaussian functions
to the HAADF intensity distribution of individual atomic columns.[”"] For
the analysis of point defects, another specially developed program is used
which enables the comparison of the electric field distribution and magni-
tude between a pristine and a defective lattice. In this algorithm, an image
of the defective region is post-processed by the Gaussian denoising algo-
rithm and a post-processed image of a nearby pristine lattice is used. In
addition to Gaussian denoising, the image of the pristine lattice is post-
processed by a rigid registration algorithm, a procedure that could not
unequivocally be applied to images of defected areas. A pristine region
near the defect region is chosen so that the possible influence of different
defocus is reduced. In the second step, both images are overlayed using a
non-rigid registration (NRR) algorithm based on an approach introduced
by Thirion.l”%! With the help of this algorithm, the position of the atomic
columns of both images are aligned and the difference between the image
of the pristine lattice and the image of the defect is calculated for each pixel
separately. In order to take into account the possible lattice distortion in
the defective area when applying the NRR algorithm to the 2 images, the
image of the defective region is used as a reference image. Therefore, by
correctly aligning the atomic columns of both images to each other and

-

calculating the difference in electric field magnitude A E = By — Epris
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each pixel represents a difference AE and thus allows to display a map of
the difference in electric field magnitudes.

DFT Modeling: To model the defective WSe, layer structures, density-
functional theory (DFT) using the Quantum ESPRESSO package was
applied.l’273] Single, bi-, and tri-layers of WSe, including up to 7 Se va-
cancies (or 6 oxygen atoms substituting Se atoms) are modeled using
periodic boundary conditions (PBC) and 6 x 6 supercells, so that each
WSe, layer contains 108 atoms, yielding system sizes up to 324 atoms. A
shifted equidistant 3 x 3 k-point set is used to sample the Brillouin zone.
Many-particle effects are taken into account using the semi-local Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional,l’*] whereby in all
calculations the D3 dispersion correction [7°] was used for a reasonable
description of the van-der Waals interaction between WSe, layers. A plane-
wave basis set with 800 eV kinetic energy cutoff and scalar relativistic
gauge including projector augmented wave (GIPAW) pseudo-potentials
was applied.l’¢] Besides scalar-relativistic calculations, fully relativistic
two-component calculations are performed in order to investigate the in-
fluence of spin-orbit coupling (SOC).[*7]
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the author.
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