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Structural defects, including point defects, dislocation and planar defects, significantly affect the physical
and chemical properties of low-dimensional materials, such as layered compounds. In particular,
inversion domain boundary is an intrinsic defect surrounded by a 60° grain boundary, which significantly
influences electronic transport properties. We study atomic structures of the inversion domain grain
boundaries (IDBs) in layered transition metal dichalcogenides (MoSe, and MoS;) obtained by an
exfoliation method, based on the aberration-corrected scanning transmission electron microscopy
observation and density functional theory (DFT) calculation. The atomic-scale observation shows that
the grain boundaries consist of two different types of 4-fold ring point shared and 8-fold ring edge
shared chains. The results of DFT calculations indicate that the inversion domain grain boundary behaves
as a metallic one-dimensional chain embedded in the semiconducting MoSe, matrix with the
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1. Introduction

Transition metal dichalcogenides (TMDs) are an emerging
class of layered materials due to their diverse properties,
which can be tuned on the basis of coordination features of
the metal and chalcogen as well as the number of layers.'™
The versatile applications including catalysis, energy
conversion, nanoelectronics, and energy storage,*** of these
layered materials have been demonstrated, revealing TMDs
as fascinating and technologically important materials.
Effort has been made toward large-scale production of few-
layer nanosheets, in which top-down exfoliation of bulk
TMDs via ultrasonication, first reported by Coleman et al.,
affords large amounts of materials for practical applica-
tions."**® Studies on the physical chemistry of these exfoli-
ated nanosheets are crucial for understanding their intrinsic
properties and the correlation between structure and func-
tional performance in catalysis, electronics and energy device
application.

Structural defects, including point defects, dislocation
and planar defects (grain boundaries, stacking faults)
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occurrence of a new state within the band gap.

strongly affect the material properties such as mechanical,
optical, electronic and optoelectronic properties.** For
example, in layered transition metal disulfides, such struc-
tural imperfections can heavily impact the electrical, optical,
physical properties and charge transport behavior of the
materials.**?° The defects can be beneficial, such as active
sites for adsorbed atoms and molecules, which has triggered
efforts in the engineering the defects to improved catalytic
performance. When lattice is rotated by 60°, inversion
domains emerge and are connected by 60° grain boundary,
which are metallic. The inversion domain enhances the in-
plane electric conductivity and quench the local photo-
luminescence.* ' In this regard, studying on these 60° grain
boundary of the inversion domains are particularly impor-
tant for electronics and energy device application. Previous
reports showed grain boundaries composed of 5|7-, 4|4-, 4|8-,
5|8-and 6|8-fold rings.'** In this study, we report on the
inversion domain boundaries of exfoliated few-layer MoSe,
and MoS,, by means of atomic-resolved high-angle annular
dark-field imaging (HAADF), in which we found the 8|8-fold
rings at the boundary. Further, we will show by first-
principles calculation that the 8|8-fold rings is metallic.
The observation shows that the grain boundaries consist of 4-
fold rings and 8-fold rings, which are point-shared and edge-
shared one-dimensional chain, respectively. The results of
DFT calculations indicate that the inversion domain grain
boundary behaves as a metallic one-dimensional chain
embedded in the semiconducting MoSe, matrix with the
occurrence of new state within the band gap and we believe
that such properties strongly affect their performance
behavior in electronics and energy device application.
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2. Experimental section
Synthesis method

MoSe, and MoS, nanosheets are synthesized by exfoliation in
supercritical fluid solvent. Firstly, 20 mg bulk crystals (MoS,,
Aldrich, USA; MoSe,, Alfa Aesar, USA) are dispersed in 5 mL
dimethylformamide by sonication in low-power instrument (AS
ONE US cleaner, US-4R, 40 kHz, 160 W) for 5 min. Then, the
obtained suspension is directly transferred to a batch reactor
vessel. All the SCF reactors were made from hastelloy with
a maximum volume of 10 mL. The reactors are sealed and
heated at 400 °C for 1 hour in a specially designed tube furnace
(AKICO, Japan). It took 3 minutes to reach desired temperature.
After the 1 hour reaction, reactors are quenched in cool water
for 10 minutes to reach room temperature. The resultant
powders are collected and separated by centrifugation, then
washed with fresh DMF solvent. Finally, the obtained nano-
sheets are dried at 60 °C in vacuum for 1 day before the
characterization.

Material characterization

HAADF imaging is conducted using JEOL JEM-2100F, Japan
operated with 60 kV (lower than the knock-on damage threshold
of the materials) equipped with a spherical aberration corrector
(CEOS). Camera length is 6 cm; HAADF detectors spanned the
range of 70 to 180 mrad. Multislice HAADF STEM image
simulations are performed using Dr. Probe package,** with
parameters close to the experimental imaging conditions and
using the atomic models relaxed by DFT calculations.

DFT calculations

Density functional theory calculations are performed by using
the OpenMX package,* based on localized basis functions and
norm-conserving pseudopotentials. The pseudo-atomic orbitals
are generated by a confinement potential scheme?® with cutoff
radii of 7.0 a.u for both Mo and Se elements. The basis sets with
s2p2d1 for both Mo and Se elements are found to be good
enough to describe our system. The exchange correlation energy
functional is described by the generalized gradient approxi-
mation (GGA) of the Perdew-Burke-Ernzerhof functional.”” The
energy cutoff for real-space integration is 150 rydbergs, and a k-
point 24 x 24 x 1 is used for the Brillouin zone integration to
calculate the density of states (DOS). The lattice parameters and
cell volume of all the configurations are fully optimized and all
atoms in the supercell are relaxed until the residual force per
atom is less than 0.0001 a.u.

3. Results and discussion
Atomic structure of MoSe, and MoS,

MoSe, and MoS, are isostructural, consisting of close-packed
Mo atoms sandwiched between two close-packed Se/S atoms.
Slab of hexagonally packed Mo atoms and Se/S atoms can be
organized into different stacking sequence with totally three
different polymorphs. There are two naturally occurring the 2H
and 3R phases in which the 2H phase is found to be abundantly
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Fig. 1 Atomic structure of MoSe, and MoS,. (a) Crystal structure of
MoSe, 2H and 3R phases view along [001] (top) and [010] direction
(bottom). (b) HAADF image of exfoliated trilayers MoSe; in 2H phase
viewed along [001] direction. (c) HAADF image of exfoliated trilayers
MoS; in 2H phase viewed along [001] direction. Scale bar, 10 A.

present. The 1T phase is a synthetic material, prepared by
intercalation or thermal treatment of the 2H phase at 600 °C.?®
Fig. 1a illustrates the 2H polymorph with the stacking sequence
ABA, regarded as the most stable form of MoSe(S),.

The few-layer MoSe, and MoS, are obtained by exfoliation of
commercial bulk materials in the supercritical fluid of dime-
thylformamide at 400 °C for 1 h.*® During the observation of the
exfoliated nanosheets by HAADF-STEM, we observed mainly the
2H polymorph. In Fig. 1b and ¢, we show HAADF-STEM images
viewed from the [001] direction of the trilayers MoSe, and MoS,
nanosheets, respectively. The contrast of the ADF image is
roughly proportional to atomic number Z of imaged species,*>*"
with brighter contrast of two stacked Se, atoms and dimmer
contrasts of Mo in monolayer part in Fig. 1b. In HAADF image of
monolayer part of MoS, in Fig. 1c, the Mo (Z = 42) columns have
stronger contrast, while the dimmer ones are S (Z = 16) atoms.
Three Mo atoms and three Se,/S, columns form with each other
a hexagonal configuration that matches well the illustration in
Fig. 1a. Sulfur atoms are visible in the HAADF image, however,
the contrast are faint. Since the light elements such as sulfur are
barely visible in ADF mode when heavy atoms such as Mo are
present.*>** STEM with probe-forming aberration correctors is
a powerful instrument for visualization on the local atomic
structure and the chemical composition at the atomic resolu-
tion. For thin nanosheet, ADF image contrast intensity varies
strongly with the number of atomic on the column, providing
direct and accurate tool to measure the thickness of thin
samples and to identify chemical composition at various defect
sites.

This journal is © The Royal Society of Chemistry 2018
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Atomic structure of inversion domains grain boundary

Atomic-scale observation of monolayer MoS, shows that 60°
grain boundary of the 2H and 1T phases can be created due to
gliding atomic planes of sulfide and/or molybdenum under
electron irradiation.?® Besides that the stacking domains of the
2H and 3R phases have been found in a multilayer MoS, and
MoSe,."*** Lu et al. observed the 3R stacking among 2H bilayer
MoSe, stacking growth by CVD method and showed grain
boundaries composing of 4|8-fold rings.** In order to investi-
gate the grain boundaries structure, we describe the depen-
dence of ADF image pattern on phase and number of layer. It
notes that the 2H phase of MoSe, will produce a honeycomb
pattern with alternating bright and dim contrast as shown in
Fig. 1a and b, while the 3R phase will form hexagonal patterns
with visible contrast in the center of hexagonal ring due to
presence of Mo atom. Although the honeycomb patterns are

View Article Online

RSC Advances

observed in the most part of the viewed nanosheets confirming
the presence of mainly 2H phase, the hexagonal pattern with
additional contrast appears in the center of each hexagonal ring
(3R phase) is found occasionally in few cases.

In Fig. 2a, we display the HAADF image of the MoSe, nano-
sheets with the visualization of the domain grain boundaries of
the 2H and 3R phases. The monolayer region (1L) of MoSe, is
readily indentified, located above the blue line. The Se atoms
have stronger contrasts, the dimmer ones are Mo atoms as
indicated by superimposed atomic arrays. In the bilayer region
(2L) located between blue and white lines, the contrast inten-
sities can be seen as honeycomb patterns indicating the pres-
ence of 2H bilayer stacking. The trilayer region (3L) is located
below the while line. We observe distinct area with different
atomic ordering in this bilayer and trilayer regions, located
inside the green and yellow lines. The intensity profile taken

Intensity (a.u.)

0 05 1 15 2
v Mo v Se,

Distance (nm)

Fig. 2

.o .f::?ﬁ:; e

Inversion domains boundary in few-layer MoSe;. (a) HAADF image of MoSe, with top part is a monolayer, middle part is a bilayer stacking,

and bottom part is trilayer stacking, which are separated by blue and while lines. The superimposed atomic arrays on the inset of indicate the
locations of atoms in first layer and second layer of 2H phase. The 3R phase appears inside the yellow and green dashed line. (b) Image intensity
profile acquired along the gray line in (a). (c) The structure model of the observed region of bilayer stacking. (d) Atomic model of experimental
structure of second layer shown in (c). The yellow and green lines indicate the grain boundary composed of 4- and 8-fold rings respectively. Two

triangles indicate the orientation of two inversion domains.

This journal is © The Royal Society of Chemistry 2018
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across the distinct area with gray line is shown in Fig. 2b. The
atomic columns associated with Mo (green triangle), Se (blue
triangle), and Mo + Se atoms in this phase are identified based
on the contrast intensity and line profile are in accordance with
previous report.>>**?** In the intensity profile across the
boundary in Fig. 2b, we show appearance of Mo demonstrating
presence of 3R phase because the Mo atoms appear in the
center of each hexagonal ring. Thus, this evidence clearly
reveals the presence of the 3R phase inside the 2H phase in the
second layer of MoSe,. The observed area shows the stacking
sequence associated with 2H and 3R phases.

On the basic of contrast intensity, the atom columns can be
assigned with the structure model depicted in Fig. 2¢. In order
to visualize the phase boundary clearly, the structure of the
second layer is shown in Fig. 2d by removing the first layer,
considering that this two phases share the first layers. It is
assumed that the first layer is perfect layer without altering of
atomic ordering and that the growth defects occurred in the
second layer. This assumption is deduced from the fact that
when the order of stacking layers change, their simulated
contrast and HAADF image pattern do not change as shown in
Fig. S1.f The 2H and 3R parts of the monolayer region are
mirror symmetric at the lines as illustrated by the two triangles
in Fig. 2d. Thus, we observed two types of grain boundaries in
the second layer of these inversion domains. The first grain
boundaries (denoted as yellow lines) are composed of the
chains of 4-fold rings (4]|4) with point-sharing at a common Se
site. This type of phase boundary has been previously observed
in grain boundary of CVD-grown MoSe,,*»** and molecular
beam grown MoSe,,***” or in grain boundary of 2H phase,** or
boundary of 2H and 1T phase,*® in MoS,. In contrast, the second
grain boundaries (denoted as green lines) comprise of chains of
8-fold rings. Notably, the Se atoms at this 8-fold rings change
from the regular 3-fold coordination to 2-fold coordination and
Mo atoms retain the regular 6-fold coordination. The growth of
such inversed domain in the second layer can be induced by Se
vacancy formation,** or trefoil-like point defects.*’

It should be noted that Mo at the edge of the 3R phase is
relaxed from the center of hexagonal ring, to from the 8-fold
rings. This observed region is partly of trilayer stacking, which
can be understood by the increase of contrast intensity in
Fig. 2b. However, the intensity at the center of hexagonal rings
retains unchanged, indicating that the third layer is 2H stacking
on the second layer of the 2H phase. In other word, all the Mo
atoms of the third layer are stacked on the top of Se, atoms of
the second layer in the 2H region.

In order to reproduce the contrast intensity at the inversion
domain boundaries in the experimental HAADF image (see
Fig. 2a), we have investigated the IDBs models with monolayer,
bilayer, and trilayer by STEM image simulations as shown in
Fig. 3a and b. Multislice HAADF STEM image simulations are
performed using Dr. Probe package,*” with parameters close to
the experimental imaging conditions and using the atomic
models relaxed by DFT calculations. Structural models were
visualized using VESTA software.** The atomic positions in all
IDBs models are relaxed by DFT calculations. The simulated
images agree well with the experimental images that the Mo

33394 | RSC Adv., 2018, 8, 33391-33397
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Fig. 3 Simulated HAADF-STEM images of the IDBs in monolayer,
bilayer, and trilayer MoSe,. (@ and b) The figure shows simulated
images (a) based on the DFT-optimized structures (b) for the IDBs
models. (c) HAADF image and the corresponding simulated image of
bilayer MoSe, showing the 4-fold rings (yellow lines) and 8-fold rings
(green lines).

atoms appear in the center of each hexagonal ring in the 3R
region of the bilayer and trilayer MoSe,. In Fig. 3c, we show the
contrast at the edges (near the green and yellow lines of Fig. 2a)
with the experimental HAADF image and the corresponding
simulated image of the bilayer MoSe,. The obtained results
confirm that the contrast at the edges is contributed from one
layer and not a superposing effect from two layer or recon-
structed edges.

Similarly, stacking region of 2H and 3R phases of MoS,
nanosheets can be observed in some nanosheets. An example is
given in Fig. 4 and S2.1 The atomic columns form a honeycomb
pattern in the bottom region of the image, whereas additional
visible contrast appears in the center of each honeycomb in the
top region evidenced from image intensity profile in Fig. 4b. The
observed area is clearly shown the occurrence of 2H and 3R
phases. However, the number of stacking layer is difficult to
indentify in this case, hindering the ability to visualize the
stacking boundaries in MoS, nanosheets.

Schematic illustrations of proposed atomic growth model of
the inversion domains and their boundary defects are presented
in Fig. 5b-f. The inversion domains transition involves inter-
playing between evolution of Mo-Se bond rotations and Se,
vacancy generation.*” A three-fold rotational defect forms with
three pairs of Mo-Se bonds rotating 60° around the Mo atom.
Then, the creation of two vacancies of Se pairs at the vicinity of
octagons leads to rearrangements into the heterostructure with
8|8 IDBs. The further growth of this distinct IBDs can be pro-
cessed by controlled electron-beam irradiation on MoSe, ob-
tained by CVD methods.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Inversion domains grain boundary in MoS,. (a) HAADF image of

MoS, nanosheets. The dark line indicates the stacking boundaries of
2H and 3R phase. (b) Image intensity profile acquired along the
denoted line in (a). The red dashed lines indicate boundary position.

One may call into question the possibility of 1T domain in
this heterostructures. To exclude the presence of 2H-1T junc-
tion, we describe the structure of 1T phase and their HAADF
image simulation in Fig. 6. The 1T phase shows the atomic
stacking sequence of ABC (SeMoSe). Two stack Se atoms are

a

=

Fig. 5 The schematic illustration of the atomic growth of inversion
domain. (a) Three-fold rotational defects with Mo—-Se bonds rotating
60°; (b) 60° rotation of three pairs of Mo-Se (blue) bonds around the
Mo atom (orange); (c) to form three octagons; (d) the creation of two
vacancies of Se pairs (yellow) at the vicinity of octagons; (e) seven pairs
of Mo-Se bond rotations 60° around the Mo atoms marked by orange
color; (f) the heterostructure with 8|8 IDBs.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Atomic structure of MoSe, 1T phase and simulated HAADF
image. (a) Crystal structure of MoSe, 1T phase view along [001] and (b)
[110] direction. (c) Bilayer MoSe, used to simulate HAADF image and (d)
simulated HAADF image of 1T phase.

separated and one Se plane occupies center of a 2H hexagonal
lattice (Fig. 6a). The simulated HAADF image in Fig. 6d shows
that these atomic columns produce equal contrast. Therefore,
bilayer of MoSe, 1T phase generates a pattern which is totally
different from the observation in Fig. 2. This evidence excludes
the 2H — 1T phase transition. In fact, the 2H — 1T phase
usually occurs in the exfoliation with lithium intercalation
method which induce the S atomic plane gliding.?® Our exfoli-
ation method by supercritical fluid could preserve the trigonal
prismatic coordination in 2H or 3R phase.”

To further explore the experimental findings, we have carried
out first principles calculations of the atomic structures with
inversion domain boundaries in the monolayer MoSe,. The
IDBs including the alternating chains of 4- and 8-fold rings
cannot be make without threefold rotational symmetry in the
MoSe, hexagonal lattice.*” In this study, we thus adopt four
supercells to model the IDBs in the monolayer MoSe,, corre-
sponding to4 x 7,5 X 8,5 x 9, and 6 x 10 unit cells of an ideal
lattice in a rectangular a/3 x a representation, in which a =
3.327 A is lattice constant of the monolayer MoSe,. As shown in
Fig. 7, we find that after the relaxation, the structures of the
IDBs are locally stables at the local minima in energy. The Mo
atoms at the 4|4 and 8|8-fold rings retain the 6-fold coordina-
tion; however, the Se atom at the 4|4 and 8|8-fold rings changes
from the 3-fold coordination to 4-fold coordination and 2-fold
coordination, respectively. Interestingly, the Se atoms at the 8-
fold rings change their coordination, and their 8-fold rings
show the distortion. The distortion of the 8-fold rings can also
be observed in the HAADF image in Fig. 3c left. In the cases of
the bilayer and trilayer MoSe,; however, the shifts of two
sharing Se atoms in the 8-fold rings are difficult to observe
clearly in our experiments, since there is a Mo atom under the
two Se sharing atoms as shown in Fig. 3c right. The calculated

RSC Adv., 2018, 8, 33391-33397 | 33395
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Fig.7 DFT relaxed atomic models of the inversion domain boundaries
in the monolayer MoSe,. The solid black boxes represent the 4 x 7, 5
x 8,and 5 x 9 supercells, in which the 8|8-fold rings with two (a), three
(b), and four (c) rings, respectively, are displayed in yellow, and the 4|4-
fold rings with two rings are displayed in pink.

formation energies per unit length of 4|4 and 8|8-fold rings are
0.19 and 0.42 eV A~?, respectively (please refer to the estimation
of formation energy section in ESIt for more details), indicating
that the 4|4-fold rings is easily generated. This result is
consistent with the fact that 4|4 IDBs is often observed in
previous reports.?”3%%

Recently, Zande et al. showed that the measured in-plane
electrical conductivity of the monolayer MoS, is slightly
increased by the mid-gap states of Mo atoms at grain bound-
aries.”® Therefore, it is important to understand how the 4|4-
and 8|8-fold rings contribute to electrical transport in the
present IDBs model. Fig. 8 shows the projected density of states
(PDOS) with Gaussian broadening of 0.05 eV from Mo and Se
atoms at the domain center (Mopy and Sepyi), the 4|4-fold
rings (Moy4 and Sey|4), and the 8|8-fold rings (Mogs and Segs).
The shaded energy region indicates a bandgap about 1.5 eV of
the both Moy, and Sepy ik atoms, which is close to the bandgap
of a pristine monolayer MoSe, (~1.58 eV).*' The PDOS shows
mid-gap states at the Fermi energy, Ey that appear mainly in the
projected DOS of the Mo, |4, and Mog|s atoms in the IDBs as
shown in Fig. 8b. Therefore, the IDBs including the alternating
chains of 4- and 8-fold rings behave as the one-dimensional
metallic chains embedded in the semiconducting monolayer
MoSe, matrix because of the new states at Ey. Since the electron
states around Fermi energy (Er) are the main contribution to the
electrical conductivity and chemical reaction, it is important to

balSa A
210 1 2
Energy (eV)

[®] Mobux [0 Mogs {8} Mosys
E] Sebuik '0 Sesjs

0! Sey

Fig. 8 DFT calculated the projected density of states (PDOS) from the
domain center and the inversion domain boundaries in the monolayer
MoSe,. The PDOS were acquired from Mo (b) and Se atoms (c) marker
in blue (domain), red (8|8-fold rings), and green (4|4-fold rings) boxes
shown in the 6 x 10 supercell (a).
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realize that the PDOS of the Mog|g atom around Ey are larger
than that of the Moy, atom. Moreover, the PDOS of Se atoms
opens the gap at Er by distorting (or the shift) of Se-chain in the
8-fold boundary as shown in Fig. 8a and c. This shift is a kind of
the Peierls instability** for one-dimensional Se chain with high
symmetry.

A combination of STEM Z-contrast and image simulation
with DFT calculation points to 4|4-fold rings chains and 8|8-fold
rings chains as IDB defects. These 4|4-fold rings chains in the
boundaries of 2H/3R phases can be found in MoSe, bilayers
grown by CVD method.* In a recent report, Zhao et al. have
identified the domain boundaries of 2H/3R in bilayer MoSe, by
HAADF imaging and image simulation. Our results provide
additional insight into the 8|8-fold rings chains in this type of
domain boundaries and predict electronic properties and
particularly the electronic transport properties, as we have
found their one-dimensional metallic chains behavior and
larger PDOS of the Mog|g atom around Ef.

4. Conclusion

In summary, atomic-resolved imaging structure of few-layer
MoSe, provides a view into grain boundaries of inversion
domains. The grain boundaries are identified, comprising of
the alternating chains of 4-fold ring and 8-fold ring. The
appearance of 8|8-fold rings (Mogs) chains may significantly
influence the electronic properties and particularly the elec-
tronic transport properties, as we have found their one-
dimensional metallic chains behavior and larger PDOS of the
Mogs atom around Ep. The atomic-resolved structural analysis
and DFT calculation in present work provide understanding on
chemical environment and coordination in the
domain boundary, which provides new opportunities to explore
the novel material properties via engineering the defects.

inversion
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