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Topological defects and their induced metallicity in monolayer
semiconducting y-phase group IV monochalcogenides

Shengfeng Zeng and Xiaolong Zou"

ABSTRACT y-Phase group IV monochalcogenides (y-MX),
predicted to be stable with semiconducting characteristics,
have been synthesized by chemical vapor deposition but
showing metallicity. The ubiquitous topological defects in-
troduced during the growth process could bring about key
influences on the electronic behaviors, but their structures and
properties remain unexplored. Taking monolayer y-GeSe as
an example, first-principles calculations were performed to
investigate the structural, thermodynamic, and electronic
properties of dislocation cores (DCs) and grain boundaries
(GBs). Various derivative DCs emerge depending on different
arrangements of atoms. The calculated low-energy DCs are
then used to determine preferential structures of GBs versus
tilt angle, with special attention paid to the whole family of 60°
twin GBs, showing distinct hexagons or Ge-Ge bonds. Fur-
thermore, electronic structures are calculated for thermo-
dynamically favored 21.8° with closely packed dislocations and
60° twin GBs. Most of them show a strong resonance between
the bulk and dislocation states, rendering the systems metallic,
while some display semiconducting behaviors with reduced
band gap. These electronic properties are universal for other
y-MXs. The simulated scanning tunneling microscopy images
show characteristic fingerprints to help identify their existence
in practice. Our results show that topological defects in y-MX
with versatile properties should be carefully engineered for
their potential applications.

Keywords: 2D materials, group IV monochalcogenides, dis-
locations, grain boundaries, first-principles calculations

INTRODUCTION

Two-dimensional (2D) materials have attracted much research
interest, because of their vast potential applications including
electronics, opto-electronics, catalysis, and energy storage and
conversion [1-8]. A rising star of 2D materials is group IV
monochalcogenides (MX), which show fascinating properties,
including high-temperature coupled ferroelectricity and ferroe-
lasticity, giant piezoelectricity, photostriction, switchable charge
and spin photogalvanic effects, high-performance thermoelec-
tricity, and persistent spin helix behaviors [9-25]. Recently, a
new phase of group IV MX, y-MX, has been theoretically pre-
dicted with the energy more favorable than common o and f
phases especially in thin-film limit [26], thanks to the M-M

interaction in thin layers. Interestingly, y-MX exhibits stacking-
dependent polarization and spin splitting [27], high electron
mobility, as well as a camel’s back-like band structure, which
leads to unique high-temperature electron-hole liquid states
[26]. Soon after the prediction, one of the y-MX, i.e., y-GeSe,
was synthesized through chemical vapor deposition (CVD) on
Au-coated SiO,/Si wafers, but exhibiting metallicity rather than
predicted semiconducting behaviors of the pristine structure
[28], which highlights the crucial influences of defects. Inevi-
tably, various structural defects with different dimensionalities
and topologies can be introduced during the CVD process. In
particular, topological defects including dislocation cores (DCs)
and grain boundaries (GBs) arise naturally when crystal grains
with different orientations merge. Having different arrange-
ments of atoms from their pristine structure, topological defects
in 2D materials can bring about unique electronic, magnetic,
catalytic, and optical properties [29-37], for instance, conduct-
ing twin GBs along the periodic direction in otherwise semi-
conducting transition metal dichalcogenides (TMDs) [29,38]
and environment-controlled superplasticity [39]. Despite the
significance of topological defects in determining the properties
and applications of monolayer y-MX, the related study is absent.
Not only do the atomic arrangements of DCs and GBs require to
be determined, but their impacts on material properties should
be explored for purposeful defect engineering towards potential
applications.

Taking monolayer y-GeSe as an example, we systematically
investigate the structural, thermodynamic, and electronic
properties of its DCs and GBs using the first-principles calcu-
lations with details provided in the Supplementary information.
Due to the close proximity of Ge and Se in the periodic table and
the four-layer arrangement of atoms in monolayer y-GeSe,
various DCs emerge, depending on how different atoms are
arranged in the DCs, significantly different from 1H-TMDs and
h-BN cases. Based on the obtained low-energy DCs, GBs with
different tilt angles, along with a rich family of 60° twin GBs, are
constructed and further explored for the energy variability and
electronic properties as well. Interestingly, most of them exhibit
a strong resonance between the bulk and dislocation states
leading to metallic features, whereas some show semiconducting
behaviors with dispersive defect states and greatly reduced band
gap. These electronic properties are universal for other y-MXs.
The simulated scanning tunneling microscopy (STM) images
indicate that thermodynamically favored GBs exhibit distinct
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features under both positive and negative bias voltages. These
topological defects with distinct properties offer new prospects
for engineering towards purposeful applications.

EXPERIMENTAL SECTION

First-principles calculations

All first-principles density functional theory calculations were
carried out by using the projector-augmented wave [40]
potentials for ion-electron interaction in the framework of
Vienna Ab-initio Simulation Package [41]. Generalized gradient
approximation [42] for Pendew-Burke-Ernzerhof functional [43]
was adopted to describe the exchange-correlation interaction.
The energy cutoff for plane-wave basis was set to 400 eV. The
Monkhorst-Pack k-point sampling was applied, with grid sizes
of ~0.2 A™'. Based on periodic boundary conditions (PBC), a
vacuum layer larger than 10 A was chosen along the out-of-
plane direction. All structures were fully optimized until the
energy and force were converged to 1 x 10° eV and 0.01 eV A~Y,
respectively. Nanoribbon models were constructed for deter-
mining stable DCs, while PBC models with a distance of ~20 A
between two GBs were built for GB energy and electronic
properties. GB energies were calculated as

Eqp=(E i~ Z ”i/‘i) /2, with Eio1, 1), and p; representing the

total energy of PBC models containing two equivalent GBs, the
number of Ge or Se atoms in the supercell, and their corre-
sponding chemical potentials. The thermodynamic equilibrium
condition s = u  +u  was adopted, with yces. being che-
mical potential of a GeSe unit in pristine y-GeSe. The STM
images were simulated based on the Tersoff-Hamann approach
[44], in which the tunneling current is proportional to the local
density of states (DOS) around the Fermi level, with the distance
between the tip and the surface of y-GeSe set at 2 A. The
visualization of STM images was performed by VESTA [45].

RESULTS AND DISCUSSION

Structures and thermodynamic energies of DCs

Fig. 1a displays the atomic structure of monolayer y-GeSe, which
shows a four-layer Se-Ge-Ge-Se configuration, possessing an A-
B-C-A stacking sequence. Distinct from a- and B-phase MXs

with an orthorhombic lattice, monolayer y-GeSe belongs to the
P3ml space group with a hexagonal crystal lattice, which makes
it feasible to construct DCs of y-GeSe in the same way as
adopted in monolayer TMD cases, by removing a half-line of
atoms (shaded area in Fig. 1b) [29]. The resulting DCs are
characterized by the topological invariant named Burgers vector
b, which is the topological mismatch for an arbitrarily closed
contour encircling dislocations. Since the dislocation energy is
proportional to b we focus on DCs with the smallest b, i.e.,
(1, 0) and (0, 1). Depending on different termination species of
the removed half-line of atoms, six different types of DCs
emerge with square-hexagon 4|6, pentagon-heptagon 5|7, and
hexagon-octagon 6|8 rings, named as I-VI shown in the lower
panels of Fig. 1b. Due to the inversion symmetry of monolayer
v-GeSe, these DCs can transform into each other by adding (or
removing) different amounts of Ge or Se atoms, indicated by the
arrows between neighboring panels. To make our presentation
clear, these DCs are artificially classified into two groups
according to the arrangement of atoms at the top vertices of
these cores, i.e., Se-(I-III) and Ge-oriented (IV-VI) ones.
Different DCs exhibit different kinds of polygons and different
numbers of atoms at the hollow sites of polygons, which can
induce a significant level of strains at the cores, thus bringing
about an effective interaction between DCs and point defects.
Because of the specific A-B-C-A stacking, DCs in y-GeSe have
much richer variety compared with the 1H-MoS, case. Here, we
only consider the interaction between DCs and Ge/Se vacancies
or interstitials for simplicity, and the obtained derivative dis-
locations are displayed in Fig. 2a. For Se-oriented DCs, there are
eight different DCs after considering the dislocation-point defect
interaction, as shown in the top two panels. Four DCs share the
4|6 shape, which can be converted into the other four in 5|7
topology by the adsorption of a pair of Se interstitials. Similarly,
for Ge-oriented DCs, there are twelve different DCs having 4|6,
5|7, or 6|8 shape, and they can transform into each other by
adding/removing one Ge or a pair of Se atoms, indicated by the
arrows in the bottom three panels. Further, by choosing different
core configurations, it can be seen that Se-oriented DC-III and
Ge-oriented DC-IIT” are equivalent, highlighting the influences
of inversion symmetry (more details are shown in Fig. SI).
Accordingly, the relative energies for all DCs can be calculated as

-FE .- Z n,ut > where Eger, Erer, and n; are the energy of

ref

Figure 1

(a) Atomic structure of monolayer y-GeSe, in a four-layer Se-Ge-Ge-Se configuration, with Ge in green and Se in yellow (top) or orange (bottom).

Atoms in different layers are represented by spheres of different sizes. (b) Schematic for the construction of Se- and Ge-oriented DCs by removing half-line of

atoms with different termination species, as indicated by shaded areas.

March 2023 | Vol.66 No.3

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022

1133



ARTICLES

SCIENCE CHINA Materials

a | 1= e 21581 Il
1 i 1 1

-Gel I _Gel I _Ge

—> —> — _—
- :I;r I :I\Y I
L2 1_' L e !

w

\

Energy (eV)

1.00 cEEr T T T T

0.75

0.50

0.25

0.00

-39
Ge-rich

-3.84 -3.77 -3.70 -3.63 -3.56 -3.49

e, (V) Se-rich

Figure 2 (a) Derivative DCs obtained by interacting with Ge/Se vacancies or interstitials, with Se- and Ge-oriented DCs in orange and green panels,
respectively. (b) Relative energies of DCs as a function of Se chemical potential.

a derived dislocation, the energy for the reference dislocation,
and the number of added atoms in the derived structure. Here, y;
is the corresponding chemical potential satisfying the thermo-
dynamic equilibrium condition 4  =pu  +u, with  pGese
being the chemical potential of pristine y-GeSe in a unit cell.
Fig. 2b plots the dislocation energies for some low-energy DCs
versus ps. with DC-9 as the reference, while results for all DCs
are shown in Fig. S2.

It can be seen that all low-energy DCs exhibit 5|7 topology,
with either 0 or 1 Ge atom at the center of polygons. For
Ge-oriented cases, DC-9 with empty 5- and 7-membered rings
as well as shared Ge-Ge bonds in the center of 5|7 is the lowest
in energy. When one additional Ge is introduced to the hepta-
gon of DC-9 to form DC-10, the heptagon is too large for a
single Ge, so that it will shift off the symmetric central line of the
dislocation to bond with Se atoms on one side after structural
relaxation. The reconstruction leaves the added Ge atom not
fully saturated, leading to a higher energy of DC-10. For DC-8,
the additional Ge atom is located at the center of the much
smaller pentagon, which leads to an increase of strain energy and
the formation of more unfavorable homoelemental Ge-Ge
bonds (compared with heteroelemental Ge-Se bonds), thus
giving rise to higher dislocation energy than DC-10. For Se-
oriented DCs with Se-Se bonds in the center, the addition of one
Ge atom at the center of the pentagon in DC-5 results in the
formation of three preferred heteroelemental Ge-Se bonds,
giving rise to its more favorable energy compared with DC-3
and DC-4. Nevertheless, these DCs have generally low relative
energies, smaller than 1 eV in almost all the range of ps., and
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consequently, they will dominate in synthesized polycrystalline
samples.

Evolution of structures and energies of GBs versus tilt angle «
An array of the dislocations can be used to construct GBs,
characterized by the tilt angle a and specific dislocation con-
figurations. Here, the low-energy Ge-oriented DC-9 and Se-
oriented DC-5 in Fig. 2a are chosen. Because of the PBC adopted
in the calculations, it is convenient to restrict our discussion to
bisecting GBs with the GB line along the angular bisector of the
tilt angle a between two grains. Bisecting GBs for hexagonal y-
GeSe can be constructed by rotating two grains apart along
either armchair (A) or zigzag (Z) direction, as indicated by the
green and orange lines in the central panel of Fig. 3, with
resulting structures categorized as A-GBs and Z-GBs, respec-
tively. Due to its C; symmetry, the pristine structure can be
recovered when a reaches 120°. Configurations in the ranges
from 0° to 60° and from 60° to 120° are identical but with
opposite orientations, as shown in left and right panels of Fig. 3
for Z- and A-GBs, respectively. It is known that for structures
without inversion symmetry such as 1H-MoS, and h-BN, A-GBs
and Z-GBs are different in terms of their mirror symmetry with
respect to the GB line [29,46]. Although y-GeSe exhibits inver-
sion symmetry, its specific A-B-C-A stacking renders A- and Z-
GBs nonequivalent, as detailed below.

Starting from the A direction, GBs emerge as sparsely dis-
tributed dislocations with mirror symmetry along the GB line,
and the density of dislocation grows with increasing . Once « is
larger than 32.2°, GBs are constituted by a series of tilted DCs
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Figure 3 Tilt-angle-dependent configurations of Z- (left) and A-GBs (right), which result from the rotation of two grains with respect to zigzag and armchair
directions (orange and green lines in the central panel, respectively). Both Z- and A-GBs could have symmetric and asymmetric structures. For asymmetric
GBs, Ge atoms in different atomic layers are distinguished by red and green, with corresponding horizontal Ge-Ge bonds highlighted as sticks in the models.

without mirror symmetry. For these asymmetric large-angle
GBs, Ge atoms on two sides of dislocations are located in dif-
ferent atomic layers (i.e., B and C layer in A-B-C-A stacking),
which are inversion symmetrically related to each other, as
indicated by red and green spheres in Fig. 3. A more detailed
analysis is provided in Fig. S3. Along with the formation of
asymmetric GBs, Ge-Ge bonds formed by Ge atoms in the same
atomic layer emerge, highlighted as red or green sticks in the
right panels. These Ge-Ge bonds are named as horizontal
Ge-Ge bonds hereafter. As & becomes larger, the number of
such horizontal Ge-Ge bonds increases. Similarly, starting from
the Z direction, sparsely distributed and tilted dislocations with
mirror symmetry emerge, and become closely packed when «
reaches 27.8°. As a continues to increase, the dislocations turn to
asymmetric with horizontal Ge-Ge bonds formed along GBs.
After illustrating the structural evolution of GBs, their ener-
gies per unit length versus a can be feasibly calculated, which are
also chemical-potential-dependent. Although the stability of
defective systems can be measured by a (p, T) diagram under an
equilibrium condition [47,48], the formation of GBs and topo-
logical dislocations is a non-equilibrium process, depending on
the tilt angle preset by the growth history [29,49]. A more
relevant process is the reconstruction of DCs under certain tilt
angles as discussed above, so we focus on the relative stability of
different GBs. Considering the fact that the boiling point of Se
(958 K) is much lower than that of Ge (3106 K), the Se-rich
condition can be readily achieved in experiments. Here, GB
energies under Se-rich conditions are shown in Fig. 4, with «
either from A or Z direction represented by the bottom green or
top orange axis, respectively, while the results under Ge-rich
conditions are displayed in Fig. S4. For A-GBs, GB energy first
increases with « slowly, in line with the growing dislocation
density as « increases. When « reaches 32.2°, GB energy
experiences a notable increase, owing to the significant strain
induced by the asymmetric arrangement of atoms around GBs,
which brings about severe structural reconstructions, as shown
in Fig. S5. For GBs with even larger «, their energies are
determined by the balance between the strain energy and che-
mical energy of horizontal Ge-Ge bonds. Notably, 60° twin A-
GBs possess much lower energies compared with other large-
angle ones, and their structural evolution and energies will be
discussed in detail later. For Z-GBs, a similar trend of energy
versus a is observed, with the energies for small-angle GBs
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slightly higher than those of small-tilt A-GBs.

Construction of a full set of 60° twin GBs and their
thermodynamic stability

It should be emphasized that for y-GeSe with both C; and
inversion symmetry, the 60° tilt cannot restore its perfect lattice
as the graphene case, because of its four-layer stacking structure.
Due to their thermodynamically favorable characteristic, 60°
GBs are expected to be dominant in polycrystalline samples with
large-angle tilts, similar to TMDs [29]. Following a similar
strategy applied in TMDs [50], all possible 60° GBs configura-
tions are searched. As schematically shown in Fig. 5a, starting
from a specific 60° GB consisting of a row of Se-Se bonds with a
Ge atom located at each hollow site, named as GB-1, one could
build GB-2 and GB-7 by removing a line of Ge and two Se
atoms, respectively. The two resulting GB structures are
equivalent to setting the growth front of the left grain as Se- or
Ge-terminated, respectively. Then, all 60° GBs can be con-
structed based on GB-2 and GB-7 by alternatively removing a
line of Ge, Ge, and two Se atoms, indicated by the arrows
between neighboring panels in Fig. 5a. The closed loop of the
structural evolution formed by sequentially removing a line of
atoms guarantees that all 60° GBs have been obtained. It is
noteworthy that GB-1 and GB-4 appear twice, highlighting the
influences of inversion symmetry, different from TMD cases.
Among all these structures, GB-3 and GB-8 have the same
number of Ge-Se bonds as the pristine lattice, with slight dif-
ferences resulting from the misplaced Ge atoms. Ge atoms along
GB-8 are all located in the top Ge stacking layer, forming a
zigzag horizontal Ge-Ge line, while along GB-3 horizontal
Ge-Ge bonds emerge along the A direction in the bottom Ge
stacking layer. Meanwhile, GB-2, 4, and 10 are composed of
hexagons with Se-Se, Se-Ge, and horizontal Ge-Ge bonds along
the GBs, respectively.

With all 60° GBs obtained, Fig. 5b plots the relative energies of
some low-energy configurations as functions of s, taking GB-1
as the reference, while some high-energy ones containing
homoelemental Se-Se bonds are not shown. It can be observed
that energies of these 60° GBs are close to each other, except for
those with abundant Ge atoms along GBs, such as GB-7. In
particular, among the three structures with the lowest energies,
the energy of GB-8 is only slightly lower than that of GB-10 by
0.003 eV A~!, while GB-4 exhibits the lowest energy under
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Figure 4 GB energies either from armchair direction (bottom green axis) or from zigzag direction (top orange axis). Shaded areas denote energy ranges for
considered GBs. Solid and empty triangles are for GBs containing only Ge-oriented 5|7 and Se-oriented 5|7, respectively. Solid circles are for GBs with
alternating Ge- and Se-oriented 5|7, and crosses are for symmetric GBs consisting of pentagons and rhombs.

Se-rich conditions in comparison with GB-8 and GB-10. These
results indicate that filled hexagons with the same heteroele-
mental coordination as the pristine lattice and empty hexagons
with misplaced Ge-Ge bonds or heteroelemental Ge-Se bonds
are favorable structural units in 60° GBs.

Induced metallicity in low-energy GBs

The topological defects can significantly influence electronic
properties of materials, as shown in graphene and TMDs
[29,50,51]. Here, we consider the electronic structures for two
21.8° A-GBs (composed of either Ge-oriented DC-9 or Se-
oriented DC-5) and three lowest-energy 60° GBs (GB-4, 8, and
10). Their band structures and DOS are plotted in Fig. 6 with the
projected contributions from dislocations/GBs represented by
blue circles and red lines. For 21.8° A-GBs, both structures have
two defect levels inside the original bulk gap and show intriguing
metallicity with the Fermi level crossing dispersive bands. The
metallicity is closely related to the formation of defect states
inside the bulk valence bands, leading to a resonance between
the defect and bulk states. For Ge-oriented GB in Fig. 6a, these
resonance defect states lie deep in the range of [-1, —0.25] eV,
while the original gap keeps intact with the same gap size of
0.6 eV as the pristine lattice. Distinctly, some defect states of Se-
oriented GB in Fig. 6b move to the top of valence bands and are
intersected by the Fermi level, which reduces the gap to around
0.4 eV. Different from other 2D materials, the emergence of
metallicity in small-angle GBs for y-GeSe is related to the close
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electronegativity between M and X atoms. Specially, for inver-
sion GBs in TMDs, early theoretical simulations [29] indeed
predicted the metallicity states for the GBs, which is attributed to
the polar discontinuity across the boundaries [38]. STM pro-
vides direct evidence for such 1D metallic states, which further
gives rise to characteristic charge density wave states and spin-
charge separation [52,53]. However, the observation of metalli-
city in y-MX and its consequences on the GB properties require
further investigation. More discussion on the metallicity of GBs
in different 2D materials is provided in Fig. S6.

In contrast, three considered 60° GBs with the smallest peri-
odicity along GBs exhibit diverse electronic properties, despite
the common features of the camel’s back at the valence bands
top as the pristine case [26]. For GB-4 composed of hexagons
with heteroelemental Se-Ge bonds, Fig. 6c shows similar deep
resonance states and metallicity as 21.8° GB cases. However, the
bands near the Fermi level exhibit stronger dispersion compared
with small-angle ones, attributed to larger wavefunction overlap
among the densely packed empty hexagons. Differently, GB-8
and GB-10 with horizontal Ge-Ge bonds along Z and A direc-
tions show semiconducting behaviors, with more dispersive
defect states appearing at the bottom of conduction bands or
inside the pristine band gap, which greatly reduce the band gap
to 0.25 and 0.2 eV, respectively. Top panels of Fig. 6 also plot the
local DOS for atoms around GBs as indicated by the shadow
area in the middle panels of Fig. 6. It can be seen that these
atoms only contribute partially to the total DOS, in particular for

March 2023 | Vol.66 No.3
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red. (b) Relative energies of 60° GBs versus chemical potentials of Se.
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Figure 6 Band structures and DOS for (a) 21.8° Ge-oriented and (b) 21.8° Se-oriented GBs, as well as three 60° GBs, i.e., (c) GB-4, (d) GB-8, and (e) GB-10,

with projected contributions from atoms around DCs represented by blue circles
displayed below, with GBs in shaded areas and bias voltage ranges specified in

metallic 21.8° GBs and 60° GB-4, which indicates the important
contribution from bulk states, a key feature of resonance effect.
It is worthy to point out that the resonance-induced metallicity
could contribute to the experimentally observed high con-
ductivity.
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and red lines. Their atomic GB configurations and simulated STM images are
each panel.

The GB structures and properties of GeS, SnS and SnSe were
further investigated, as shown in Fig. S7. It can be seen that they
show similar characteristics as the GeSe case. The 21.8° GBs and
60° GB-4 exhibit the same resonance effects between defect and
bulk states with defect states deep in the valence bands, leading
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to metallic features. Whereas, 60° GB-8 and GB-10 show
reduced band gaps compared with pristine materials, i.e., 0.4 and
0.2 eV for the GeS case, 0.5 and 0.4 eV for the SnS case, 0.4 and
0.15 eV for the SnSe case, respectively. These results clearly show
the universal metallicity of GBs in y-MX, which is related to the
resonance effect induced by the close electronegativity between
M and X atoms.

Different GBs with distinctive metallicity or reduced band gap
can be identified by STM, where the tunneling current between
the tip and samples provides unique structural fingerprints. The
bottom panels in Fig. 6a—e show the simulated STM images for
each GB, considering both electron and hole tunneling cases by
applying positive and negative bias voltages in different ranges as
specified in each panel. The detailed correspondence between
STM images and atomic structures is shown in Fig. S8. For two
21.8° GBs, current intensities of both Ge- and Se-oriented DCs
are weakened, with bright spots appearing only around Se atoms
due to the distance sensitivity of STM. Accordingly, STM images
for Ge- and Se-oriented DCs show characteristic low-density
voids and bright Se-Se bonds in the center as indicated by
arrows, respectively. A similar weakening of current intensities is
also observed in 60° GB-4, especially for negative bias in the
range of [—0.15, 0] eV, while intensities increase slightly when
positive bias in the range of [0, 0.15] eV is applied, attributing to
the defect states of Se atoms around 0.12 eV near I' point. These
simulated STM images further illustrate that the metallicity in
these systems is largely contributed from bulk atoms rather than
DCs, induced by the resonance between bulk and defect states.

Differently, 60° GB-8 and GB-10 with horizontal Ge-Ge
bonds show enhanced current intensities around Se atoms along
GBs under both positive and negative biases. When GB-10 is
under negative bias in the range of [—0.2, 0] eV, the char-
acteristic Ge-Ge bonds also emerge, as indicated by arrows.
These electron and hole tunneling current features at GBs
around the Fermi level provide strong support for their
experimental identification. GBs with intriguing properties may
find potential applications if engineered purposefully.

CONCLUSIONS

In conclusion, by using first-principles calculations combined
with topological principles for dislocation theory, we explore
structures and thermodynamics of DCs and GBs in monolayer
v-GeSe, as well as their consequences on electronic structures.
Structural and energy analysis show that DCs in pentagon-
heptagon 5|7 shape are generally more favored than those in
square-hexagon 4|6 and hexagon-octagon 6|8 rings. DCs with a
Ge atom in the center of smaller pentagons and more hetero-
elemental bonds exhibit lower energies than those with a Ge
atom in larger heptagons. The GBs assembled by an array of
low-energy DCs could undergo significant structural relaxations,
depending on the symmetry between two mutually tilted crys-
talline domains. Different from 1H-MoS; or h-BN, 21.8° GBs in
y-GeSe with closely distributed dislocations generally induce a
strong resonance effect between dislocation and bulk states,
giving rise to metallic features. While 60° GBs can exhibit both
semiconducting behaviors with greatly reduced band gap and
resonance-induced metallicity depending on different structures.
All these GBs possess distinct STM features. Our findings could
also be feasibly generalized to other group IV MX and many
other 2D materials in 1T phase with ABC stacking. Considering
the versatile properties of topological defects in y-phase group
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IV MX, careful attention should be paid to the synthesis and
engineering for their potential applications.
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