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Energetics and electronic structures of MoS- nanoribbons

Hisaki Sawahata, Susumu Okada, and Mina Maruyama*

Graduate School of Pure and Applied Sciences, University of Tsukuba, 1-1-1 Tennodai, Tsukuba, Ibaraki
305-8571, Japan

We study the energetics and electronic structures of MoSy nanoribbons with clean armchair, chiral, and
zigzag edges by conducting the first-principle total energy calculations based on the density functional theory.
Our calculations showed that the nanoribbon with zigzag edges is the most stable among the ribbons studied
here. The ribbons with armchair or near armchair edges are semiconductors with direct band gap at the I’
point, owing to the large edge relaxation reducing unsaturated nature of edge atoms, while the ribbons with
zigzag and near zigzag edges are metals with the finite density of state at the Fermi level. According to the
asymmetric atomic arrangement in ribbons with the chiral and zigzag edges, they have polarity normal to

the ribbon, which monotonically increase with increasing the edge angle.

1. Introduction

An exfoliation of a single layer of a honeycomb covalent network of C atoms, graphene,
from graphite opens a new paradigm of material science and engineering.") A honeycomb
network attributed from strong covalent bonds among C atoms endows graphene with
remarkable physical properties which make it an emerging material for exploring the
low-dimensional sciences and for designing various functional devices.>?) High carrier
mobility arising from the linear dispersion bands allows it to be a conducting channel

9)

for high-speed switching devices, if graphene can have a finite band gap.*® Follow-

10-13) other two-dimensional materials, which basically pos-

ing syntheses of graphene,
sess layered structures of the covalent two-dimensional networks, have been exfoliated
from their bulk layered structures and been synthesized chemical vapor deposition tech-

14-17) These atom-layer materials have versatile physical properties depending on

niques.
their covalent network topology and constituent elements. Transition metal dichalco-
genides (TMDCs), such as MoSy, MoSe;, WSy, WSe,, and MoTes, are representative
example of such atom-layer materials, which consist of an atomic layer of transition

metals forming a triangular lattice sandwiched by atomic layers of chalcogens arranged

*E-mail: mmaruyama@comas.frsc.tsukuba.ac.jp
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in prismatic manner, resulting in the hexagonal network of these elements with the
thickness of about 3A. The most of them are known to be semiconductors with the
direct band gap at the K point,'® which strongly depend on the constituent elements,
even thought their thin films or bulks are indirect band gap semiconductors.'? Accord-
ing to their chemically inert surfaces owing to the two-dimensional covalent networks,
they could be building blocks of various heterostructures each of which layer is bound
via weak van der Waals interaction. In such van der Waals heterostructures, because
of the variation of the constituent layers, we can tailor their physical properties by
assembling and stacking them in an appropriate manner.2%2"

In addition to the van der Waals heterostructures, atom-layer materials are also
starting materials for the other low-dimensional materials, such as tubes, ribbons, and
flakes, by imposing additional boundary conditions. A tubular boundary condition on
graphene results in carbon nanotubes which are either metals or semiconductors de-
pending on their diameter and atomic arrangements along their circumferences.??2%
Graphene nanoribbons are the other possible one-dimensional form of graphene deriva-
tives obtained by imposing an open boundary condition. In the case, they have semi-
conducting, metallic, and magnetic properties depending on their width and edge

shapes.?>28)

Because of the confinement effect of electrons, their total energy is in-
versely proportional to its size where 7 electrons are distributed.?” h-BN, known to
be an insulating version of graphene, has similar nanostructures with insulating elec-
tronic properties, irrespective of their local and global atomic arrangements.?3%) As the
case of graphene and h-BN, TMDCs also possess tubular, striped, and flake morpholo-
gies, 3% although they have three-atom thickness. Indeed, such nanostructures have
experimentally synthesized exhibiting interesting physical properties, part of which is
theoretically elucidated. However, comprehensive studies on TMDC nanoribbons are
insufficient to date. In particular, a little is know about the energetics and electronic

36,37) Thus, in this work, we aim

properties of the ribbons in terms of their edge shape.
to clarify the energetics and electronic properties of MoS,; nanoribbons with various
edge shapes to add the theoretical insight into the energetics of TMDC nanoribbons
with respect to the edge shape. Our theoretical calculations show a ribbon with zigzag
polar edges is the most stable among ribbons studied here, while the chiral edges are
energetically unfavorable compared with armchair and zigzag edges. The ribbons with

the edges of an armchair (edge angle # = 0°) and a chiral (edge angle § = 8°) are
semiconductors with the direct band gap. While the rest of the ribbons have metallic
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electronic structures owing to the edge geometrical effect.

2. Methods

All calculations were performed in the framework of the density functional theory
(DFT)3:3% using the Simulation Tool for Atom TEchnology (STATE) package.’®) To
calculate the exchange-correlation energy among the interacting electrons, we used
the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof func-

41,42) Ultrasoft pseudopotentials generated using the Vanderbilt scheme were

3)

tional form.
employed to describe the interaction between electrons and nuclei.*®) The valence wave
functions and deficit charge density were expanded in terms of the plane-wave basis set
with cutoff energies of 25 and 225 Ry, respectively. Integration over the one-dimensional
Brillouin zone was carried out using equidistant k-point sampling in which 4 k-points
were taken along ribbon direction, corresponding to 32 k-point sampling for the primi-
tive cell of MoSs. The atomic structure of MoSs nanoribbons were optimized until the
force acting on each atoms were less than 5 mRy/ A under fixed lateral lattice parame-
ters which correspond with the length calculated by the experimental lattice parameters
of bulk MoS, (3.15 A).'” Because the nanoribbons with chiral and zigzag edges intrin-
sically possess polar edges owing to the chemical difference between Mo and S atoms,
we adopted the effective screening medium (ESM), which allow us to impose the open
boundary condition normal to the ribbons, which exclude unphysical electrostatic in-
teraction with the periodic images in the framework of the DFT with plane-wave basis

set. %)

3. Results and discussions

Figure 1 shows the optimized geometries of MoSs nanoribbons with armchair (6 = 0°),
chiral (# = 8, 16, and 23°), and zigzag (6 = 30°) clean edges, of which width are
about 16 A. In addition to the ribbon width, the lengths of the ribbons are almost
the same each other with the length of about 25 A containing 48 Mo atoms and 96 S
atoms per unit cell, to make the quantitative discussion on their energetics. For the case
of the armchair clean edges, there are substantial structural reconstructions near the
edge atomic sites where Mo and S atoms shift inward and outward, respectively, owing
to their chemical difference [Fig. 1(a)]. Accordingly, the armchair ribbon has buckled
edges as the case of h-BN nanoribbons. For the cases of nanoribbons with chiral edges,

because the edges contain both armchair and zigzag portions, they have structural
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Fig. 1. Optimized geometries of MoS, nanoribbons with clean edges of which angles are (a) 0°
(armchair), (b) 8°, (c¢) 16°, (d) 23°, and (e) 30° (zigzag). Black and white circles denote Mo and S
atoms, respectively. Dark shaded, pale shaded, and white bonds indicate long (2.41 A,)’ equilibrium
or bulk (2.41-2.40 A ), and short (-2.40 A ) bonds, respectively.

reconstruction at the edge atomic sites with the armchair shape: Mo and S shift inward
and outward, respectively. According to the structural reconstruction, bond lengths
are substantially modulated from that of the bulk (equilibrium) value for the ribbons
with armchair and chiral edges [Figs. 1(a)-1(d)]. The reconstruction basically decreases
the bond length associated with the edge atomic sites, with the increase of the charge
density of the edge bond suppressing the unsaturated nature of these atoms. In contrast,
the ribbon with zigzag edges seems not to exhibit significant structural reconstructions

at their edges, keeping their hexagonal structures not only in inner region but also at
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Fig. 2. The edge formation energy per length of MoSs nanoribbons with clean edges as a function

of the edge angles 6.

their edges [Fig. 1(e)]. However, by carefully checking the bond length of the ribbons

with zigzag edges, the edge atomic sites shit inward for both Mo and S, resulting in

the decrease the Mo-S bonds along the zigzag edges. These bond length modulation

imply that the edge shape of MoS,; nanoribbon affects their stability and the electronic

structures.

To investigate the energetics of the MoS,; nanoribbons with respect to their edge

shape, we calculate the edge formation energy per length of the nanoribbons. The energy
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is evaluated by the following equation

Eribbon — NMoS, HMoS,
L

where FEribbon, NMoS,, HMoS,, and L denote an total energy of the MoS; nanoribbons,

B =

the number of Mo atoms (48 for all ribbons), a chemical potential of MoS, evaluated
by an isolated single layer of MoS,, and the cell parameter along the ribbon direction,
respectively. Figure 2 shows the edge formation energy per length of the MoS, nanorib-
bons as a function of the edge angle. The nanoribbon with zigzag edges has the smallest
edge formation energy amongst the ribbons studied here. In contrast, the ribbon with
chiral edges of which angle is 16° is the least stable. With decrease and increase the edge
angle from 16°, the edge formation energy monotonically decreases. Thus, the ribbon
with armchair edge is also energetically stable of which energy is higher by 10 meV/ A
than that of the ribbon with zigzag edges. Therefore, the MoSs nanoflakes prefer zigzag
or armchair edges rather than chiral edges. The large energy cost to form chiral edge
is ascribed to the boundary between the armchair and zigzag edges, where the edge
reconstruction is insufficient to reduce the strain and electron energy.

Figure 3 shows the electronic energy bands and density of states (DOS) of MoS,
nanoribbons with various edge shapes. The ribbons with edge angles of 0 and 8° are
semiconductors with a direct energy gap at the I' point. The calculated band gaps are
0.54 and 0.17 eV for the ribbons with the edges of the angles of 0 and 8°, respectively.
On the other hand, the ribbons with edge angles of 16, 23, and 30° are metals of which
electronic structures near the Fermi level are sensitive to the edge shape: dispersive
bands cross the Fermi level for the ribbons with edge angles of 16° and 30° (zigzag
edge), while the ribbon with the edge angle of 23° has nearly degenerated flat bands
at the Fermi level. According to the less dispersive bands around the Fermi level, the
ribbon with the edge angle of 23° has relatively large DOS at the Fermi level.

To give the further qualitative insight into the electron states near the Fermi level,
we investigate the wave function of the highest branch of the valence band and the
lowest branch of the conduction band at the I' point of the MoSs nanoribbons with
the clean armchair (f = 0°), chiral (0 = 16°) and zigzag (6 = 30°) edges (Fig. 4).
The wave functions of these states for all nanoribbons are primarily distributed at the
edge atomic sites with the unsaturated or dangling bond nature. As for the metallic
nanoribbons, electron states associated with the wave function cross the Fermi level so

that one-dimensional conducting channels are formed around the edge atomic sites. For
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Fig. 3. The electronic energy band and density of states of MoSs nanoribbons with clean edges of
which angles are (a) 0°, (b) 8°, (c¢) 16°, (d) 23°, and (e) 30°. Red curves indicate the highest branch
of the occupied states. The arrows indicate the valence band edge and the Fermi level energy for the
semiconducting and metallic nanorribbons, respectively. Energies are measured from that of the

vacuum level.

the case of semiconducting armchair ribbon, electron and hole injection into the con-
duction and valence bands, respectively, also cause one-dimensional carrier channel at
the edge atomic sites: d stats of Mo atoms contribute to the hole transport, while both
p and d states of S and Mo atoms, respectively, contribute to the electron transport.

Therefore, the conducting channel of MoS, nanoribbons with clean edges are robust
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Fig. 4. Isosurfaces of squared wave function of the highest branch of the valence band and the
lowest branch of the conduction band of MoS; nanoribbons with (a) clean armchair (8 = 0°), (b)
clean chiral (6 = 16°), and (c) clean zigzag (6 = é i)l edges. Purple and yellow balls indicate Mo and
S atoms, respectively. In each figure, left and right panels correspond with the isosurfaces of HO and

LU states, respectively.
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Fig. 5. The electrostatic potential difference between the left and right vacuums of the MoS,
nanoribbons as a function of edge angle 6. The potential difference is evaluated from the potential at

the left vacuum where correspond with S rich edges.

against chemisorption and phyisorption of atoms and molecules on their inner region.
However, in contrast, the transport is fragile against the edge termination by func-
tional groups, leading to the further variation in the electronic structures as the edge
functionalized graphene nanoribbons.*” In the case, edge terminations may suppress
the dangling bond states at the edge atomic sites, leading to the deterioration of the
electron transfer in the metallic nanoribbons.

Since the MoS, nanoribbons has asymmetric atomic arrangements in their edges
except the ribbons with armchair edges, the nanoribbons with chiral and zigzag edges
intrinsically possess the electrostatic polarity across the ribbons. Indeed, by calculating

the electrostatic potential across the ribbon, for the most of edge angles, we found a
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potential difference between the left (S rich edge) and right (Mo rich edge) vacuum
regions of the nanoribbons, except for the ribbon with armchair edges. The potential
at the S rich edge is deeper than that at the Mo rich edge because of the intrinsic
potential profile of these atoms. Therefore, these results indicated that these MoSs
nanoribbons have polarity between S and Mo rich edges. Figure 5 shows the edge
angle dependence of polarity which is defined as the potential difference between the
left and right vacuum regions of the nanoribbons. Because of the symmetric atomic
arrangement across the ribbon, the polarity is absent in the ribbons with armchair
edges. The polarity is approximately proportional to the edge angle which corresponds
with the imbalance between the numbers of Mo and S atoms at the edge atomic sites.
Therefore, the polarity of the ribbons are ascribed to their local atomic geometries
around the edges. The polarity increased upon increasing the edge with zigzag portion,
because of the increase of the imbalance in the number of Mo and S atoms between the
two edges. Thus, the fact imply that the MoSs nanoribbon is the potential material for
piezoelectric devices, because the polarity of the ribbon should strongly depend on the

edge atomic structure being sensitive to the external strains.

4. Summary

Using the DFT with ESM method, we conducted comprehensive studies on the ener-
getics and electronic properties of MoS,; nanoribbons with clean edges in terms of their
edge shapes. Our total energy calculation demonstrated that substantial structural re-
construction occurs at the edge atomic site of the nanoribbons: Mo and S shift inward
and outward, respectively, under the reconstruction. Accordingly, the edge Mo-S bonds
possess a bucked structure for the ribbons except that with zigzag edges. Ribbons with
zigzag and armchair edges are relatively stable compared with those with chiral edges.
Between the ribbons with armchair and zigzag edges, the formation energy of the zigzag
edge is lower by 10 meV than that of the armchair edges, implying the fact that MoSs
prefers the zigzag edges when the edge is not terminated by atoms or molecules. The
electronic structures of the nanoribbons depend on their edge shape: The ribbons with
the edge angles of 0° (armchair) and 8° are semiconductors with the direct band gap
of 0.54 and 0.17 eV, respectively, at the I point. In contrast, the nanoribbons with the
edge angles of 16°, 23°, and 30° (zigzag) are metals. Distribution of wave functions as-
sociated with the electron state near the Fermi level or the band edges indicate that the

most of states are localized at the edge atomic sites, providing one-dimensional channel
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for electron and hole conductions. We also found that the electrostatic potential differ-
ence between the left and right edges of TMDC nanoribbons, owing to the asymmetric
atomic arrangement between the edges, leading to the polar properties of the ribbons.

The polarity increased with increasing the zigzag portion at their edges.
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