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Nanoribbons of molybdenum disulfide (MoS2) are interesting 1D nanostructures with intriguing
electronic properties, consisting of a semiconducting bulk bounded by edges with metallic character.
Edges of similar character can also be expected in other transition-metal dichalcogenide (TMDC)
nanostructures. We report first-principles electronic structure calculations for the total energy
and the band structure of four representative TMDCs, MoS2, MoSez, WSz, WSes, in various 1D
nanoribbon configurations. We compare the thermodynamic stability and the electronic structure
of the 2D bulk and 35 different quasi 1D nanoribbons for each of the four materials. In each case,
we consider the reconstructions of the zig-zag metal-terminated edge by adding different amounts
of chalcogen adatoms. The 1D structures we investigated have positive edge energies when the
chalcogen chemical potential is close to the energy of the bulk chalcogen phase, and negative edge
energies for higher chemical potential values. We find that the reconstruction with two chalcogen
adatoms per edge metal atom is the most stable under usual experimental conditions and that all

1D nanoribbon structures exhibit metallic character.

I. INTRODUCTION

Layered materials are currently under intense investi-
gation for their unique mechanical, electronic and chem-
ical properties. Of particular interest are transition
metal dichalcogenides (TMDCs) of the type MXy, where
M is a metal and X is a chalcogen’ . Representative
materials in this family are MoSy, MoSes, WS and
WSes, which are semiconductors in both their 3D and
2D structure’ 77?7?7777  while new members are
being constantly added? . There is strong evidence that

MoS, is metallic in its quasi-1D structures® * 7

Apart from being a model system for the structure
of edges, MoSs nanoribbons have been studied exten-
sively as they offer a unique electronic structure that
combines features of MoS, and graphene. Bollinger et
al.” 7 predicted the existence of metallic edge states
in MoS, nanoribbons using electronic structure calcu-
lations. Ridolfi et al.? studied the effect of short
and long-range disorder on MoS; zig-zag nanorib-
bons, and found that the metallic states are ro-
bust against structural disorder. TMDC nanorib-
bons were later synthesized by Camacho-Bragado et al.
attached to MoOs clusters’ and by Wang et al. inside
carbon nanotubes’ . In this paper Wang et al. in-
cluded DFT calculations that showed spin polar-
ization at Er for MoS; nanoribbons with a fully
saturated Mo edge by S atoms. This level of
treatment far exceeds what is feasible to han-
dle for the nanoribbons considered here. Theo-
retical studies also include the work of Li et al.? who
performed spin-polarized calculations and predicted that
zig-zag MoS; nanoribbons are magnetic and are more

stable than triangular nanoclusters; Kou et al.” who
showed that strain and applied electric field can alter
dramatically both magnetic and electronic behavior; and
Kim et al.” who found that armchair nanoribbons can
be stabilized by H adsorption and possess a semiconduct-
ing character with strong excitonic effects. Presence of
metallic edges seems to be a general feature of hexago-
nal 2D materials’ * . In previous work? , we reported
that the metallic edges alter the dielectric permitivity of
the nanoribbons and that the spatial extent of this effect
is around 5 A from the edge of the material. Finally,
MoSs nanoribbons could play a key role in the hydrogen
evolution reaction’ * , and graphene support enhances
these features” ? . Yu et al.” verified the tunability of
edge states through the use of external electric fields and
hydrogen absorption.

Although the stability of metallic states in MoSs and
their electronic structure is well established” ? | little is
known about nanoribbons of MoSes, WS, and WSes.
Here, we address two issues related to the properties
of nanoribbons of these materials: First, we examine
the thermodynamic stability of various types nanoribbon
edges under relevant experimental conditions. The lim-
ited number of synthesis reports implies that such struc-
tures might be unfavorable, while their use in cataly-
sis confirms that, once formed, these structures are ex-
tremely stable. Second, we examine how robust the edge-
related metallic states are and what is the position of the
Fermi level of the metallic region relative to the Fermi
level of the 2D bulk.



II. COMPUTATIONAL METHODOLOGY

To construct the nanoribbons, we start from a rect-
angular repeat unit (see Fig. ??) with sides of length a
along the  and av/3 along the § directions, where a is the
lattice constant of the 2D material® . In relation to the
original lattice vectors a;, as of the honeycomb lattice,
which is the underlying crystal lattice for the bulk 2D
layer of the TMDCs, the new vectors that describe the
repeat unit are given by: ag=ai;-as, ay=a;+as. This
repeat unit contains 2 metal (M) and 4 chalcogen (X)
atoms, at the sites labeled A and B in Fig. ?7?7. In this
figure, red circles (marked A) represent the positions of
M atoms and yellow circles (marked B) represent the
projections of X atoms on the plane. We construct a su-
percell by repeating this unit cell n. times along the g
direction, and then a vacuum region is added along the
9 and 2 directions. Periodic boundary conditions are im-
posed along all directions. In the y- and z- directions,
adjacent slabs are separated by 12.0A of vacuum.
For few test systems, we repeated the calcula-
tion with open boundary conditions along these
directions, where the wavefunctions and density
vanish at the edges of the simulation box. The
two methods give identical results. The structure
formed is a nanoribbon of infinite length along & and has
a width of n, cells along g, with 1 < n, < 7. This cor-
responds to nanoribbon widths in the range of 5.5 A to
42 A. The Brillouin Zone (BZ) that corresponds to the
new crystal structure defined by the repeat unit is a sub-
space of the original BZ of the honeycomb lattice, due
to folding by the new reciprocal vectors as, a4, as shown
explicitly in Fig. ??(c). This results in the edge point K
of the original BZ being mapped onto an interior point
in the new BZ, while the interior point X of the original
BZ becomes an edge point in the new BZ. These features
are important in interpreting the band structures of the
nanoribbons discussed in the following section.

We perform first-principles electronic structure and
total-energy calculations based on Density Functional
Theory (DFT), using the real-space Grid-based Pro-
jector Augmented-Wave” (GPAW) package’ 7. For
the exchange-correlation functional we use the General-
ized Gradient Approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE)? . Although the PBE functional is not
the preferred choice for the calculation of the band struc-
ture due to its underestimation of the energy gap® , the
use of hybrid functionals and/or many-body equations
to treat accurately the excitonic effects” ¥ ? is beyond
the scope of the present work, as we focus on ground-
state properties or trends for the electronic features. In
GPAW, the computational parameters that need to be
taken into account are the grid spacing, h, the number
of Monkhorst-Pack k-points for sampling of the Brillouin
zone and the thickness of the vacuum region, Ly, beyond
the last atoms of the system. The parameters used in our
study are h ~ 0.19 A, 4x1x1 k-points and Ly = 12.0 A.

For every width, n., we consider five different termi-

FIG. 1. (Color online)(a) Definition of the repeat unit
(blue rectange) and the repeat vectors as,(z-direction)ay (y-
direction) (blue arrows) and original lattice vectors ai, as (red
arrows). (b) Brillouin Zone of the bulk 2D structure, with the
original reciprocal lattice vectors b1, bs (red arrows) and the
new vectors bs, ba (blue arrows) corresponding to the rect-
angular repeat unit. (c) Folding of the original BZ (dashed
black lines) to the new BZ (solid black lines) through the map-
ping by displacements of +bs, +by. The positions of special
k-points I', K and X are marked by solid and open dots.

nations of the M-edge. These terminations correspond
to Nx (0 < Nx < 4) X adatoms decorating the M-edge.
The geometrical configuration for the case with
two chalcogen adatoms was chosen to be that of
a dimer that lies perpendicular to the layer, in
accordance with several theoretical (Bollinger et
al.” , Byskov et al.” ) and experimental (Helveg et
al.” ) observations. All the other structures with
two adatoms we tried yield much higher edge en-
ergies, by 0.23 eV/A or more, above the edge en-
ergy of the structure with the dimer. For struc-
tures with three and four adatoms, we tried sev-
eral different structures in order to identify the
one with lowest energy; in all cases, the struc-
tures with twofold S atoms have the lowest edge
energy. We used the Atomic Simulation Environment
(ASE) suite” for the generation of structures, atomic
relaxation and analysis of the results. For the X-edge
we do not expect any reconstruction other than changes
in bond lengths® . In total, we consider 35 nanoribbon
structures for each material and we took into account the
full relaxation of atom positions in the first two atomic
rows from both edges, as well as all adatom positions.
The relaxed structures of five typical MXs nanoribbons
for n, = 2 are shown in Fig. ?7. In all cases, chalcogen
adatoms are two-fold coordinated and have similar bond
lengths as in the bulk of the material.
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FIG. 2. (Color online) Structural models (top and side views)
of relaxed structures of typical nanoribbons (MX, with n. =
2) with increasing number of adatoms Nx, from zero (left) to
four (right), at the metal-terminated zig zag edge. Two unit
cells along the z-direction of the periodic structure, are shown.
Pink and yellow spheres represent the metal and chalcogen
atoms, respectively. The extra chalcogen adatoms are color
coded blue (Nx = 1), red (Nx = 2), green (Nx = 3), and
purple (Nx = 4), for reference in the following figures.

ITI. RESULTS AND DISCUSSION
A. Thermodynamic stability

The key quantity that determines the stability of
nanoribbons, relative to the bulk 2D layer, is the edge
energy, v. This is the one-dimensional analogue of sur-
face energy (surface tension), that is, the energy per unit
length needed to cleave the material. A 2D material in
vacuum is expected to have v > 0, as it costs energy to
break chemical bonds and create an edge. For a 2D ma-
terial in equilibrium with an active compound, the edge
energy will be different, as new bonds can be formed be-
tween edge atoms and atoms of molecules coming from
the reservoir. By applying a general formula for the solid-
gas interfacial tension? ? , we can write

’Y:’YO_E/La (1)

where v is the edge energy in vacuum, F is the average
energy of any new bonds that are formed and L is the
average distance between such new bonds. From Eq.(??)
it is clear that v could be either negative or positive,
depending on the strength and density of the bonds be-
tween edge atoms and atoms/molecules of the reservoir.
A negative value of v means that the ripping of the ma-
terial and formation of edges is an exothermic process,

whereas ripping of the material is endothermic for v > 0.

The edge energy, v, is defined in a similar way as the
surface energy of 3D materials: A nanoribbon made of
MX5 has total energy

FEiot = 2n.Byx, + Nxpix + 2ay (2)

where E\ix, is the energy of the monolayer per MXs unit,
2n, is the number of MX, units along the ¢ direction, Nx
is the number of chalcogen adatoms at the reconstructed
edge and px is the chemical potential of the chalcogen
X. The last term is the energy cost associated with the
formation of the two edges, which is proportional to the
length of the unit cell along %, a, and the edge energy,
~v. The edge energy is calculated by plotting Fio as a
function of n. and then using a least-square method to
fit a straight line to the calculations® .

The chemical potential ux of chalcogen X (S or Se) is
an important parameter that links the theoretical model-
ing to experimental conditions. In principle, the nanorib-
bons are in equilibrium with a reservoir of X atoms, and
wx is the energy required to take one X atom from this
reservoir. No matter what the X-containing compound
is, px cannot be greater than the energy of an isolated
X atom (where the atom has no chemical bonds), and
it cannot be lower than the energy of the solid bulk
form of X, which is the preferred state of X at standard
conditions. In order to establish reliable values for the
chalcogen chemical potentials, we investigate the cohesive
energy of their bulk structures. Chalcogens have some
of the most complicated crystal structures for elemental
solids” . A full DFT study of these structures is a de-
manding project in itself, beyond the scope of the present
work. We limited ourselves to calculations of metastable
structures that are simpler than the standard bulk forms
of the chalcogen materials, while maintaining the same
local environment around each chalcogen atom as in the
bulk. Both chalcogens prefer to form structures with
two-fold coordination, where rings of atoms are arranged
periodically in space. The rhombohedral structure of S is
modelled using a hexagonal unit cell that contains three
rings of six S atoms. The structure of a-monoclinic Se has
a unit cell that contains four eight-membered rings. We
consider the cohesive energy of S and Se in these model
structures, which is the difference in energy between an
isolated atom and an atom in the solid. We compare
these values to the atomization energies of these mate-
rials? . The calculations are in excellent agreement to
experimental data: the cohesive energy of S is found to
be 2.82 eV (experimental value is 2.87 eV) while that of
Se is found to be 2.43 eV (experimental value is 2.35 eV).
This comparison establishes that our assumptions for the
chalcogen chemical potentials are very reasonable.

The results for the dependence of the edge energy on
the chemical potential of chalcogens are shown in Fig. 77.
For purposes of comparison between the four materials
we present the same range for the chalcogen chemical
potential, starting at the bulk value. We give the chalco-
gen chemical potential with reference to the the value of a
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FIG. 3. (Color online) Edge energies, 7, of MX2 nanoribbons with different number of adatoms, as a function of the chalcogen
chemical potential, pux relative to the chemical potential of atomic X (M=Mo, W; X=S, Se). Different colors correspond to
different number of adatoms, as in Fig. ??. The shaded vertical column indicates the range of values of the bulk chalcogen
chemical potential. For S adatoms, the lower value is the experimental result, the upper value the theoretical result, while the
opposite is the case for Se.
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FIG. 4. (Color online) Density of states for bulk 2D MX, (grey filled area) and the MX» nanoribbons (colored solid lines, with
the same scheme as in Fig. ??7). The energy range is within 1.5 eV of the mid-gap point, which is set to zero, the Fermi levels
of the nanoribbons are shown with color-coded vertical lines. The curves for the DOS of the nanoribbons with Nx adatoms

have been shifted vertically by 0.2(Nx + 1) eV for clarity.

chalcogen atom at zero pressure and temperature, and we
indicate the values corresponding to the respective bulk
elemental solids. The experimentally relevant region is
the range of values larger than those limiting values. In
chemical compounds of chalcogens (such as alkanethiols),
X forms the same number of covalent bonds as in solid
X, and should have similar energy (although somewhat
higher than in its standard form).

Depending on the value of the edge energy, we expect
that when a single layer of a TMDC material is exposed
to a chalcogen environment, it will either remain intact
(v > 0) or, when v < 0, the structure will be unstable.
For all four materials, we find that v < 0 when ux ~
0, the limit at which X atoms can lower their energy
by leaving the gas phase and become incorporated into
the TMDC edge. For this reason, the structure with
the largest possible number of chalcogen atoms (in our
study Nx = 4) is always favored for high values of ux.
Moreover, « is negative in all cases when the chemical
potential is about 0.5 eV above the energy of the solid.
This means that edges will be formed spontaneously if
the 2D material is at equilibrium with compounds where
the chalcogen atoms are weakly bound. On the other
hand, v > 0 for chalcogen chemical potential near that
of the solid phase, which means that TMDC layers will be

stable with respect to most sulfides and selenides, and are
vulnerable to ripping only when in contact with atomic
chalcogens or radicals.

The plots of Fig. 7?7 also reveal the favorable number
of adatoms for each material, that is, the number Nx
that corresponds to the lowest energy structure. The
metal-terminated edge has energy that is significantly
higher (by about 0.3 eV/A) than the energy of any other
edge, implying that stable 1D nanoribbon structures will
be formed by attracting chalcogen atoms at the zig-zag
edge, once they are exposed to an external source. In
the case of solid S or Se reservoirs, the preferred number
of adatoms at the reconstructed edge is Nx = 2 for all
four materials. For MoS, in particular, our findings are
in excellent agreement to experiments that found com-
plete absence of M-terminated edges and preference for
edges terminated by S dimers? . For higher values of the
chemical potential, the preferred amount of adatoms at
the edge increases, as expected. In the case of atomic
source, the edge energies of the nanoribbons is lowered
by 0.3 eV/A to 0.4eV/A per extra adatom. Only the
structures with Nx = 2 or 4 are stable, since other ter-
minations of the nanoribbons have higher energy at any
value of the chemical potentials.

We conclude from this analysis that stable nanorib-



bon edges will have termination consisting of 2 chalco-
gen adatoms for chemical potential values close to the
bulk chalcogen phases, or 4 chalcogen adatoms for chem-
ical potential values higher than the bulk phase (by 0.1
— 0.2 eV for S compounds and by 0.3 — 0.5 eV for Se
compounds); under no plausible conditions the edges will
have metal-atom termination.

B. Electronic properties

Dimensionality plays a key role in the electronic struc-
ture of TMDCs. In 3D structures, all materials con-
sidered here are indirect gap semiconductors’® , while in
each case the 2D single-layer structure is a direct gap
semiconductor’ ? . This shift of the energy gap from K-
T" to K-K points of the Brillouin zone is responsible for
the observed photoluminescence.

The density of states (DOS) of a TMDC nanorribon
includes a characteristic peak at the Fermi level, Er, sur-
rounded by a few lower peaks that also lie inside the gap
of the 2D material. These states are localized at the up-
per and lower edge of the nanoribbon along the ¢ direc-
tion and resemble electrons confined in 1D. We observe
the same behavior in all TMDCs, all widths and all num-
bers of chalcogen adatoms: there is a clear peak at Ep,
the height of which decreases for increasing nanoribbon
width, n.. At n. — oo, the peak is expected to disappear.
The reason for this width-dependence is the following: In
the valence band of a nanoribbon with width n. and Nx
adatoms there are 18n. + 3Nx occupied electronic states
for each k-point in the Brillouin zone, only few of which
are edge states. The contribution of edge states becomes
negligible for large n..

In Fig. 7?7 we present the DOS of nanoribbons with
width n, = 6. At this width, there are enough bulk
states to represent the DOS of the 2D material, while
the edge states are still prominent and have impact on
the properties of the system. The DOS alone might not
be enough to characterize the edge states as metallic, as
it is important to verify that indeed the Fermi level of
the nanoribbon lies within the gap of the 2D material.
Aligning the DOS of two systems with different numbers
of atoms in order to calculate the difference of their Fermi
levels is a non-trivial task. Here, we adopt a simple pro-
cedure which is based on the assumption that states at
the lowest edge of the valence band are not affected by
the presence of the edge in the material.

Our DOS calculations support this idea, as all of them
possess identical peaks at low energies (in the range of -10
eV, not shown in Fig. ??), regardless of edge structure
and nanoribbon width. We shift the energy of electronic
states of nanoribbons until those low-energy peaks are
aligned with the corresponding peaks from the DOS of
the 2D bulk. To make the comparison as accurate as
possible, we recalculate the DOS of the 2D bulk using
an identical unit cell with the same number of atoms
and dimensions as in the case of nanoribbons with width

n.=6 and metal-terminated edge. At low energies, sul-
fides have three characteristic peaks, a doublet and a sin-
glet, while selenides have a triplet and a singlet peak. We
chose the shift of energies so that the average error from
these peaks is minimized. With this alignment, we find
that the position of the Fermi level of the nanoribbons
is always lower in energy compared to that of the single
layer bulk. All nanoribbons have Fermi levels that lie in-
side the gap of the 2D bulk, which establishes the metallic
character of the zig-zag edges of TMDC nanoribbons, due
to the edge states. In the most stable structures, with
Nx = 2 chalcogen adatoms and for a width of n, = 6,
the nanoribbon Fermi level is pinned at about —0.3 eV
to —0.5 eV below that of the 2D bulk, for all materials.

Fig. 77 shows the band structures for MoSs and WSe,
nanoribbons of width n, = 6. Similar behavior is ob-
served in MoSes and WSy as well. The energies are given
relative to the Fermi level of the 2D bulk. In all plots,
the projection of the underlying band structure of the 2D
bulk is shown as a shaded area. For MoS,, the valence
band maximum of the 2D system is at about -0.75 eV
while the conduction band mimimum is at about 0.85
eV, resulting at a band gap of 1.6 eV. The gap is direct,
as the two extrema occur at the same k-point which lies
at 2/3 of the distance from I' to X, the edge of the 1D
Brillouin Zone. The point where the direct gap occurs
corresponds to the K point of the Brillouin zone for the
2D hexagonal structure, due to folding from the defini-
tion of the primitive vectors of the unit cell, as shown
in Fig. 7?7. In all cases, the band gap of the 2D mate-
rial is crossed by several bands which are not flat, as one
might have expected for localized defect states. These
states correspond to metallic character, describing elec-
trons that move in one-dimensional Bloch states along
the edge.

IV. CONCLUSIONS

We performed a systematic set of first-principles cal-
culations for TMDC nanoribbons of four different mate-
rials (MoSa, MoSez, WSy and WSes), of width between
5.5 A and 42 A, with edge structure containing various
amounts of chalcogen X atoms, 0 < Nx < 4, attached to
the metal-terminated edge. We examined the thermody-
namic stability of these nanoribbons at equilibrium with
different chalcogen reservoirs. We find that nanoribbons
with Nx = 2 adatoms are most stable with respect to
the bulk chalcogen phase or stable molecules like thiols,
while Nx = 4 is favored when weakly-bound chalcogen
compounds are available.

While the 2D materials are semiconductors, TMDC
nanoribbons with zigzag edges are always metallic re-
gardless of the composition, the width or the edge struc-
ture. The Fermi level of the metallic phase is always
lower in energy than the Fermi level of the 2D bulk, thus
making it favorable for electrons to occupy these metallic
states. The bands of the edge states are one-dimensional



FIG. 5. (Color online) Band-structures of the MoSz (top row) and WSez (bottom row) nanoribbons of width n. = 6 and
different number Nx of chalcogen adatoms along the zig-zag edge. The grey filled area shows the bandstructure of the 2D bulk
in each case. The zero of the energy scale is set to the Fermi level of the ideal single-layer. The dashed vertical line indicates

the K point of the BZ.

Bloch states with large dispersion, extending across the
band gap of the 2D layer. The presence of edge metallic
states in a 2D bulk semiconductor, common to all the
cases considered here, with bands crossing the gap and
states that are stable against chemical modification of the
edges, led to the suggestion’ that TMDC nanoribbons
could be candidates for topological insulator behavior.
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