
PHYSICAL REVIEW MATERIALS 5, 064001 (2021)

Localization of edge states at triangular defects in periodic MoS2 monolayers
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More than 150 different structural defects in periodic molybdenum disulfide (MoS2) monolayers were
investigated systematically for the present study by density-functional calculations. All defects were chosen to be
triangular, but of different size and distance from one another. Molecular-dynamics simulations proved the defect
stability against temperature effects. The energetic properties of the defective MoS2 monolayers—-especially
the density of states—-can be viewed as a combination of edge and bulk properties with the defect size being
of dominating influence. A dependence on the defect-edge termination was present only in the very smallest
defects. The definition of a localization parameter helps to characterize the grade of localization of the states.
Finally, a strong influence of the defect distance on the electronic properties could not be observed, except for
very small distances.
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I. INTRODUCTION

Molybdenum disulfide (MoS2) has been known as a two-
dimensional (2D) material for decades already. Nevertheless,
it is still the subject of many current investigations, because
of its interesting properties, possibility of easy production [1],
and high potential for a broad range of applications. Being me-
chanically very robust [2,3], exfoliated MoS2 monolayers are
semiconducting in contrast to graphene, and the band gap is
tunable by exposure to mechanical stress, e.g., to indentation
[2,4]. Resulting applications are proposed in the areas of sen-
sorics [5,6], nanoelectronics [2,7], catalysis [8,9], supercaps
[9], piezoelectricity [10], and others. Especially, its flexibility
and robustness predestine molybdenum disulfide for flexible
electronics.

In addition to its particular nanomechanical properties,
it turned out that edges of MoS2 nanostructures show a
unique catalytic activity, e.g., in desulfurization processes
[8] or electrochemical hydrogen evolution [11]. These edges
occur as boundaries in MoS2 nanostrips or at defects in
infinite monolayers. The latter can be produced through
ion-beam techniques [12] or under electrochemical control
[13]. MoS2 monolayers produced in this way may con-
tain numerous defects, which can strongly influence the
properties.

The electronic properties of MoS2 including electronic
transport properties may be influenced severely by the intro-
duction of edges into an intact structure, because these are
very sensitive to defects. Especially, edges strongly influence
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the robustness of the conduction channels in a nontrivial way
[14]. Moreover, edge defects in MoS2 nanostructures even
may cause magnetism. Li et al. [15] already investigated
the magnetic properties of MoS2 nanoribbons, and later on
Yakobson and co-workers [16], for example, reported intrinsic
magnetism of grain boundaries in 2D metal dichalcogenides.
Controlled engineering processes, thus, may not only be re-
stricted to the catalytic properties mentioned above, but might
allow for tailoring electronic transport and magnetic proper-
ties as well.

The variety of structural defects in MoS2 layers is partic-
ularly large. Influences on electronic and transport properties
have been studied already (see, e.g., Ref. [17] and references
therein). Therefore, the present work focuses on triangular
defects in MoS2 monolayers, which have been observed, when
small holes form in electron-beam irradiated MoS2 mono-
layers [18]. In that study, also the rim around large holes
in MoS2 exhibits straight segments, which follow the dense-
packed crystal directions. Intermediate-sized pores and pores
obtained by ion-beam irradiation are structurally less well
defined, very reactive, and prone to the adsorption of other
species [19–21]. Thus, MoS2 assumes an intermediate po-
sition between hexagonal boron nitride with clearly defined
triangular holes [19] and graphene with a large variety of
different pores and also very different pore formation mecha-
nisms [22,23].

The present paper aims at discussing new insights into
properties of defected MoS2 monolayers obtained by density-
functional based methods. We have put the property depen-
dence on defect sizes and defect distances into the focus of
our study. In order to draw well-grounded and general con-
clusions, over 150 defect structures in periodic molybdenum
disulfide (MoS2) monolayers were constructed and investi-
gated. Our construction procedure with respect to defect size
and distance will be described in Sec. II.
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FIG. 1. (a) Two-dimensional MoS2 monolayer in top and side views. (b) Two triangular defects (m = 4) with sulfur-poor (left) and sulfur-
rich (right) saturations. (c) Two examples for periodic structures of a sulfur-poor (6,2) defect (left) and a sulfur-poor (5,4) defect (right) with
highlighted periodic boundary conditions. Molybdenum and sulfur atoms are shown in red and yellow, respectively.

The analysis of the calculations was performed with a fo-
cus on different quantities: the structural changes with respect
to defect-free MoS2 were monitored; a localization factor was
defined based on Mulliken charge analyses, which was used
to characterize the grade of localization for electronic states of
interest; the densities of states together with isosurface plots
of the orbitals of interest were analyzed for all structures; and,
finally, temperature stability of the defects was checked by the
performance of molecular-dynamic simulations.

II. COMPUTATIONAL DETAILS

All calculations and simulations were carried out using
the density-functional tight-binding (DFTB) method [24–26]
as implemented in the program DFTB+. For geometry op-
timizations a tolerance of 10–5 hartree/Å was used, and
molecular-dynamics simulations with a time step of 1 fs over
a period of 10 ps were performed at 300 K using a Berendsen
thermostat [27] with coupling constant of 0.1 ps.

The plain, optimized, and infinite MoS2 monolayer was
the origin for constructing the defective structures. Periodic
boundary conditions were applied, whereby the layer was
extended in the xy plane, and the z direction was set to 100 Å
to avoid interactions between the periodic images. The de-
fects were introduced by removing the respective atoms from
the monolayer. Generally, triangular defects within an MoS2

layer may be constructed in ways that lead to different edge
saturations. These will be labeled as either sulfur rich or sulfur
poor in the following (as explained in Fig. 1). The additional
possibilities of creating unsaturated molybdenum edges or of
studying mixed saturations were not considered here.

The defect size as well as the defect distance within the
MoS2 plane were systematically varied, the latter by choice
of the periodic cell size. We introduce the following labeling:
an (n, m) defect is located in a unit cell consisting of n × n re-
peated MoS2 units and was constructed by removing a triangle
with m molybdenum atoms at each edge.

We add that the optimized in-plane lattice parameters,
which correspond to the nearest Mo-Mo distance, are 3.27 Å

(converged with respect to number of k points and cell size).
The resulting Mo–S bond length optimized within this cell is
2.45 Å, which agrees well with results of experiment [28] and
other density-functional calculations [29,30].

The DFTB method was validated against density-
functional calculations using the SIESTA code [31]. Exemplar-
ily, we chose a defect-free (5,0) and a sulfur-poor defected
(6,2) MoS2 monolayer and compared the density of states
around the Fermi level calculated for the optimized structure
(with DFT and DFTB) and averaged over a 10-ps molecular-
dynamics run (with DFTB). All results showed significant
similarities especially with respect to the calculated band-gap
size, and curve progressions (ratios of areas and heights of
the density peaks), so that we are confident in applying the
approximate, but fast and easy to handle DFTB method for
this study.

III. RESULTS

The following discussion is based on the results of density-
functional based calculations performed for a series of 150
defective monolayers. All structures were fully optimized.
After optimization, the initial and optimized structures were
compared in terms of atomic displacements and the total
energy variations caused by the optimization procedure. Ex-
emplarily, Fig. 2 shows the displacements as a function of
the position in a sulfur-poor (15,5) MoS2 monolayer. We
can conclude that the initial structure is a good structural
approximation. The displacements are generally very small,
the largest being 0.16 Å and occurring in the vicinities of the
defect corners and along the defect edges. As the defect in-
troduces dangling bonds, larger displacements are expected at
these places. On average, sulfur atoms show higher displace-
ments than molybdenum atoms, because the z components
of their positions change, especially in the vicinity of the
defects. In contrast, the molybdenum atoms only change their
in-plane position. A few atomic rows away from the edges,
displacements drop to zero, indicating that the initial structure
was a good approximation.
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FIG. 2. (a) Absolute values of the atomic position changes during
the geometry optimization of a sulfur-poor (15,5) MoS2 monolayer
as function of the position in the layer (xy plane, shown as a 45-
Å-wide square cutout); color code as in Fig. 1. (b) Comparison of
the total energies before and after optimization and (c) difference of
the total energies before and after optimization, both as function of
defect size m for constant cell size (n = 25).

Besides the structural changes, the total energy for a cell
with 25 × 25 molybdenum atoms and increasing sulfur-poor
defect size was monitored as well [Fig. 2(b)]. As both cell
vectors have lengths of 81.8 Å the �-point approximation was
used. The plot as a function of defect size shows only very
small differences in total energies (per atom) for the initial and
optimized structures. The difference plot [Fig. 2(c)] under-
lines this feature. Thus, both plots accentuate the fact that the
initial MoS2 structure is a good approximation to the defected
structure and optimization leads to minor energy changes
only. Note that the decrease of the total energy per atom with
increasing defect size is originated in the stoichiometry, which
is not constant. Nevertheless, the intact monolayer is expected
to be the most stable system. The slight increase in the energy
difference is a consequence of the increasing defect size,
which goes alongside a larger amount of unsaturated atoms
that show the highest displacements during optimization [see
Fig. 2(a)].

In summary, it can be stated that an initially well-optimized
structure is a good foundation for structures and energetics of
defective monolayers. This is especially important for larger
defects, where the number of atoms easily can exceed 10 000
atoms. Here, single-point calculations will be sufficient to
uncover size-dependent trends in energy.

In the following we will draw our attention to the defect
influence on the electronic structure with special focus on
arising edge states. Usually, these states are localized at un-
saturated edge or corner atoms in 2D materials or to surface
atoms in 0D materials. The distinction between localized and
delocalized states with help of visualized orbital isosurfaces
is awkward, time-consuming, and imprecise. Therefore, we

define a localization parameter � for quantification purposes.
It is based on the Mulliken population analysis [32] and can be
applied to both occupied and unoccupied molecular orbitals.
The localization parameter � j of molecular orbital j is

� j =
N∑

i=1

p2
i j,

where the sum includes the Mulliken gross-population contri-
butions pi j from all N atoms. Additionally, we define Pj =∑N

i=1 pi j , so that the localization parameter will be � j =
P2

j /N for a totally delocalized molecular orbital with equal
atomic contributions pi j , and � j = P2

j , if the molecular or-
bital is localized at a single atom of the system.

Derived from the previous consideration, the delocalization
or participation number Nloc = P2

j /� j estimates the number
of atoms, on which a particular molecular orbital j is lo-
calized, from the given localization parameter. Because this
definition does not consider the system size, we normalize the
resulting value with respect to the total number of atoms N in
the system and obtain a so-called delocalization or participa-
tion ratio [33]

l j = Nloc

N
= P2

j

N
∑N

i=1 p2
i j

.

The relative specification allows comparison of different
system sizes, e.g., l j = 0.01 indicates the localization of the
respective orbital to 1% of the atoms. However, we point out
that the parameter is solely helping to interpret the Mulliken
populations. Delocalization ratio and density of states of the
defect-free monolayer are given in the Supplemental Material
(Fig. S1) [34]. They show a high delocalization and regu-
larity of the highest occupied and lowest unoccupied crystal
orbitals, respectively HOCO and LUCO.

From the series of defective MoS2 monolayers furnished
with triangular defects of different sizes and interdefect dis-
tances, we exemplarily chose a sulfur-poor (20,4) MoS2

structure. The defect has an edge length of 13 Å and the peri-
odic images are approximately 52 Å apart from one another.
The resulting delocalization ratios are displayed in Fig. 3(a)
for occupied and unoccupied orbitals close to the Fermi level.
As a result of the introduced defect, midgap states arise within
the original HOCO-LUCO gap of the pristine layer. They
occur between −3.5 and −2.0 eV of the absolute energy
scale and are marked and numbered in the density of states
in Fig. 3(b).

Comparative inspection of the density of states, the delo-
calization ratios, and the orbitals plots (Fig. S2 [34]) reveals
that the orbitals closest to the Fermi level are the three
degenerate and partially occupied orbitals nos. 1–3 and an
unoccupied delocalized orbital no. 4. They are followed by
four groups of three nearly degenerate orbitals each (nos.
5–7, 8–10, 11–13, 14–16) that are strongly localized to the
defect edges. Their vertical node structure shows decreas-
ing node numbers with increasing energy. These orbitals and
their quantity are depending on the defect sizes. They can
be identified clearly by delocalization ratios below 6%. As
the resulting probabilities strongly decay between the periodic
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FIG. 3. Electronic properties of a sulfur-poor defective (20,4)
MoS2 monolayer. (a) Orbital delocalization ratios as function of
orbital energy. (b) Density of states (black curve) with marked en-
ergy levels of the midgap states (arbitrary numbering). (c) Orbital
isosurfaces for four crystal orbitals: HOCO (no. 3), LUCO (no.
4), a localized midgap state (no. 5), and a delocalized unoccupied
orbital (no. 17). The Fermi level in (a) and (b) is indicated by a
vertical dotted line. Visualizations of all midgap states are given in
Fig. S2 [34].

images of the defects, charge transport cannot be expected to
be conducted via these channels.

Categorization of orbitals by the introduced quantification
tool is, thus, a helpful procedure, whose results here are
verified by simultaneously inspecting the corresponding or-
bital plots. Delocalization ratios of l < 6% and l > 15% were
found for strongly localized and mostly delocalized orbitals,
respectively. On the other hand, orbitals with delocalization
ratios in between are difficult to assign to either category.

Triangular defects may occur with different edge termi-
nations: sulfur termination may be characterized as sulfur
poor or sulfur rich [cf. Fig. 1(b)], whereas experimental ev-
idence for molybdenum-terminated triangular hole structures
is missing [18]. Therefore, we neither considered molybde-
num termination nor mixed or irregular terminations here. The
delocalization ratios of sulfur-poor and sulfur-rich structures
(Fig. S3 [34]) show the same characteristics: in parts they
lie entirely on top of each other; midgap states have the
same low delocalization ratios, but differ in energy though.
This is expected, because their energy is depending criti-
cally on the defect structure. Even orbitals in the hypothetical
molybdenum-terminated structures yield comparable delocal-
ization ratios, although a slightly different electronic structure.

The number of localized midgap states introduced by a
triangular (n, m) defect is found to be proportional to the edge

FIG. 4. Delocalization ratio as function of defect distance for the
highest occupied crystal orbital (HOCO, blue) and the average of 12
localized frontier orbitals (localized CO, red) of a sulfur-poor (n,4)
defect. The unit-cell size is given by integer multiples n of the unit-
cell vector length.

lengths. For each eliminated molybdenum atom at an edge, a
set of unsaturated sulfur atoms remains introducing a midgap
state. Thus, the number of states due to a triangular (n, m)
defect is 3m, e.g., 12 for the discussed (20,4) defect.

Whereas the number of edge states is independent of the
defect distance, the delocalization ratio is not. Figure 4 shows
the convergence of the delocalization ratios with increasing
unit-cell size. In case of an (m + 1, m) defect, the structure
is a corner-connected net of triangles, and the delocalization
ratios of the HOCO and the localized states appear to be
rather similar. This structure hosts the maximum number of
regular defects, and all atoms are closely located to edges.
The localized orbitals may appear delocalized at the same
time due to the small unit cell. As a consequence, the defined
delocalization ratio is less distinctive for high defect con-
centrations. For slightly larger cells, the distinction between
localized and delocalized states is straightforward. Already
a few rows of molybdenum atoms between the defects lead
to visible convergence. In case of the (n,4) defect, n = 10
seems a reasonable choice, which leaves six molybdenum
rows between the defects.

For examining the temperature dependence of the elec-
tronic structure, molecular-dynamics simulations were per-
formed with the parameters summarized in Sec. II. The
simulation temperature was set to 300 K. Structural snapshots
from the resulting trajectories were taken, and single-point
calculations of these structures were used to get a temperature-
dependent density of states. In comparison to the density
of states (DOS) of the respective optimized structure, these
revealed that the midgap state energies were conserved, but
that the DOS generally was smeared out over the gap energy
range. This is a general and common observation.

As the Fermi energy of the studied structures roughly
reflects the point at which the density of states starts to be
dominated by localized states, it is plotted as a function of
defect distance (Fig. 5). The defect distance was changed
by using different unit-cell sizes for the same defect, and
the data of 90 structures systematically were processed. With
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FIG. 5. Averaged Fermi energies resulting from molecular-
dynamics simulations (sampled from MD simulation trajectories) for
sulfur-poor (left) and sulfur-rich (right) triangular defects as function
of unit-cell size n. The energy of the HOCO of the defect-free
monolayer is indicated by horizontal dashed line in both diagrams.

increasing distance, the Fermi energy of defective monolay-
ers converges to that of the intact monolayer. Thereby, the
convergence depends on the defect size and distance, and for
large defects the convergence is only an adumbrated trend due
to the limitations of the set of structures.

At this point, we compare the edge states along the rim
of the triangular defects and those along the circumference of
triangular MoS2 platelets because they have similar chemical
environments, and earlier studies indicated that edge states
in platelets play an important role in electronic excitations
[4,35]. A defective MoS2 monolayer with the highest possible
defect concentration also can be viewed as a platelet net of
an infinite number of triangular platelets connected via their
edges. For such a kind of platelet net, a clear distinction
between localized and delocalized states was not possible,
because most atoms in a platelet are located close to an edge
(see discussion of Fig. 4).

The densities of states of (m + 1, m) defects are closely re-
lated to those of the corresponding platelets (see Fig. S5 [34])
underlining the platelet character of a platelet-net defect struc-
ture. Optical and catalytic properties of a highly defective
monolayer should, therefore, be closely related to the respec-
tive platelet properties. For the density of states, this is found
especially for large systems, because the influence of the
corner atoms is negligible (see Fig. S4 [34]). Additionally, the
influence of the termination on the energy levels vanishes in
large systems and the Fermi energies asymptotically approach
the same value (see Fig. S5 [34]).

IV. CONCLUSIONS

The electronic structure of a set of 150 periodic defective
MoS2 monolayers was calculated using a density-functional
tight-binding approach, and the results were systematically
analyzed. It turned out that good initial structure choices could
be made by introducing the defects into a previously opti-
mized MoS2 monolayer. The structural and energetic changes
upon optimization were generally small. Thus, the pristine
MoS2 monolayer structure is a well-suited approximation for
the defective structure, and conclusions can be drawn already
by single-point calculations on these initial structures.

The main focus was on the localization of midgap states,
which are introduced through the defect. These states are
clearly localized at the defect edges. The introduced participa-
tion ratio helps to quantify the grade of localization and makes
it possible to distinguish between localized and delocalized
states without consulting orbital plots.

The edge states of the triangular defects in the MoS2

monolayer were then compared to those arising at edges of
triangular nanoplatelets. For both structures, it could be shown
that the energetic properties can be viewed as a sum of edge
and bulk properties. This holds especially for the densities of
states. It becomes apparent that the defect size is the dom-
inating influence on the density of states. A dependence on
the edge termination could be observed only for the smallest
defects, so that it can be concluded that catalytic effects should
be present in defects of either sulfur termination. The stabil-
ity of the defects and their electronic structure with respect
to temperature effects was shown with help of molecular-
dynamics simulations.

Further attention is paid to the influence of the defect dis-
tance on their properties. We have quantitatively analyzed this
dependence. It turns out that distant defects can be regarded
as independent of each other. This is important knowledge for
setting up electronic-structure calculations, e.g., for choosing
the size of unit cells in periodic calculations and the interpre-
tation of the arising results.
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