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ABSTRACT

Near surface defects can significantly impact the quality of metallic interconnects and other interfaces necessary to create device structures
incorporating two-dimensional materials. Furthermore, the impact of such defects can strongly depend on their organization. In this study,
we present scanning tunneling microscopy images and tunneling spectroscopy of point and linear defects near the surface of natural MoS,.
The point defects share similar structural and electronic characteristics and occur with comparable frequency as subsurface sulfur vacancies
observed previously on natural MoS,. The linear defects observed here occur less frequently than the point defects but share the same depth
profile and electronic structure. These data indicate that the linear defects are actually a one-dimensional organization of subsurface sulfur
vacancies. Our density functional calculations agree with this assessment in that, for sufficient local defect concentrations, it is energetically
more favorable for the defects to be organized in a linear fashion rather than as clusters or even isolated single point defects. Given these mea-
surements were taken from naturally formed MoS,, this organization likely occurs during crystal formation. Considering the impact of one-
dimensional organization on the local properties of layered materials, and the potential for them to be introduced purposefully during crystal
formation, research into the formation mechanism and properties of these defects could enable new paths for defect engineering in MoS,-

based systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0191536

The scientific revolution based on two-dimensional materials
began with the development of finite and single layer forms of graph-
ite."” However, when it comes to exotic phenomena, there is no short-
age of novel layered systems. For example, MoS, and its finite layer
forms can be considered as the semiconducting analog for graphite/
graphene, which opens up entirely new possibilities.” MoS, has been
used to fabricate devices such as solar cells,”” transistors,” * and opto-
electronic devices.” However, the integration of MoS, into an elec-
tronic device requires the careful selection of metallic contacts capable
of forming either an Ohmic or rectifying interface, depending on the
intended application. This is especially true when integrating finite
layer forms of MoS,.

Rectifying junctions are often desired in forming contacts and
can form naturally at the metal-semiconductor interface as a Schottky
barrier. In an ideal system, the Schottky barrier is simply the difference
between the work function of the metal and the electron affinity of the
semiconductor. In reality, the Schottky barrier is often dominated by
interface defects that result in Fermi level pinning.'”'" For example,
although Au/MoS, is reported to exhibit rectifying properties, both
n-type and p-type characteristics have been observed in seemingly

similar structures.'”'* '° In addition, the presence of defects can lead
to parallel conduction at the interface, causing small areas of localized
Ohmic contact even when a rectifying contact is intended.'” This indi-
cates that a small density of defects can dominate the electronic behav-
ior of the interface. Therefore, a comprehensive understanding of
surface and subsurface defects is essential for effective control of the
electronic properties at the metal/MoS, interface. A number of scan-
ning tunneling microscopy (STM) and atomic force microscopy
(AFM) studies have investigated the structural and electronic proper-
ties of such defects on natural and artificially grown MoS,." """ ' In
MoS,, experimental and computational studies have shown that S
vacancies are the most prominent surface defects.”” ** These defects
are stable’"** and known to affect the charge transport characteristics
of MoS,.”**

There is also evidence that the particular arrangement of S
vacancy defects can strongly impact system properties.”” For example,
studies have shown that linear arrangements of S vacancies could
result in topological superconductivity,” and isolated vacancies can
enhance catalytic activity.”””" Successful efforts have been made to
engage in defect engineering. Of note are some interesting studies
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performed on monolayer MoS,. In these experiments, it was shown
that a random distribution of isolated surface S vacancies spontane-
ously line up to form linear structures when exposed to electron radia-
tion.”"”” Given the constraints of chemical bonding within the interior
of MoS,, it is likely that such defect migration would be impossible for
subsurface layers. However, we have found that such linear arrange-
ments occur in natural MoS, and could be induced through defect
engineering during crystal growth. Hence, understanding the arrange-
ment of defects into point or linear formations could be quite useful as
even subsurface S vacancies, especially located just below the surface
MoS, layer, can have a strong impact on interfacial electronic
properties.

In this paper, we explore point and linear defects occurring near
the surface in natural MoS, crystals. Both arrangements manifest as
depressions in the surface of our STM images. The dimensions and
surface density of the point defects correlate with subsurface S vacan-
cies as seen in other studies of natural MoS,. Tunneling spectroscopy
from both defects induce a similar shift in the Fermi level away from
the valence band, as expected from subsurface S vacancies. Vertical dis-
placement and differential tunneling spectra similarities suggest that
the point and linear structures result from the same fundamental type
of defect. Both defects can have a significant impact on the interface
properties of metallic interconnects and should be considered when
fabricating MoS,-based devices. Our density functional calculations
indicate that linear arrangements of subsurface S vacancies are the
most energetically favorable configuration if the local concentration of
the vacancies is relatively high. They also show that clustering of
defects about a single point is the least favorable arrangement. These
calculations correlate well with STM observation, which show that iso-
lated vacancies are the most common defect, and vacancy clusters are
never seen.

The MoS, samples utilized in this study were sourced from natu-
ral deposits and acquired commercially from SPI Supplies. All samples
were first mechanically exfoliated in air, then transferred into a variable
temperature STM (Omicron) chamber with a base of 1 x 10~ % mbar.
Exposure to ambient conditions was minimal, with sample transfer
times no more than five minutes. STM tips were mechanically cut
from 0.25mm diameter Ptoolry; wire. Differential spectra were
recorded at room temperature using a lock-in amplifier with a 3.5 kHz,
2.0 V modulation. All spectra were acquired after first stabilizing the
tip with a tunneling voltage of 1.0 V and a current setpoint of 1.0 nA.
Spectra acquired on defects were acquired in the middle of the scan to
minimize impact from piezo drift. Data analysis was performed using
GWYDDION software.””

We performed our density function theory (DFT) calculations
using the Vienna ab initio simulation package (VASP),” within the
projector augmented-wave method (PAW)’” and generalized-gradient
approximation (GGA).”® The Brillouin-zone sampling is performed
with the k-mesh of 1 x 1 x 1 for atomic relaxation and 2 x 2 x 1 for
electronic structure calculations. A relatively small number of k-points
is due to a large size of the supercell—150 atoms with a vacuum layer
imposed, as explained below in the text. Various S vacancy configura-
tions are simulated by removing S atoms from the supercell and relax-
ing the geometry of the obtained structure. We set the energy
convergence to 107> meV, and we employed the integration method
by Methfessel and Paxton’” with a cutoff energy of 500 V. The crystal
structures are visualized with the MedeA® software environment.” All
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calculations performed in this work are done using the Advanced
Cyberinfrastructure Coordination Ecosystem: Services & Support
(ACCESS) [formerly known as Extreme Science and Engineering
Discovery Environment (XSEDE)] resources located at the Pittsburgh
Supercomputing Center (PSC),” and with the resources of the Center
for Functional Nanomaterials (CFN) at Brookhaven National
Laboratory (BNL).

Large-scale images of the MoS, samples revealed the surface to be
atomically flat with pronounced step edges spanning several micro-
meters. Inspection of high-resolution images show the existence of
point-like defects on the surface as seen in Fig. 1(a). These point
defects were found to be common at multiple locations on four differ-
ent MoS, crystals. Images such as seen in Fig. 1(b) indicate that the
point defects have a diameter of approximately 1-2nm and a depth
between 0.1 and 0.3 nm. Point defects with density and dimensions
similar to ours and also prevalent on the surface have been previously
observed and attributed to subsurface S vacancies.”’ In addition to
point defects, linear defects were also observed as seen in Fig. 1(c). The
observed defects exhibit a width ranging from 2 to 3 nm, while their
depths ranged between 0.2 and 0.3 nm, similar in depth to the point
defects. Linear defects were less common than the point defects, but
were still observed in different locations on multiple samples. Linear
defects were observed in Mn intercalated Ti,, S, and were attributed
to the interactions and arrangement of Mn and Ti ions located within
the intercalation sites."" It has also been shown that electron irradiation
of surface S defects on MoS, results in linear structures, possibly due to
mechanical strain in the crystal.’"~"* These results suggest that defects
are prone toward linearity in 2D dichalcogenides crystals under certain
circumstances.

10 nm

10 nm

FIG. 1. (a) High-resolution STM image showing three point defects (Vi =1.3V,
lip=1.3nA). (b) STM image showing the typical point defect density found on as
exfoliated MoS, (Vio=—1.2V, lj;=1.0nA). (c) STM image showing a linear
defect surrounded by point defects on as exfoliated MoS, (Vj=—15V,
lip=1.0nA).
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The two types of defects were characterized using differential
spectroscopy obtained using a lock-in amplifier. Figure 2(a) shows a
reference spectrum typical of those found in regions devoid of defects.
These spectra have a bandgap that vary from 1.1 to 1.3 eV and all have
a Fermi level that is located very close to the valence band. The spec-
trum obtained on point defects, exemplified in Fig. 2(b), showed a sim-
ilar bandgap within the experimental uncertainty. However, the Fermi
level measured on point defects is shifted away from the valence band
by approximately 0.35 eV. A shift such as this could be the result of the
defects behaving as a dopant site. Sulfur vacancies are known to cause
an n-type shift away from the valence band,"” this would be consistent
with our hypothesis that point defects are caused by subsurface S
vacancies. Interestingly, spectrum obtained on the linear defects exhibit
a similar shift from the valence band as seen in Fig. 2(c). Given that
both the depth and electronic properties of the point and 1D defects

MoS A
> 4
g ]
-c -
— + . } —
15 -1.0 0.5 0.0 0.5 1.0
Tip Bias (V)
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> -
v =
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Line Defect
>
=
= i
45 -0 05 00 05 10
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FIG. 2. Typical differential conductance spectra acquired on MoS, (a) in a region
with no defects, (b) on a point defect, and (c) on a line defect. Each spectrum was
stabilized at Vi, =1.0'V, lj =0.5nA prior to sweeping the voltage. Inset images
have dimensions of 50 x 50 nm?.
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were nearly identical, it seems very likely that both point and linear
defects are the result of subsurface S vacancies.

To gain insight into the formation mechanism of the observed
vacancies, we performed a series of DFT calculations. In particular, we
constructed a bilayer of MosoS1q, i.e., @ 5 x5 x 2 cell of MoS, [see
Fig. 3 for the top view (a) and side view (b) of this cell]. We imposed a
20 A vacuum layer in the stacking direction [z-direction in Fig. 3(b)]
to avoid potential overlap of wavefunctions due to translational sym-
metry. Next, we calculated energies of this cell with 2, 3, and 4 S vacan-
cies (i.e, M0s0Sog, M050Se7, and MosoSqs, correspondingly) for various
configurations, which are visualized in Fig. 4, and discussed in the text
below.

We considered two types of S vacancy defects: cluster and line. In
the former, the vacancies are located at the nearest neighbor S sites, as
shown in the top panel of Fig. 4. In the latter, the vacancies are
arranged in a linear fashion, see top left, middle bottom, and right bot-
tom images in Fig. 4. The cluster and line defects for two S vacancies
(Mos(Seg) are obviously identical (top left image in Fig. 4). Along with
cluster and line arrangements, we also considered point-like defects for
all three considered cells: M0s0Sog, M05¢So7, and MosoSes. Here, the
vacancies are arranged in more or less random way, as long as they
exclude nearest neighbor vacancies. Bottom left image in Fig. 4 illus-
trates such arrangement for MosoSos (M05oSeg and Mos,Se; cells are
arranged in a similar way). To verify that exclusion of the nearest
neighbor vacancies is sufficient to simulate point defects (i.e., next
nearest neighbors may be included), we performed additional calcula-
tions. In particular, we removed a single S atom from the cell and ana-
lyzed the change in the positions of the remaining S atoms in the layer
from which the S atom was removed after structural optimization. Our
calculations indicate that the S atoms neighboring the vacancy get
closer to the vacancy by about 0.1 A. At the same time, the next nearest
neighbors are virtually unaffected by the presence of the vacancy (i.e.,
they do not “move” upon atomic relaxation). Thus, we conclude that
to simulate the point-like S vacancies, one only needs to exclude the
nearest neighbor vacancies from the cell.

For all the configurations discussed in the previous paragraph, we
considered vacancies formed at both the surface and the subsurface of
the MoS, bilayer. This is done by removing S atoms from the first (sur-
face) and third (subsurface) atomic layers of S shown in Fig. 3(b). The
geometry of all considered configurations were fully optimized, and
the total energy subsequently calculated. Figure 5 summarized the
results of our calculations, as discussed below.

Figure 5 shows Ejye/ciusier — Epoine for all four considered cases.
Here, Ejine/cluster and Epoine indicate calculated energies of line/cluster
and point defects, correspondingly. The negative energy difference
indicates the line/cluster configuration being energetically more

.0.0.0.0.0 (a) IZOOOOOOOOOOOOO
0.0.0..°.° 0000000000000
e © © o o (b)OCOOOOOOOODOO
:.:.:ooooo © 0000000090000

FIG. 3. Top view (a) and side view (b) of 5 x 5 x 2 cell of MoS,. Red spheres—
Mo, blue spheres—S. A 20 A vacuum layer in the stacking direction [z-direction in
Fig. 3(b)] is imposed.
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favorable than point defects. As seen in the figure, all considered clus-
ter defect configurations are energetically unfavorable compared with
point defects. At the same time, line defects are energetically favorable
over point defects from the 3 and 4 S vacancies. As mentioned above,
the configuration with 2 S vacancies may be treated as both line and
cluster, but the latter is probably more appropriate. In any case, for
two vacancies, the calculated energy differences are very small (slightly
positive). Another interesting feature shown in Figure 5 is that for line
defects, the subsurface vacancies are energetically more favorable than
surface vacancies. In addition, increasing the number of S line vacan-
cies increases the absolute value of the energy difference, seemingly
indicating that the line defects are becoming more energetically favor-
able. All these results may be summarized in statements presented in
the following paragraph.

Results presented in Fig. 5 clearly indicate that line defects are
energetically more favorable compared with point defects of S vacan-
cies. It is also seen that the cluster defects are not energetically

T T T T T T
0.3+ * ]
—
/ \*\*
| B _
s Mg g
0 @ @ “’\
& L = [$) ]
z > > £ 3
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Atomic arrangement

FIG. 5. Calculated energy differences for the considered systems with S vacancies.
The negative energy difference indicates the nearest neighbor vacancies being
energetically more favorable than point defects. The number of removed S atoms is
indicated in the figure, e.g., “3 surface” means 3 S atoms removed from the surface,
while e.g., 2 subsurface” means 2 S atoms removed from the subsurface.

favorable compared with the point defects. The figure also clearly indi-
cates that subsurface vacancies are energetically favorable compared
with surface vacancies in line defects. Thus, it seems plausible to con-
clude that if the number of S vacancies is low, we will likely see point
defects only (purely by statistical arguments). However, if the concen-
tration of vacancies increases, they can (again, statistically speaking), in
principle, congregate in two types of defects—cluster and line.
However, our calculations indicate that cluster defects are significantly
less likely than line defects. These results appear to be in agreement
with the distribution of the defects observed in our samples.

In addition to the arguments presented earlier, other physical
mechanisms should be considered, such as sample imperfection and
effect of temperature. These kinds of studies go beyond the standard
density functional calculations, but we hope that other techniques in
future studies may shed more light on the nature of the observed linear
defects. In addition, it is not unreasonable to assume that the two types
of subsurface defects (point and linear) are driven by separate mecha-
nisms. For example, the formation process of the natural MoS, may
generally favor a disordered arrangement of subsurface S vacancies,
resulting in the large number of isolated defects seen randomly distrib-
uted on the surface in numerous studies. The linear structures may
only form along grain boundaries or as a result of localized strain.
Control over such local conditions could be possible during the forma-
tion of MoS,, for example, in growing finite layers upon a templated
surface. If the impact on properties is desirable enough, defect engi-
neering techniques should be able to produce the energetically favor-
able linear arrangements seen here. In addition, our calculations
indicate that the presence of S vacancies does not result in induced
magnetism in the system. Figure S1 (see supplement material) demon-
strates this for the case of four atomic S vacancies. As seen from the
figure, the presence of defects results in additional states in the energy
gap; however, the system is still non-spin-polarized. This allows us to
cautiously rule out the presence of uncompensated spins induced by
the S vacancies.

Our STM measurements demonstrate that the surface of natural
MoS,; exhibits a high density of point defects and also a significant num-
ber of linear defect structures. The structural and electronic properties of
both defect types are very similar as measured by STM, indicating they
share a common origin. Previous studies of point defects on natural
MoS, suggest they both arise due to subsurface S vacancies. Our DFT cal-
culations on different types of vacancy arrangements show that the linear
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arrangements of subsurface S vacancies are the most energetically favor-
able configuration for relatively larger concentration of vacancies. These
results, in conjunction with the potential emergent phenomena associ-
ated with linear defect arrangements, show future research into defect
engineering could strongly impact our understanding of dimensional
confinement and interface properties for MoS,-based systems. Future
experiments should grow MoS, under different conditions to better
understand the formation mechanism of the linear defects. For example,
growth could occur while applying stress to the crystal to see if the point
defects congregate toward the stressed region. In order to better under-
stand the formation mechanism of these linear defects, one can explore
the relationship between defect type and density with single crystal
growth parameters such as the initial stoichiometry, thermal gradient,
annealing temperature, and thermal ramping. For example, slower
growth rates can be used to minimize strain, metal dopants could change
the local bonding environments, and variations of initial sulfur content
would determine the density of sulfur vacancy defects. Furthermore, one
could explore film growth in finite layer MoS, systems where strain can
also be influenced by the choice of the growth substrate.

See the supplementary material for Fig. S1 that shows the calcu-
lated total density of states of the bilayer MoS, with and without S
vacancies. As shown in the figure, the bilayer MoS, retains its semicon-
ducting non-spin-polarized character in the presence of all the
arrangements of S vacancies considered in this work.
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