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ARTICLE INFO ABSTRACT

Keywords: Various approaches have been developed to produce MoS, monolayers and multilayers. Using plasma and
MoS, thermal thinning, layer-by-layer thinning processes were developed to produce MoS, monolayer and multi-
Scanning tunneling microscope layers. However, an atomic-level understanding of the thinning mechanism and defects created in these pro-
2D materials cesses is not clear. In this paper, we studied the impact on surface structures of bulk MoS, by argon ion (Ar™)

f\rr);::ii:g bombardments and thermal annealing using an ultra-high vacuum (UHV) scanning tunneling microscope (STM).
Defects & The STM images obtained before and after Ar™ bombardments show that low-energy (50 eV) Ar* ions can

remove single atoms from the surface and fragment the top sulfur layer resulting in single sulfur vacancy point
defects and atomic pits on the MoS, surface. Higher energy (100 eV) Ar" ions can penetrate deeper and remove
the topmost MoS, trilayer. After bombardment with an Ar* beam of 500 eV, the MoS, surface appeared as
granulated nanostructures consisting of 1-3 nm nanoparticles. Upon thermal annealing, topmost sulfur atoms
were removed through sublimation after heating at 650 °C for 5 min and deeper atom sublimation was observed

with longer annealing time, resulting in granulated nanostructures on the MoS, surface.

1. Introduction

The success of graphene has stimulated enthusiasm in the scientific
community for other two-dimensional materials with similar properties
and structure to graphene. Among the possible materials, molybdenum
disulfide (MoS,) is of particular interest due to its tunable bandgap
(between 1.2 and 1.8 eV depending on thickness) [1-3]. MoS, is a
layered crystal; each layer consists of one hexagonal close-packed Mo
atomic layer sandwiched between two atomic layers of hexagonal close-
packed S atoms (S — Mo — S) [4]. Atoms within each S — Mo — S tri-
layer are strongly bonded by covalent interactions. However, the
composited tri-layers are held together by weak van der Waals forces,
enabling easy layer exfoliation. Few-layer and monolayer MoS, show
great potential in a wide range of applications for photovoltaics, energy
storage, optoelectronics, and catalysis [1-3].

Defects in MoS, play an important role in its properties [5-12].
MoS, has been shown to exhibit n-type or p-type conduction at different
points on the same sample [5]. Qiu et al. [6] reported that in low-
carrier-density multilayer MoS,, the mechanisms of charge transport
through defect-induced localized states vary with temperature. Tongay
et al. have shown experimental evidence that the presence of zigzag
edges, magnetic impurities, and magnetism from sulfur vacancies
contribute to ferromagnetic properties in MoS, [7]. The edge defects
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and the sulfur vacancies are also the most reactive sites for the hy-
drogen evolution reaction [13-17]. In addition to the intrinsic defects,
various approaches have been employed to introduce defects to modify
the properties of MoS, surface [8,9,15,18,19]. The magnetic properties
of MoS, can be tailored through hydrogenation and proton irradiation
[10]. Anion vacancies introduced as a result of a-particles radiation can
cause an emergent and enhanced photoluminescence intensity
[11,12,20].

Various approaches have been developed to produce single layer or
multilayered MoS, flakes including scotch tape-based mechanical ex-
foliation [21], liquid-based exfoliation [22-24] and chemical vapor
deposition (CVD) growth [25,26]. New methods such as laser thinning
[27], anodic binding [28], focused ion beam [29], thermal thinning
[30,31], and plasma thinning [19,32] have been developed in order to
obtain MoS, monolayer or multilayers in a controlled manner. Both
thermal and plasma thinning achieved layer-by-layered reduction of
MoS, from multilayer to monolayer [30,32]. These methods are also
involved in various post processing in applications requiring defect
engineering [19,33,34], modification of the electronic structure, and
optical properties of MoS, monolayer [27,30-32]. However, the impact
of plasma thinning and thermal annealing on the atomic structure is not
yet clear. To gain a complete understanding of defect formation and
layer by layer removal of MoS,, atomic level studies of these processes
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are required.

In early studies, Auger electron spectroscopy (AES) [35] and X-ray
photoelectron spectroscopy (XPS) [36,37] suggested that basal sulfur
atoms were preferentially removed during Ar™ ion sputtering, resulting
in an increase in reactivity. Atomic structure and intrinsic defects on
MoS, surfaces have been directly observed [38-42] and various Ar* ion
induced surface defects have been reported using STM [8,9,43]. Re-
moval of sulfur atoms is not observed with argon ions Ar* with en-
ergies of 100 eV or less although the electronic structure of the MoS,
surface is altered [43]. Defects produced by Ar™ ions at higher energies
(above 500 eV) appear as dark depressions with various sizes with or
without white protrusions on the STM images [8,43]. It was proposed
that the removal of the topmost sulfur atoms produced dark depressions
and MoS, partial layer removal resulted in white protrusions in the STM
images [8]. However, direct observation of the removal of single sulfur
atoms and MoS; layer fragment at an atomic level was not achieved.

In this paper, we studied surface evolution during Ar* bombard-
ment and thermal annealing at an atomic level using an ultra-high
vacuum (UHV) STM. Our study reveals that the Ar* beam of 50 eV can
remove topmost sulfur layer resulting in single S vacancies which ap-
pear as hexagonal protrusions and remove fractions of the top sulfur
layer which appear as surface depressions on STM images. With Ar*
beam of 100 eV, Ar* ions penetrate deeper into MoS, lattice and re-
move up to the top 3 MoS, layers. After a 5-s bombardment with Ar™*
beam of 500 eV, a flat MoS, surface is replaced by granulated nanos-
tructures consisting of 1-3 nm nanoparticles. Thermal annealing of
MoS, at 650 °C for 5 min can remove top S atoms from MoS, through
sublimation. Atoms from deeper layers can be sublimated with longer
annealing time, which results in granulated surface nanostructures.

2. Experimental methods

All the bulk MoS,, used in this study were in the form of the natural
mineral molybdenite, acquired from Ward’s Natural Science
Establishment [44]. MoS, samples were peeled with scotch tape to
expose fresh MoS, surfaces. Freshly peeled MoS, samples were
mounted onto STM sample holders and transferred into the load lock of
the UHV chamber and immediately evacuated. The UHV system (base
pressure < 3 X 107! Torr) is equipped with a variable temperature
STM (SPECS), quadrupole mass spectrometry (SRS), and an ion gun
(SPECS). No additional cleaning step was needed for freshly peeled
surface. Ideally, the cleaved surface is atomically flat with dangling
bonds and defects and is relatively easy to obtain atomic resolution
images.

For Ar* irradiated samples, the MoS, surface was bombarded with
Ar” ions with energies ranging from 50 eV to 500 eV in an argon partial
pressure ranging from 7 x 1078 torr to 2 x 10~ ° torr. Ion currents of
about 0.2 pA to 2.5 pA were measured at the sample. For thermal an-
nealing processes, the MoS, sample was heated to 650 °C with electron
beam heating. STM images were scanned by electrochemically etched
W tips and recorded in constant current mode. STM images were ac-
quired with SPECS STM USB software. All STM images (empty states)
were collected using constant current (I, 0.1-0.3 nA) tunneling mode
with a positive sample bias voltage (Vpiqs, 0.4-1.0 V). Atomically re-
solved images of the initial clean surface state were acquired before
Ar* bombardment and thermal experiment for each sample. All mea-
surements were carried out at room temperature. The STM images were
processed and edited using WSxM software (Nanotech, freeware) [45].

3. Results and discussion

MoS, crystals is comprised of a stack of S-Mo-S structures. The top
atomic layer of the basal surface is a sheet of sulfur atoms. Fig. la
depicts a representative large area STM image of the surface of a fresh-
cleaved mineral MoS, crystal. The most predominate features in Fig. 1a
are black concaves with differing contrast that are randomly distributed
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on the atomically flat basal surface. The STM images clearly shows that
most of the dark concaves have a circular shape. The depths of these
concaves vary from 0.3 nm to 0.6 nm. An example of the line profile of
the defect highlighted with a green square shows a canvas with a depth
of 0.5 nm. The root-mean-square (rms) roughness (Z.,s) of the Fig. la is
about 0.5 A. MoS, monolayer steps were also observed as shown in
Figure Sla, the thickness of a MoS, monolayer measured from STM line
profile (Figure S1b) is 0.57 nm, which is very close to the real MoS,
monolayer thickness of 0.65 nm.

It is needed to point out that the lattice of top surface sulfur atoms
and that of molybdenum atoms in the second layer have same structure.
Previous STM experiments and theoretical calculations show that only
the sulfur atoms on the topmost layer are imaged at low-bias voltages
[46-48]. Fig. 1c presents a typical atomically resolved hexagonal pat-
tern of the top sulfur layer (Vs = 10 mV and I, = 0.25 nA). The
hexagonal pattern has a unit cell of 3.1 A, which is in agreement with
the literature results for the 2H phase of MoS, [8,38]. Fig. 1d shows an
image collected with a different sample bias voltage (Vpias = 2.1 V and
I; = 0.25 nA), in which two sets of feature with different contrast can
be easily distinguishable. According to a calculation by Gonzalez et al.
[49], both S atoms and Mo atoms could be imaged with STM with S
atoms shown as brighter contrast and Mo atoms shown as the dimmer
contrast when the scanning biases various between 1.9 V and 3.4 V.
This is also observed by Addou et al. in their experiments [42]. So we
assign the brighter ones as sulfur atoms and the dimmer ones as Mo
atoms. In the atomically resolved image (Fig. 1b), the measured depth
of the concaves from the inset line profile is 1.8 A. For most of the
features the concave structures are superimposed with a perfect sulfur
lattice, indicating that dark concave defects are likely caused by local
subsurface dopants other than morphological effects [50]. An earlier
study showed that there were no surface defects observed with atomic
force microscopy (AFM); however, concave features were observed on
the same area of the MoS, surface using STM [40]. As presented, in
large area STM images (Fig. 1a) and supporting images (Figure Sla,
Figure S1b, and Figure S2), the area density of the black concaves varies
not only with different samples but also with different locations on the
same surface. In Figure S1b, the density of the black concaves from the
up-right corner and the low-left corner are ~ 9% and ~ 0.5%, respec-
tively. This is consistent with Addou et al.’s results that the area density
can vary from 10% to 1.5% [42].

The top layer surface sulfur atoms can be removed with low energy
(50 eV) Ar* ion bombardment. Fig. 2a shows a large area STM images
of MoS,, surface after a 5 s bombardments with 50 eV Ar* beam. The
root-mean-square (rms) roughness (Z.,s) increased from ~ 0.49 A on
fresh samples to ~ 0.74 A. The smaller, higher resolution image shows
that two types of distinct features appeared after 5 s of Ar™ sputtering
(Fig. 2b). The first type of feature are bright protrusions (highlighted
with blue rectangle). The atomically resolved image shows that the
bright protrusions have a bright hexagonal ring surrounded by dark
area. The size of the rings is uniform and their diameter is ~ 2 nm
including the surrounding dark area (Fig. 2c). Six S atoms can be in-
dividually identified. The diagonal distance (0.7 nm) between the
apexes of the hexagonal ring is about twice that of the lattice constant
of MoS,. The line profile (green line in Fig. 2d) shows that the height
difference between the ring and the center of the ring is ~ 2 A, in-
dicating the removal of a single S atom to form a point defect in the
center of the hexagonal ring (see Figure S5 for more images and line
profiles of sulfur vacancy point defects). The depth of sulfur vacancy
defect agrees with what is expected and what has been reported
(~1.9 A) for the sulfur vacancy defect in reference [42]. The second
type of feature are black pits (highlighted in green circle in Fig. 2b) with
various shapes. The new black pits (Fig. 2e) are shallow and their
periphery are not circular or consistent as the intrinsic black concaves
widely observed in natural molybdenite (Fig. 1a). In the images with
atomic resolution (Fig. 2e), it can be seen that the ordered structure still
remains inside the pits. It is necessary to point out that characteristic
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distortions at the bottom of some of the STM images (Fig. 2c and in
Fig. 2e) are due to tip drift which is nearly inevitable in the STM
imaging process when the direction of the tip motion is reversed. Si-
milarly, external vibration introduces occasional noise in the STM
images which appears as streaks in Fig. 2e. This is especially common in
the images with atomic resolution. Line profiles (Fig. 2f) show that the
depth of the newly formed pits is around 2 A as well (see Figures S5 and
S6 for more images and line profiles collected with different para-
meters). The irregular shape of the black pits and the depths of the pits
strongly suggest that portions of the top layer of the sulfur atom sheet
were removed under Ar* bombardment. When the acceleration voltage
is increased, the Ar* ions with higher energy cause more damage to the
MoS, surface. Fig. 3a presents large area STM images of MoS, after 5 s
of Ar* ion bombardment with an energy of 100 eV. The surface is
clearly rougher; the root-mean-square (rms) roughness (Z,,s) increased
to ~ 2.65 A. The MoS, surface now exhibits hill and valley structures.
In the images with atomic resolution (Fig. 3b), the hills still show
atomic pattern of MoS,, which indicates that these were less bom-
barded area, the valleys show more damages by Ar™ beams.

The line profiles (Fig. 3c) show that the depth is ~ 0.7 nm in some
areas (green line), which corresponds to removal of one MoS, tri-layer
and in other areas (blue line) the depth of the valley is ~ 2.1 nm cor-
responding to three MoS, tri-layers. Figure S7 shows additional STM
images and line profiles.

After bombardment with higher energy (500 eV) Ar™ ions for 5 s
(Fig. 3d-f), the ordered surface structure of MoS, surface is completely
transformed into a granulated structure. The surface is covered with
nanoparticles with sizes about 1 ~ 3 nm (Fig. 3e and Fig. 3f). The line
profile confirms that the depth of the granulated structure is about 3 nm
(Figures S7c and S7d).

Applied Surface Science 532 (2020) 147461

Fig. 1. STM images of the freshly peeled MoS,
m (0001) surface. a: Large area
'H’I,‘ (100 nm x 100 nm) STM image exhibits dark

y defects (Vpias = 590 mV, I, = 0.14 nA). The in-
serted line profile was taken across the dark
defect inside the green rectangle. b: Atomic re-
solution image of area outlined in image Fig. 1a
by the green rectangle box. (Vpiis = 590 mV,
I, = 0.14 nA). The inset line profile was from the
green line. c: Atomically resolved STM image
showing top layer S atoms with hexagonal pat-
tern (Vpies = 10 mV, I, = 0.25 nA). d: High re-
solution STM image showing both S- and Mo-
layer structure presented different contrast, re-
spectively. (Vpigs = 2.1 V, I, = 0.25 nA). The
positions of sulfur atoms (yellow circles) and
molybdenum atoms (blue circles) are high-
lighted in both images. Additional atomic re-
solution images at relatvily low biases are pre-
sented in Figure S2. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this ar-
ticle.)

)

Previous reports of STM investigations on Ar* ion bombarded MoS,
show that defects can be produced with energies of 500 eV [8] and
1 keV [9] and the granulated nanostructure has not yet been reported
on MoS,. After 1 min of Ar* bombardments at 500 eV, the MoS, surface
is fully transformed into granulated structures with larger nanoparticles
(10 ~ 15 nm) (Fig. 3g). Again, there is distortion in Fig. 3g caused by
drift during the imaging process. High resolution images confirm that
these larger nanoparticles consist of smaller nanoparticles with dia-
meters of 1-3 nm (Fig. 3h and i). The MoS, surface became rougher and
the depth of the surface nanostructures is about 7 nm (Figures S7e and
S71).

Although it is well known that energetic particles can induce surface
damage and surface deformation, it is a surprise that Ar™ ions with
energies as low as 50 eV not only induce single sulfur vacancies on the
MoS, surfaces but they can also knock off fractions of the top layer of S
atoms. This indicates that the 2D nature of MoS, plays an important
role in the defect formation process. Ar* ions with 100 eV can pene-
trate deeper and remove three MoS, tri-layers. This indicates that it is
crucial to optimize the energy of Ar* beams for controlled layer-by-
layer thinning process and for preparing surfaces with desired defects or
structure. High energy Ar* ions induce nanoparticles on MoS,, which is
not favorable in the MoS, plasma thinning process as the removal of the
top layers is uneven and may limit the production of monolayer or
multilayers. The resultant defects and inhomogeneous surface from
sputtering could be useful in studying defects related catalytic, optical,
electronic, and magnetic properties [51,52].

The thermal stability of MoS, is important as it is related to the
fabrication and application of MoS, monolayer and multilayers. Many
electronic components for control systems and sensors are required to
operate at high temperature [53]. MoS, monolayer can be achieved by
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Fig. 2. STM images of MoS, after Ar™ sputtering. a: Large area STM image (Vyiqes = 1350 mV, I, = 0.25 nA) after 50 eV Ar™ bombardment. Sputtering parameters:
P =72 x 10" % torr, E = 50 eV, time = 5 s. b: Enlarged STM image of MoS, after 50 eV Ar™ bombardment showing addition of white rings and black concaves. ¢
and d: Atomic resolution STM image (Vpies = 670 mV, I, = 0.45 nA) and line profile showing the detailed hexagonal ring structures caused by 50 eV Ar*
bombardment. e and f: Atomic resolution STM image and line profile showing areas with top layer S atoms removed by 50 eV Ar* beam. Additional line profiles of

single sulfur vacancies are presented in Figure S5 and Figure S6.

layer by layer thinning when annealed in argon atmosphere at 650 °C.
Optical properties (e.g. photoluminescence) of MoS, monolayer could
be dramatically enhanced by cracks/defects formed during high-tem-
perature annealing (500 °C) in vacuum [34]. To exam the structural
changing in thermal annealing, bulk MoS, was annealed at 650 °C in
vacuum and scanned with STM after cooling to room temperature.
Fig. 4a represents the clean surface of the freshly peeled MoS, surface
with a low density of intrinsic defects before annealing. After annealing
at 650 °C for 5 min, a high density of black pits (21% of surface area)
appeared in large area STM image (Fig. 4b). The size and shape of the
black pit are not as uniform as the intrinsic defects. In the images with
atomic resolution, we can see that the ordered atomic structure re-
mained after annealing. The line profile shows that the depth of most of
the newly appeared pits is ~ 2 A (Fig. 4h), which indicates that top
layer sulfur atoms were removed by thermal sublimation. Fig. 4c shows
that the MoS, surface became corrugated after a 10 min annealing at
650 °C. The surface appears comparable to the surface sputtered by
100 eV Ar* beam (Fig. 3a). With atomic resolution imaging, it can be
clearly seen that several defect spots reach each other and form a bigger
feature which appear as valley in lower resolution image (highlighted
in blue rectangle in Fig. 4f and 3D STM image in Figure S4b). The line
profile shows that depths of the deeper pit is around 6.4 A, which
corresponds to the thickness of a single MoS, tri-layer. Additional
images and line profiles collected with different parameters are pre-
sented in Figure S9. Another line profile (with depth of ~ 1.8 A Figure
S4c) shows areas in which the top layer sulfur atoms were removed by
thermal sublimation. The RMS roughness of fresh sample surface was
0.15 A and increased to Zems = 0.5 A after 10 min thermal annealing
and Z,,s = 1.5 A after 20 min thermal annealing (Figure S3). Our STM
observation shows that the sublimation of bulk MoS, surface is not even
at the atomic level. Surface sulfur atoms and top layer MoS, can be

removed simultaneously during the same thermal annealing process.
Large scale (micrometer) uneven sublimation of surfaces was reported
during thermal thinning of MoS, nanoflakes in argon [30]. Double layer
MoS, were removed in some areas while monolayer was removed in
other areas within one thermal cycle, which results in inhomogeneous
nanoflakes. In the annealing of double layer MoS, in air [31], the un-
even etching of MoS, produced meshed MoS, sheet with MoO3 im-
purities. Although areas with flat a surface can be achieved on MoS,
[31], our results indicate that the uneven sublimation nature at the
atomic level in MoS, thermal thinning process should be considered.
Similar to the effect of argon sputtering, the rough surface caused by
uneven thermal sublimation on MoS, may limit its viability in produ-
cing MoS, monolayer or multilayers. Since thermal thinning and Ar ™
plasma thinning are different physical processes and involve different
mechanisms, it is unexpected that both processes would introduce si-
milar surface defects and nanostructures on the MoS, surfaces. How-
ever, the uneven sublimation and argon sputtering result in surface
defects with abundant dangling bonds and increased surface areas
which provide feasible methods to generate MoS, with the desired
surface defects for HER catalysis [13,14]. The uneven sublimation will
also altered the charge transport in the layered structure and the
magnetism from sulfur vacancies which in turn affect its optoelectronic
and spintronic applications [6,54].

4. Conclusion

We have studied the contribution of Ar™ ion bombardment and
thermal annealing on the surface modification of MoS, surfaces with
scanning tunneling microscopy. Our results show that during the
thermal thinning or Ar™ plasma thinning process, the MoS, surface
roughness increases as top layer sulfur atoms or MoS, tri-layers are
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Fig. 3. STM images of MoS, after Ar* sputtering with 100 eV and 500 eV. a: Large area STM image of MoS, sputtered at 100 eV (Sputtering parameters:
P=72x10"8torr, E = 100 eV, I = 10 mA, I,.qg = 0.2 uA, time = 6 s) b: Atomic resolution image of a. c: Line profiles from areas with one MoS, layer (green line)
removed and two MoS, layers removed (blue line) d-f: STM images of MoS, sputtered for 5 s at 500 eV (Sputtering parameters: P = 1.0 x 10”7 torr, E = 500 eV,
time = 5 s); g-i: STM images of MoS, sputtered for 1 min at 500 eV (sputtering parameters: P = 1.8 x 10~ ° torr, E = 500 eV, time = 1 min).

removed by sputtering or sublimation. With 50 eV Ar* beam, single top
layer sulfur atoms or fractions of the top layer of sulfur atoms can be
removed resulting in single sulfur vacancy point defects appearing as
hexagonal patterns or black pits in STM images. The topmost MoS, tri-
layer as well as second tri-layer can be removed by Ar™ ions with
higher energy (100 eV). Granulated nanostructures were produced with
500 eV Ar* bombardments. Similarly, top layer sulfur atoms can be
sublimated through annealing at 650 °C in vacuum and granulated
nanostructures were observed on MoS, surface with 20 min annealing
at the same temperature. The defects introduced and the resultant na-
nostructured inhomogeneous surface may provide pathways for en-
gineering substrates for catalytic applications of MoS,. Our findings
provide new insights at the atomic level on the point defects and the
granulated nanostructures introduced due to thermal annealing and
interactions between energetic particles and MoS, surfaces. Such
structural changes can affect the chemical, electric, magnetic, and op-
tical properties of MoS, and impact its applications in various fields
including photovoltaics, energy storage, optoelectronics, and catalysis.
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Fig. 4. Annealing effect on MoS, surface. a: Large area STM images of original surface (Vs = 1250 mV, I, = 0.12 nA); b: Large area STM images of MoS, surface
(Vibias = 1480 mV, I, = 0.17 nA) annealed at 650 °C for 5 min; c: Large area STM image of MoS, surface (Vyios = 640 mV, I, = 0.18 nA) annealed at 650 °C for 10 min;
d: Atomic resolution STM image of original surface (Vy;es = 880 mV, I, = 0.15 nA); e: Atomic resolution image of b (Vpies = 740 mV, I, = 0.12 nA); f: Atomic
resolution images of c; g: Line profile of d; h: Line profile of e showing that the depth (~2.0 A) of the defects; i: Line profile of f showing that the depth (~6.4 A) of
blue line. Additional line profiles are presented in Figure S9. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.apsusc.2020.147461.
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