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Optical visualization of MoS, grain boundaries by

gold deposition

Lulu Sun"’ and Jian Zheng"

ABSTRACT The grain boundaries (GBs) in continuous films
or domains of MoS, are vital to its optical and electrical
properties. Almost all previous approaches for GBs visuali-
zation are based on microscopy and spectroscopy and only
effective for domains with less than several micrometers in
size. Here we report a simple method for the visualization of
large GBs in MoS, surface by optical microscope. Gold was
deposited on the MoS, grown by chemical vapor deposition,
and then the GBs could be observed by optical microscope.
Upon gold deposition on MoS,, the entire GBs of large-area
MoS, were clearly visualized using this method. To verify the
result, the GBs were also characterized via scanning electron
microscopy, transmission electron microscopy and atomic
force microscopy. It showed the small particles of gold were
clustered together on GBs, which had a larger binding energy
than the inner regions. The method is universal and allows for
the nondestructive identification of the GBs in any two di-
mensional materials with large area.

Keywords: grain boundaries, gold deposition, optical micro-
scope, single layer MoS,

INTRODUCTION

Single layer MoS, has attracted considerable interest for
its potential application in novel electronic and optoe-
lectronic devices [1-4]. High quality, large-area and sin-
gle-layer MoS, can be fabricated by chemical vapor
deposition (CVD) [5-6], but the grain boundary (GB) is
inevitable and difficult to be identified. GBs affect the
electron transfer process, and degrade the electrical and
mechanical performances of MoS,, which limit the ap-
plication of MoS, [7-10]. In previous reports, GBs were
studied using scanning tunneling microscopy (STM) [11],
transmission electron microscopy (TEM) [12] and elec-
tron diffraction; hence several factors were inevitable,
such as the requirement for complicated sample pre-

paration, time delays, and a limited observation area.
Therefore, it is urgent to find a simple and convenient
method to study the GBs. As a previous report, GBs are
observed by oxidation of copper substrate under optical
microscopy [13-15], in which the substrate is required to
be metal or be easily oxidized.

In this paper, we propose one feasible method to
identify GBs directly by optical microscope on Si/SiO,
substrate with depositing gold on MoS,, which depends
on the difference of diffusion coefficient of gold on the
surface of MoS, between the GBs and the inner domains.
This method offers unique advantages in the light of ra-
pid imaging and the ability to identify GBs in large-area
two dimensional (2D) materials without complicated
sample preparation processes, which may arouse un-
desired artefacts, such as cracks and wrinkles. The results
are confirmed by scanning electron microscopy (SEM),
TEM, and atomic force microscopy (AFM). This method
can be used to damage-freely identify any 2D materials
with large size.

EXPERIMENTAL SECTION

Growth of monolayer MoS,

The monolayer MoS, grew on Si with 300 nm of SiO,,
which was placed face-down above a ceramic boat con-
taining MoO, powder (20 mg, 99.95%, Alfa Aesar) by
CVD method. The ceramic boat was loaded in the heating
zone center of the furnace tube, where another boat
containing sulfur (80 mg, 99.999%, Alfa Aesar) was lo-
cated upstream. The tube was first purged with ultrahigh-
purity Ar for 30 min at a flow rate of 200 sccm. Then, the
furnace was heated to 500°C within 12 min, 500°C to
720°C in another 20 min, and then kept at 720°C for
5 min. The sulfur was heated to 130°C with a separate
heat belt as the furnace reached 720°C. During the
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growth, Ar as carrier gas was maintained at a flow rate of
10 sccm, and then the system was rapidly cooled down to
room temperature.

Gold deposition and annealing

The as-prepared single layer MoS, was placed in a glo-
vebox and gold (99.99%, Sigma-Aldrich) was deposited
onto it with thermal evaporator under 5x10 * Pa. The
thickness of the gold was 30 nm, controlled by current.
After deposition, the sample was annealed at 50, 75,
100°C respectively for 30 min under vacuum.

Characterization

Poly(methyl methacrylate) (PMMA) layer was spin-
coated on the surface of MoS,/SiO,/Si and annealed at
80°C for 30 min to improve the adhesion and eliminate
air bubbles between MoS, and PMMA. Then the sample
was placed into 2 mol L' KOH to etch the SiO, and then
the PMMA/MoS, was detached from the substrate. The
PMMA/MoS, film was then transferred onto a TEM grid
and washed with deionized water and then dried under
ambient. Finally, the PMMA layer was removed by
heating at 300°C for 6 h. TEM images were obtained with
JEOL JEM-2100F at an accelerating voltage of 200 kV.
SEM (HITACHI S-4800) was used to examine the surface
morphology of the samples at an accelerating voltage of
15 kV. AFM were taken on Multimode Nanoscope V with
tapping mode. Raman spectrum was excited with 532 nm
laser with HORIBA HR Evolution.

RESULTS AND DISCUSSION
Fig. 1a shows an optical micrograph of the typical tri-
angular-shaped MoS, with size approximately 80 um
grown on Si/SiO, by CVD method. In photoluminescence
(PL) spectrum and the fluorescence micrograph of MoS,
(Fig. 1f), a strong peak at about 683 nm, corresponding to
the 1.82 eV direct band gap reveals the formation of
single layered crystalline MoS, [16-19]. TEM, high re-
solution TEM (HRTEM) and selected area electron dif-
fraction (SAED), depicted in Fig. 1c, d, confirm that the
MosS, is single layered and high crystallinity, with the six-
fold symmetry diffraction spots and periodical lattice
[20,21]. Raman spectrum displays two Raman char-
acteristic peaks, the in-plane vibrational mode E,,
(385 cm') and out-of-plane vibrational mode A,
(406 cm™), in Fig. le, and the gap between Ezg1 and A, is
21 cm'', verifying that the as-synthesized MoS, is single
layered [22,23]. When two or more triangle met together,
the GBs formed, as shown in Fig. 1b.

Generally the GBs are in nano-size and can only be
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Figure 1 TEM and Raman characterization of CVD-grown monolayer
MoS,. (a, b) Optical images of the monolayer MoS,. (c) High-resolution
TEM image of MoS,. (d) Low-resolution TEM image of the MoS, flakes
and SAED image of the MoS, triangle. (¢) Raman spectrum of a
monolayer MoS, triangle. (f) PL spectrum of a monolayer MoS, triangle,
inset: fluorescence image of triangular MoS, domains.

identified by microscopy and spectroscopy. To study the
GBs in the single layered crystalline MoS,, the gold was
deposited on MoS, with 10 nm and 20 nm. Because the
thinner film is not favorable for observing the GBs (Fig.
S1), the gold was deposited 30 nm, controlled by current,
using a thermal evaporator under 5x10 * Pa at 100°C, and
then annealed at 50, 75, 100°C for 30 min respectively
(Fig. 2a-c). Fig. 2a shows optical image of MoS, sheet
with gold deposited after annealed at 50°C. GBs do not
appear. Fig. 2d shows that GBs are completely invisible
under this condition with dark field optical microscopy.
Fig. 2b shows the optical image of MoS, sheet with gold
deposited after annealed at 75°C, where the GBs are
discontinuous. Corresponding dark field optical image
shows the GBs are not clear and discontinuous (Fig. 2e),
and gold uniformly assembles on the MoS, sheet. After
annealing at 100°C, gold clusters into lines along the GBs,
which are visualized by optical microscopy and dark field
optical microscopy, as respectively shown in Fig. 2¢, f.
GBs can be found by optical microscopy in the sample
annealed at 100°C for 30 min and lower temperature
annealing results in inconspicuous gold line and cannot
define the GBs.

With the gold deposition, the steam at the surface of
MoS,, moves randomly, and forms nucleation points in
the MoS, surface. As the annealing temperature gradually
increases, the small gold particles increase and gradually
form large particles. The schematic representation of GBs
formation is given in Fig. 3a. The small gold nanoparticles
are deposited onto the MoS, surface via thermal eva-
poration. Then upon annealing, the gold cluster into large
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Figure 2 Optical images of the grain boundaries with deposited gold
and annealing on the surface. (a) A monolayer of MoS, after gold de-
position and annealing at 50°C for 30 min. (b) A monolayer of MoS,
annealed at 75°C for 30 min, with discontinuous GBs. (c) A monolayer
of MoS, after gold deposition and annealing at 100°C for 30 min, re-
sulting in the appearance of GBs clearly. (d-f) Dark field optical mi-
croscopy images of MoS, corresponding to (a—c). (g) A monolayer of
MoSe, GBs was observed under optical microscope after annealed at
100°C for 30 min. (h) A monolayer of WSe, with GBs after annealed at
100°C for 30 min. (i) A monolayer of WS, with grain boundaries after
annealed at 100°C for 30 min.

particles with hundreds of nanometer size in the GBs,
because the binding energy of GBs is higher than that of
the basal plane according to first-principles calculation
[24-28] where the gold are prior to cluster at the GBs. As
shown in Fig. 3b-d, the SEM images verify that the gold
almost evenly deposited on the MoS, surface, and the
average size of gold nanoparticles on the GBs is larger
than that in the basal plane. Upon annealing the gold
cluster into particles with hundreds of nanometer size
along the GBs, and this quasi-one-dimensional (1D)
structure could be directly imaged by optical microscopy.
In addition, we found that the gold particles are only
clustered at the GBs. Therefore, the gold particles showed
different appearances in the grain boundary and inside.
The gold can easily accommodate near the GBs into the
non-moving gold clusters, which attract other gold atoms
or small gold clusters to grow, due to the defects and
dangling bonds.

AFM images further identify the GBs. As shown in Fig.
4, the gold particles are approximately 0.48 pm in dia-
meter, which is large enough to be detected by an optical
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Figure 3 SEM images of grain boundaries after gold deposition and
annealing. (a) The appearance process of grain boundaries. (b) Low-
resolution SEM of GBs resulting in the appearance of lines. (c) High-
resolution SEM of GBs shows gold particles presented in (b). (d) High-
resolution SEM shows gold morphologies presented in (c).

microscope. During annealing, the small particles of gold
move gradually and accumulate into large particles along
the GBs, because gold tend to cluster together at the sites
with larger binding energy. The inner regions of MoS,
cannot provide higher energy, so the gold particles are
relatively stable. The mobility of gold was retuned during
annealing, and the different surface structures would be
represented by the morphology of gold.

This method is also applied to define the GBs of other
2D materials, such as MoSe,, WSe, and WS,. As shown in
Fig. 2g-i, the GBs of MoSe,, WSe, and WS, can be easily
imaged by optical microscope. We also compare the
morphology of one sample with and without gold de-
position, as shown in Fig. 2i, the left part and right part
corresponding to the as-prepared single crystalline WS,
and the part with gold film, respectively. It is clear that
the GBs could be directly located. Therefore, this ap-
proach is universal to nondestructively determine the GBs
of various 2D materials without ever needing to consider
the complicated sample preparation.

CONCLUSION

The GBs on the single layered crystalline MoS, could be
directly imaged under optical microscope by gold de-
position with nondestruction. The optimized condition of
gold deposition was 100°C and annealing at this tem-
perature for 30 min. Because of the different binding
energy on the GBs and inner area, the gold crumped
along the GBs and was large enough to be seen by optical
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Figure 4 Topological characterizations of the GBs using AFM. (a) AFM topological mapping of the MoS, GBs and as-obtained topological line
profile. (b) Close-up mapping of MoS, GBs.

microscope. SEM and AFM, evidencing the optical mi-
croscope results, can also locate the GBs. This method can
also be applied to other 2D materials with large size.
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