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Supporting Information

Materials and Methods

Chemical vapor deposition (CVD)-grown MoS; on amorphous SiO2Si substrate: The MoS; layers were
grown on 200nm SiO/Si supporting substrate by CVVD method. MoOs (99.5% purity) and Sulfur (99.5% purity)
were used as the precursor and reactant, respectively. MoO3s powder (25mg) was placed in a quartz boat at the

center of a furnace. The SiO,/Si substrate (2x2 c¢cm?) was carefully place face down above the MoO3 powder.

The sulfur powder was heated to 180°C and was carried through Ar gas flow at 500sccm. The experiment was

conducted at a reaction temperature ~750°C.

Chemical vapor deposition (CVD)-grown MoS; on atomically flat crystalline Al>Oz substrate: Put MoO3
and S, powder in the designed powder. The MoO3 powder is placed at the heating center, and the S powder is
placed at a position about 17cm upstream from the MoOs powder. The atomically flat crystalline (Al>O3)
supporting substrate is placed about 0.5cm above the MoO3 powder, with polished side down. There is large
amount of S powder, which can probably can cover the entire the bottom of the porcelain boat. The MoO3 powder
only needs a small particle visible to the nacked eye (0.01mg level). After placing the porcelain boat, immediately
encapsulate the same gas, and then turn on the powder for heating. Heating conditions: heating to 870°C for 25-
30 minutes from room temperature, then constant temperature at 870°C for 5 minutes, then natural cooling to

room temperature. Gas: A mixture of 90% Ar and 10% H- has a flow rate of 35sccm.



Fop

CVD-grown bilayer Graphene on amorphous SiOSi substrate: A Low-pressure CVD system was used for
the growth of bilayer graphene on flat Cu foil. Typically, the Cu foil (Alfa Aesar, 25um, 99.8%) was
electropolished to smooth the surface as well as to remove the coating layer typically applied by the manufacturer.
Then the pre-treated Cu foil was loaded into the reaction chamber of the quartz tube furnace. The CVD system

was evacuated and heated up to 1030°C in 20sccm Hz and held for another 30min to anneal the copper foil. After

annealing, the growth was carried out with a 1.5 sccm methane flow for 1min followed by a 1sccm methane
flow for another 20min. The hydrogen flow was maintained at 20sccm during the growth and the cooling process.
After growth, the graphene film was transferred onto the amorphous SiO»/Si substrate through the typical

Polymethyl methacrylate (PMMA) assisted wet etching process.

Optical microscopy: Optical characterization of MoS; layers was conducted by optical microscopy (ECLIPSE
LV150N, Nikon).

Atomic force microscopy (AFM) measurements: All the AFM measurements were performed under ambient
condition (MFP-3D Infinity, Asylum Research). The following functional AFM modes were used in this study:
Transverse shear microscopy (TSM) and friction force microscopy (FFM): TSM and FFM are the derivatives
of contact mode of AFM, which is optimized to measure the torsion signal between the tip and sample surface.
For FFM, the scan direction of the AFM tip is perpendicular to the long axis of the AFM cantilever, and then the
friction property of the sample was obtained by detecting the torsion signal of the cantilever. For TSM, the scan
direction of the AFM tip is parallel to the long axis of the cantilever, and then the shear property of the sample
was obtained by detecting the torsion signal of the cantilever. Both strain applied by substrate and induced by
probe will enhance the TSM signal. All the FFM and TSM measurements were performed with a sharp Silicon
AFM probe (AC160, Asylum Research) with spring constant of 22.2N/m was used over the course of
investigation, with the scanning speed 1.5m/s.

Kelvin probe force microscopy (KPFM): KPFM measurements were carried out at room temperature.
Commercially available conductive tip (conductive Pt/Ir coated AFM tip). KPFM measurements were recorded
simultaneously AFM images with using the standard two-pass techniques: the first pass used to record the
topographic images. Meanwhile second pass used to record the surface potential mappings by keeping the tip at
selected the tip height with respect to recorded the topographic image. In our study the electrical tip was kept at
a left height at 50nm to avoid the topographic artifacts.

S1. Anisotropic response in merging flakes
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Fig. S1 (a, b) Optical, (c, d) topographic, (e, f) FFM and (g, h) TSM measurement of two typical
MoS: merging flakes. Their different crystallographic orientations were clearly determined by the
shear signal of TSM measurements.* The scale bars are all Sum.
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S2. Loading force dependent imaging by TSM and FFM

a b
Pz,
3 :;;2:;_-::7:: Pu
= o
T =
2 & ——————o—0—+— P
w ) 0
—_ S
o o
] NW_\ Pu
» Pa
50 100 150 200 250
Loading Force (nN)
C d -~
3
8
© K]
-
5 5
D 7]
@ c
= 5
g 3]
1] 2
‘L w W
=

0 50 100 150 200 250
Loading Force (nN)

Fig. S2 The in-situ TSM and FFM Characterizations with the increasing loading forces of AFM tip. (a) TSM
images under different loading force. (b) The profile lines illustrate shear signals vs loading force. (c, d) FFM

images under different loading force and corresponding profile lines. The scale bars are all 8um.

We employed the load dependent TSM and FFM techniques to characterize the bilayer
MoS2/SiO2. Fig. S2a and S2b illustrate the nanomechanical contact response’s signals and friction
signals corresponding their loading forces. It can be seen that in profile line S2b and S2d the load
dependent force can regulate the out of plan elastic deformation and friction response. Since it
increases the contact area between the AFM tip and the sample surface, create a more puckered
geometry and friction. Thus, the higher the loading force cause the higher stretch deformation and
higher friction. During the low loading force, the contrast between the monolayer and bilayer is
minimal, but at as the loading force increased cause the contrast grows as shown in figure S2(b).
Fig. S2b illustrate the stretch deformation, where the brighter contrast has higher stretch
deformation.? ® According to our earlier work, the friction force is nearly proportional to the
magnitude of the deformation.! For FFM, Fig. S2d illustrate the friction profile according to the
load dependent by AFM tip from initiation to saturation point.
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S3. TSM images of multi-grain graphene films directly on the growth Copper substrate

Topography TSM

Fig. S3 (a, ¢c) AFM topography and (b, d) TSM images of multi-grain graphene films directly on the growth
Copper substrate. Different from the transfer graphene on the SiO-/Si substrate, no grains were observed within
the films, which should be due to the strong bonding between the 2D samples and substrates.
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