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Molybdenum disulphide (MoS,) mounted on silicon dioxide (SiO,) constitutes the fundamental functional
components of many nanodevices, but its mechanical properties, which are crucial for the device design
and fabrication, remain almost unexplored. Here, the mechanical properties of the multilayer MoS,/SiO,
system are investigated via nanoindentation experiments and molecular dynamics simulations. In terms
of the mechanical properties, a comparative study of MoS,/SiO, and graphene/SiO, systems is
presented. The MoS,/SiO, and graphene/SiO, systems are found to possess comparable Young's
modulus and hardness values, but their mechanical responses and failure modes under indentation are
totally different. Interface delamination failure accompanied by ring-like through-thickness cracking is
observed in the MoS,/SiO, system with a relatively thin MoS, layer, while no interface separation is
found in indentation experiments for the graphene/SiO, system using the same layer thickness. The
different failure modes observed between the MoS,/SiO, and graphene/SiO, systems can be attributed
to the comparable interface adhesion energy but very different bending stiffness values of the MoS, and
graphene components. Specifically, compared with graphene, the larger bending stiffness of MoS,
means that a larger bending force is experienced in the indentation process, overcoming the adhesion
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Introduction

Since mechanically exfoliated graphene was successfully fabri-
cated in 2004," two-dimensional (2D) materials have attracted
increasing attention because of their unique properties that are
superior to their counterpart bulk forms.”> As an important
member of the 2D materials family, transition metal dichalco-
genides (TDMs) are regarded as alternatives to graphene
because their band gap properties are different from those of
graphene.*”® Among over 40 compounds found in the family of
TMDs, molybdenum disulphide (MoS,) has attracted a great
deal of attention due to its promising potential in semiconduct-
ing applications.®® Similar to graphene, neighbouring layers in
MosS, are connected with each other by only weak van der Waals
(vdw) forces, while the in-plane stability of each layer is
sustained by strong chemical bonds. Monolayer and multilayer
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of the MoS,/SiO; interface, which makes interface delamination much easier in the MoS,/SiO, system.

MoS, nanosheets are reported to have numerous remarkable
thermal, mechanical, electrical and optical properties that
promise revolutionary advances in the fabrication of transis-
tors, sensors and flexible electronic devices.®*°

The fabrication of robust MoS,-based nanodevices and the
reliable operational performance of these nanodevices both rely
crucially on the mechanical properties of MoS,. The atomic
force microscopy (AFM)-based nanoindentation of suspended
MoS, nanosheets is a widely used technique to measure the
intrinsic mechanical properties (e.g., Young’s modulus and
fracture strength) of MoS,."""> The AFM-based nanoindenta-
tion method has also been extended to investigate the effects of
film thickness,"® phase transitions,"* atomic vacancies,"> and
electromechanical coupling® on the mechanical properties of
MoS,. Other experimental techniques, such as bulge testing,"”
the buckling metrology method,"® Brillouin light scattering,"’
bimodal AFM mapping,®® and in situ tensile testing,>' have also
been developed to study the elastic deformation, fracture and
bending of MoS,. In addition to experimental methods, some
atomic simulation methods including molecular dynamics (MD)
simulations and first-principles calculations have been used to
simulate the nanoindentation,*** stretching,****> and bending?®
processes of freestanding MoS,. Results obtained from these
simulation approaches have played an important role in inter-
preting the experimental results whilst capturing the major
factors that control the overall mechanical responses of MoS,.
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As mentioned above, most existing studies have focused
mainly on the mechanical properties of freestanding MoS,.
Nevertheless, 2D materials in practical applications are usually
mounted on a substrate [e.g., silicon dioxide (SiO,), polyethy-
lene terephthalate, and poly-dimethylsiloxane (PDMS)],
which constitute the fundamental functional components of
many nanodevices such as ultrathin electronic skins*”*® and
field-effect transistors.>>*° So far, the mechanical behaviour
of graphene mounted on various substrates has been
widely investigated using nanoindentation experiments and
simulations.?’™” The results have shown that the interaction
between graphene and the substrate can greatly affect the
mechanical properties of graphene and its applications. Thus,
it is reasonable to expect that the substrate may similarly have
an impact on the mechanical behaviour and failure mechan-
isms of supported MoS,. However, in spite of a very recent AFM-
based nanoindentation study on the elastic behaviour of MoS,
supported on flexible PDMS,*® few studies have been carried
out to investigate the mechanical responses of the supported
MoS,, especially for MoS, mounted on a stiff substrate such as
Si0,.

In this work, the deformation behaviour together with the
mechanical properties of multilayer MoS, mounted on the SiO,
substrate are investigated using nanoindentation experiments
and MD simulations. For the sake of comparison, the gra-
phene/SiO, system is also studied using similar experiments
and simulations. Here, the nanoindentation experiments are
conducted to reveal the relationship between the 2D material/
substrate interactions and the overall mechanical responses of
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the MoS,/SiO, or graphene/SiO, system, since nanoindentation
has the ability to correlate the molecular-level properties of
materials with their micro/macroscopic events, which has been
previously applied to many other thin-film materials such as
organic crystals.>*™*' On the other hand, it is difficult to use
experiments themselves for automatically revealing the physics
behind the observed behaviour. Thus, MD simulations are
necessary for understanding the deformation mechanisms of
material interfaces.’” In general, the MoS,/SiO, and graphene/
SiO, systems are found to possess similar mechanical proper-
ties but exhibit very different types of deformation behaviour.
Specifically, a unique interface delamination failure is observed
in the MoS,/SiO, system with a relatively thin MoS, layer. The
delamination mechanism of the MoS,/SiO, system is revealed
using MD simulations and the continuum mechanical analysis.
This work is anticipated to provide beneficial guidance for the
rational design of nanodevices that incorporate components of
the MoS,/SiO, system.

Results and discussion

Fig. 1(a) shows a schematic overview of the sample preparation,
which was implemented through mechanical exfoliation. As
shown in Fig. 1(b), the thickness of the mechanically exfoliated
MoS, flake mounted on the SiO, substrate varies in different
regions of the flake. The thickness of the different regions of
the MosS, flake can be determined via the AFM micrograph, as
shown in Fig. 1(c), in which a clear interface between MoS, and
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Fig. 1 Sample preparation. (a) Micromechanical exfoliation of multilayer 2D materials (MoS, and graphene) for nanoindentation experiments. (b) A
typical optical microscopy image of a supported MoS; flake after the nanoindentation experiments. Here, indentations are carried out in different regions
of the MoS; flake to investigate the effect of the MoS, thickness. (c) (top) AFM image of the region outlined by the rectangular box in (b), and (bottom) the
corresponding height profile topography image along the dashed blue line of the AFM image. The scale bar is 1 pm. (d) Raman spectra of 20-nm-thick
MoS; (top) and graphene (bottom) mounted on the SiO, substrate. The red arrows in the insets indicate the direction of the movement of Mo, S and C

atoms.
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the SiO, substrate is observed. Through indenting different
regions of the MoS, flake, we can investigate the effect of the
flake thickness on the mechanical properties of supported
MosS,. For the sake of comparison, our study also considers
multilayer graphene mounted on the SiO, substrate, the experi-
mental samples of which were prepared using a similar
mechanical-exfoliation method. Raman spectra were employed
for the qualitative spectroscopic characterization of the trans-
ferred MoS, and graphene. As shown in Fig. 1(d), the peaks of
MoS, are located at 383.9 cm™" and 405.4 cm ™', which corre-
spond to the in-plane E;, and out-of-plane A,, phonon modes
of MoS,, respectively. The uniform Raman signal intensity
shown in Fig. 1(d) confirms the high purity and quality of the
transferred MoS, thin films. Moreover, the excellent crystal-
linity is similarly confirmed for the transferred graphene thin
films on the SiO, substrate, since, as shown Fig. 1(d), their
Raman spectrum exhibits high-intensity G and 2D peaks,
respectively, at ~1580 cm ™" and ~2700 cm ™.

Fig. 2 shows the typical indentation load-depth curves of
supported MoS, and graphene thin films of the same thickness.
Here, samples with different thicknesses of ~20, ~40, and
~100 nm were considered for both MoS, and graphene sam-
ples. All load-depth curves have an initial elastic segment due
to the initial elastic contact in the indentation process, which
can be theoretically described using Hertzian contact theory.*®
Afterwards, a pop-in event leading to a plateau associated with
a sudden finite penetration is observed in the load-depth
curves. Similar nanoindentation tests were also performed for
the pure SiO, substrate. The obtained indentation load-depth
curve of pure SiO, is shown in Fig. S1 (ESIf), in which no
detectable pop-in events are observed. This result indicates that
the pop-in events occurring in the 2D material/SiO, systems
may originate predominantly from the failure of the 2D mate-
rial itself and/or the failure of the interface between the 2D
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material and the substrate. The pop-in events are found to be
strongly dependent on the thickness of the 2D material. As for
MosS, with a thickness of ~20 nm, only one pop-in event is
observed at a load of 0.12 mN. When the thickness of MoS,
is increased to ~40 nm, although the first pop-in event is
similarly observed at a load of around 0.10 mN, two further
pop-in events are sequentially observed as the indentation load
is increased. Specifically, the length of the third pop-in is very
much larger than that of the previous two, which indicates that
the final pop-in event should have a different mechanism. More
pop-in events are observed in the MoS,/SiO, system when the
thickness of the component MoS, layer is increased to
~100 nm. Specifically, the first pop-in is now found at a load
of 0.3 mN, which is totally different from the value of ~0.10
mN observed for the MoS, thickness of ~20 or ~40 nm. This
result indicates that the deformation mechanism of thick MoS,
(with a thickness of ~100 nm) mounted on SiO, could be
different from that of its thin counterparts (with a thickness of
~20 or ~40 nm). When compared with MoS,, a much simpler
pop-in phenomenon is observed in the graphene/SiO, system.
For example, there is only one obvious pop-in event observed in
all graphene/SiO, systems considered here, although the pop-in
length and the indentation load at the pop-in of supported
graphene with a thickness of ~100 nm are both larger than
those of its counterparts with thicknesses of ~20 and ~40 nm.
From the above results, we can come to the conclusion that,
compared with its graphene counterpart, a more complex
deformation mechanism occurs in supported MoS, upon
indentation, which can become more significant as the MoS,
thickness is increased. The pop-in mechanism or deformation
mechanism of supported MoS, with different thicknesses will
be discussed later.

The morphologies of the MoS,/SiO, and graphene/SiO,
systems after indentation were investigated via scanning
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Fig. 2
graphene thicknesses (~20, ~40, and ~100 nm).

This journal is © the Owner Societies 2022

Depth (nm)

Indentation load—depth curves for the MoS,/SiO, system (top panels) and graphene/SiO, system (bottom panels) with different MoS, and

50 100 150 200
Depth (nm)

30 40 50 60 O

Phys. Chem. Chem. Phys., 2022, 24, 15991-16002 | 15993


https://doi.org/10.1039/d2cp00074a

Published on 07 June 2022. Downloaded by Tel Aviv University on 2/6/2023 10:56:28 AM.

Paper

~
o
=

Graphene

MOSz

100 nm

~40 nm

View Article Online

PCCP

~100 nm

160 T T T T T T T
Line #1
Line #2
120 - Line #3 7
E e} -
£ |
2
£ 40 ) -
ol h
_40 1 1 1 1 1 1
00 02 04 06 08 10 12 14

Position (um)

Fig. 3 Morphologies of the 2D material/SiO, systems after the nanoindentation experiments. (a) SEM images of the graphene/SiO, system (top panels)
and MoS,/SiO, system (bottom panels) with different MoS, and graphene thicknesses. Scale bars are 300 nm. (b) AFM image of the MoS,/SiO, system
whose MoS, component has a thickness of ~40 nm. The corresponding height profiles along the three lines are shown in the right topography image.

The scale bar is 500 nm.

electron microscopy (SEM) as shown in Fig. 3(a). For the
graphene/SiO, system with a graphene thickness of ~20 or
~40 nm, each layer of the supported graphene is penetrated
due to the stress concentration generated by the indenter,
which results in the layer-by-layer fracture of the supported
graphene. A similar failure mode has been observed in recent
experiments on freestanding two-layer graphene and supported
2D metal-organic frameworks indented using AFM.***> Since
most fractured graphene layers are not separated from the bulk
graphene, no significant pop-in events will be observed in the
corresponding indentation load-depth curves (see Fig. 2(a)).
When the graphene thickness increases to ~100 nm, a visible
radial through-thickness crack is observed at the contact edge
between the indenter and graphene, which is responsible for
the significant pop-in event observed in the indentation load-
depth curve. It is noted that this failure mode is identical to
that observed in most bulk materials under indentation.*®
Different from the layer-by-layer fracture of individual graphene
layers in the graphene/SiO, system with a graphene thickness
of ~20 or ~40 nm, an integrated fracture mode is observed in
the supported MoS, component of the MoS,/SiO, system for the

15994 | Phys. Chem. Chem. Phys., 2022, 24,15991-16002

MosS, thicknesses of ~20 and ~40 nm. Specifically, as shown
in Fig. 3(a), in the MoS,/SiO, system an interfacial crack is
found in the region under the indenter, which is induced by
delamination of the supported MoS, thin film from the SiO,
substrate. Moreover, through the AFM analysis shown in
Fig. 3(b), in addition to the interfacial crack, a ring-like
through-thickness crack is also observed in the MoS, thin film,
since a sudden and significant thickness drop is observed at the
end of the delaminated MoS, thin film. This ring-like through-
thickness cracking could be responsible for the significant pop-
in events observed in the indentation load-depth curves of the
corresponding MoS,/SiO, systems. However, as the thickness of
the MoS, component in the MoS,/SiO, system is increased to
~100 nm, the failure of the MoS,/SiO, system is found to
be induced predominantly by radial through-thickness crack-
ing, which is similar to the failure mode observed in the
graphene/SiO, counterpart with the same graphene thickness.
Meanwhile, for the MoS,/SiO, system with the MoS, thickness
of ~100 nm, the indentation process is accompanied by
delamination between the layers of MoS, prior to the final
cracking failure, which could be the factor inducing the

This journal is © the Owner Societies 2022
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complex pop-in events in the corresponding indentation load-
depth curves.

The evolution of the equivalent Young’s modulus and hard-
ness of the composite MoS,/SiO, and graphene/SiO, systems
measured during the indentation process is shown in Fig. S2
and S3 (ESIT), which were evaluated from the indentation load-
depth curves via the Oliver-Pharr method (as described in the
ESI).*” Thus, the equivalent Young’s modulus and hardness
calculated here contain contributions from both the supported
2D materials and the SiO, substrate. From Fig. S2 (ESIt) we can
see that although the Young’s modulus of graphene is much
larger than that of its MoS, counterpart,'’ the equivalent
Young’s moduli of MoS,/SiO, and graphene/SiO, systems are
almost identical to each other, which are close to the value of
around 90 GPa of the SiO, substrate (see Fig. S4, ESI{). Based
on the theoretical model proposed previously,> this finding
can be attributed to the fact that the supported MoS, or
graphene layer has a much smaller thickness and also a larger
Young’s modulus compared with its SiO, substrate counter-
part. Similarly, as shown in Fig. S3 (ESIt), the equivalent
hardness of the overall MoS,/SiO, and graphene/SiO, systems
prior to failure is also found to be close to the value of around
10.5 GPa of the SiO, substrate (see Fig. S4, ESIt). These results
indicate that the Young’s modulus and hardness of the MoS,/
SiO, and graphene/SiO, systems considered here are domi-
nated by their substrate, i.e., SiO,. Similar findings were also
reported in previous nanoindentation experiments for gra-
phene mounted on copper.>® Moreover, the fracture of the
supported MoS, and graphene layers is found to have different
effects on the equivalent Young’s modulus and hardness of the
2D material/SiO, systems. Specifically, the equivalent Young’s
modulus of both 2D material/SiO, systems after the fracture (or
the occurrence of pop-in) can recover almost to the value before
the fracture, which is irrespective of the thickness of the
supported 2D material. However, a significant drop of the
equivalent hardness can be observed in the 2D material/SiO,
systems after the fracture, which is especially significant in the
MoS,/Si0, system where the MoS, layer has a thickness of ~40
or ~100 nm and the graphene/SiO, system where the graphene
layer has a thickness of ~100 nm. The drop of the equivalent
hardness occurring in these 2D material/SiO, systems is
induced by the radial through-thickness and/or ring-like
through-thickness cracking of their supported MoS, and gra-
phene layers, since the occurrence of these cracks can reduce
the contact area and thus result in the underestimation of the
equivalent hardness. In other words, the drop in the equivalent
hardness observed during the indentation process for MoS,/
SiO, and graphene/SiO, systems can further prove that the
significant pop-in events observed in their indentation load-
depth curves are triggered by the radial through-thickness or
ring-like through-thickness cracking of their supported MoS,
and graphene layers.

To understand the different mechanical responses and fail-
ure modes observed between the MoS,/SiO, and graphene/SiO,
systems, especially when the MoS, and graphene components
have a relatively small thickness, MD simulations were carried

This journal is © the Owner Societies 2022
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out for the nanoindentation of MoS, or graphene mounted on
amorphous SiO,. Ten-layer graphene and five-layer MoS, with
almost the same thickness of ~3.1 nm were considered in the
present simulations. Fig. 4(a) shows the calculated force-dis-
placement curves of the MoS,/SiO, and graphene/SiO, systems.
It is found that when the displacement of the indenter
increases to ~9 A, the force starts to grow from zero, which
indicates the onset of contact between the diamond indenter
and MoS, (or graphene) through vdW interactions. Afterwards,
both 2D material/SiO, systems experience a similar short
elastic deformation period in which the relationship between
the force and displacement follows Hertz’s model.** However,
as the displacement of the indenter continues to increase, some
sharp force drops are observed in the force-displacement
curves, which correspond to the failure of the supported 2D
materials. Fig. 4(a) also shows that, compared with the gra-
phene/SiO, system, the MoS,/SiO, system requires a much
lower force to achieve the same penetration depth, which
indicates the smaller hardness of the MoS,/SiO, system. This
simulation result is consistent with the above experimental
finding. In Fig. 4(b), we show the morphologies of supported
MoS, and graphene after complete unloading. As the indenter
can penetrate through the entire graphene and MoS, thin films
during the indentation process, both the graphene and MoS,
thin films are similarly broken at the edges of the indentation.
Moreover, significant out-of-plane displacements are observed
in the MoS, thin film, which, however, are absent from its
graphene counterpart. This morphological difference indicates
that the supported graphene thin film under indentation can
adhere well to the SiO, substrate, while its MoS, counterpart
under the same indentation conditions can be detached
from the substrate. The morphologies of supported MoS,
and graphene extracted from MD simulations are identical to
those observed in the experiments, which further proves the
delamination of supported MoS, thin films observed in the
experiments.

In Movies 1 and 2 (ESIt), we show the evolution of morphol-
ogies of MoS,/SiO, and graphene/SiO, systems, respectively,
during the whole process of MD-based nanoindentation simu-
lations. Meanwhile, some representative snapshots at different
indenter displacements are shown in Fig. 4(c). Prior to the
indentation, MoS, and graphene thin films adhere flatly to the
SiO, substrate due to the effect of vdW interactions. When the
indenter initially contacts the MoS, and graphene thin films,
e.g., at the displacement of 20 A, the films deform elastically.
When the indenter moves to a larger displacement of 40 A,
some upper layers in both the MoS, and graphene thin films
are broken by the indenter. As the displacement of the indenter
is increased further, the remaining layers in the 2D material
thin films are broken sequentially until complete penetration
of the indenter. This layer-by-layer breaking of the thin films is
responsible for the many sharp force drops observed in the
corresponding force-displacement curves. During the penetra-
tion process, the graphene thin film is found always to adhere
to the SiO, substrate, while delamination from the substrate is
observed in the supported MoS, thin film, which can be

Phys. Chem. Chem. Phys., 2022, 24, 15991-16002 | 15995
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Fig. 4 MD-based nanoindentation simulations for the 2D material/SiO, systems. (a) Force—displacement curves of 10-layer graphene and 5-layer MoS,
mounted on the SiO, substrate. The results follow Hertz's model at the early indentation stage. (b) Out-of-plane deformation patterns of the covered
MoS, and graphene layers after the indentation. Here, atoms of each layer are coloured according to their vertical height with respect to the centre of
mass of the layer. Scale bars are 2 nm. (c) Representative MD simulation snapshots of the graphene/SiO, system (top panels) and MoS,/SiO, system
(bottom panels) during the whole nanoindentation simulation process. Scale bars are 4 nm.

retained even after complete release of the indentation load.
This result indicates that delamination of the MoS,/SiO, inter-
face is induced in the loading process rather than the unload-
ing process of indentation. Due to the delamination of the
MoS, thin film from the SiO, substrate, the load-bearing area of
the MoS,/SiO, system under indentation is much smaller than
that of its graphene/SiO, counterpart, which could be another
factor causing the lower hardness of the MoS,/SiO, system after
the fracture of the supported MoS, layer. In addition, during
the loading process of indention, some component layers in
graphene and MoS, are pushed by the edges of the indenter,
which leads to the buckling of these component layers. More-
over, the buckling phenomenon in MoS, is more significant
than that in graphene. This significant buckling effect in MoS,

15996 | Phys. Chem. Chem. Phys., 2022, 24, 15991-16002

may induce delamination between the layers of MoS, under
indentation, as observed in the nanoindentation experiments
of the MoS,/SiO, system where the MoS, thickness is ~100 nm.

In order to better demonstrate the delamination mechanism
of the MoS,/SiO, system, we carried out continuum mechanical
analysis. As shown in MD simulations, the delamination of the
MoS,/SiO, interface originates basically from the out-of-plane
deformation of MoS, during the loading process of indenta-
tion, which is induced by the bending of MoS,. To verify
whether or not a bending force is generated in the supported
MoS, thin film under indentation, in Fig. 5(a) we show the
distribution of its bending moment, as simulated using finite
element (FE) calculations. For the sake of comparison, the
result of the supported graphene thin film with the same

This journal is © the Owner Societies 2022


https://doi.org/10.1039/d2cp00074a

Published on 07 June 2022. Downloaded by Tel Aviv University on 2/6/2023 10:56:28 AM.

PCCP
@
E MOSZ l | E
e ~r
© Graphene l i
! R— i
! 0 1 i

Inden'{er 2D material

Substrate

(C) Bending < Adhesion
(No delamination)

) Bending
D material ;

Substrate »

(d)

b ¢ Binding energy: 2.44 eV/nm?

Adhesion %%

View Article Online

Paper

(b)

Force gauge
Soft paper

\

EVA foam

Stiff paper

Bending > Adhesion
(Delamination)

Fracture

Binding energy: 3.01 eV/nm?

Fig. 5 Deformation mechanism of the supported 2D materials under indentation. (a) Bending moment distribution in supported MoS, and graphene thin
films obtained from FE calculations. Here, results are normalized by the maximum value of MoS,. (b) The out-of-plane deformation of a soft paper
sample (analogous to graphene) and a stiff paper sample (analogous to MoS,) laid on the surface of EVA foam. Here, both samples are indented to the
same depth. (c) Schematic of various representative stages in the nanoindentation of a 2D material/SiO, system. The competition between the bending
effect generated in the 2D material under indentation and the adhesion (vdW) effect of the 2D material/SiO; interface results in the different deformation
mechanisms and failure modes observed in the MoS,/SiO, and graphene/SiO, systems under indentation. (d) Local electron density difference and
binding energy of the graphene/SiO, interface (left) and MoS,/SiO, interface (right).

thickness and under the same indentation depth is also shown
here. Indeed, the bending moment is found to exist in a small
area of the thin film around the indenter. Moreover, the acting
area and the magnitude of the bending moment in MoS, are
both larger than those in the graphene counterpart, which can
be attributed to the much larger bending stiffness of MoS,. For
the MoS, and graphene thin films (with the same thickness of
20 nm) considered in the FE calculations, the bending stiffness
of MoS, (~9 x 10~'* Nm) is more than four times larger than
that of its graphene counterpart (~2 x 10~ ** Nm)."” The result
extracted from FE calculations is further validated using an
analogical macroindentation experiment for paper samples of
different stiffnesses depicted in Fig. 5(b), in which papers are
bent upwards by the indenter. Furthermore, the tilting is found
to be more significant in the paper with the higher bending
stiffness, which indicates that a larger bending effect can be
generated in a thin film with a higher bending stiffness. From

This journal is © the Owner Societies 2022

the above analysis, we can deduce that the bending moment
can be generated in the supported 2D materials during the
indentation process, and that the more significant bending
effect in the MoS, thin film could be the factor that induces
delamination of the MoS, thin film from the SiO, substrate.
In Fig. 5(c), we schematically show representative stages in
the nanoindentation process for the 2D material/SiO, systems.
At an early stage with a small indentation load, the 2D material
can be broken by the very high stresses in the contact area,
especially the tensile stresses at the contact edges, because the
indenter is rather sharp and the contact area is very small.
Although the indentation can simultaneously generate the
bending moment in the 2D material, at this early stage, the
bending in the 2D material is too small to overcome the
interfacial adhesion (vdW interactions) between the 2D mate-
rial and the substrate. Thus, no delamination will occur. With a
growing indentation depth, the bending effect in the 2D
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material will increase. If the bending energy in this process is
always smaller than the adhesion energy, the 2D material can
adhere well to the substrate during the whole indention pro-
cess. However, if the bending energy in the 2D material at a
certain indentation depth becomes larger than the adhesion
energy of the 2D material/SiO, interface, the 2D material near
the indenter will bulge upwards leading to its delamination
from the SiO, substrate. Furthermore, as the indentation
depth keeps increasing, the height of the bulged 2D material
increases. When the height reaches a critical value, the bending
stress in the bulged 2D material around the indenter will result
in the formation of a ring-like through-thickness crack as
observed in the MoS,/SiO, system for the MoS, thicknesses of
~20 and ~40 nm (see Fig. 3(a) and (b)). These fragmented
parts will be stacked on the remaining 2D material thin film
due to the vdW interactions between them. Based on this
proposed mechanism, the different failure modes observed
between the MoS,/SiO, and graphene/SiO, systems can be
explained, and are attributed to the different abilities of their
2D material layers to overcome their interfacial adhesion. To
evaluate the binding energy for the MoS,/SiO, and graphene/
SiO, interfaces, density functional theory (DFT) calculations
were performed. Here, the binding energy AE was calculated
through AE = (Ey_s — Er — Eg)/A, where Er, Eg, and Er_g are the
energy values of the isolated 2D material (MoS, or graphene),
the SiO, substrate, and the 2D material/SiO, system, respec-
tively, and 4 is the contact area between the 2D material and the
SiO, substrate. The binding energies of the MoS,/SiO, and
graphene/SiO, interfaces are 3.01 and 2.44 eV nm™>, respec-
tively. The slightly larger binding energy of the MoS,/SiO,
system can be attributed to the larger charge accumulation
and stronger electron interaction in the MoS,/SiO, interface, as
shown in Fig. 5(d). Actually, the similar comparable binding
energy (adhesion energy) of the MoS,/SiO, and graphene/SiO,
systems was also observed in previous experiments.*® Although
the MoS,/SiO, and graphene/SiO, interfaces have a comparable
adhesion energy, the bending stiffness of MoS,, as mentioned
above, is much larger than that of its graphene counterpart,
which means that MoS, experiences a larger bending energy
during the indentation process. Thus, the indented MoS, has a
greater capacity to resist the adhesion of the MoS,/SiO, inter-
face, resulting in the easier delamination of the MoS, thin film
from the SiO, substrate.

Conclusions

In conclusion, the mechanical properties and deformation
behaviour of multilayer MoS, mounted on the SiO, substrate
were investigated using nanoindentation experiments and MD
simulations. For the sake of comparison, similar experiments
and simulations were also performed for the graphene/SiO,
system. The Young’s modulus and hardness of the MoS,/SiO,
system were found to be comparable to those of its graphene/
SiO, counterpart, though the mechanical properties of MoS,
are much weaker than those of graphene. However, totally
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different mechanical responses and failure modes were
observed in the MoS,/SiO, and graphene/SiO, systems under
indentation, especially when the MoS, and graphene thin films
are relatively thin. Specifically, a unique delamination failure
accompanied by the ring-like through-thickness cracking was
observed in the supported MoS, layer of the MoS,/SiO, system
during the loading process of indentation, while no interface
separation was found in the graphene/SiO, system under
indentation. It was revealed that delamination of the MoS,
thin film from the SiO, substrate can be attributed to the very
large bending stiffness of MoS,, which can induce a large
bending effect in MoS, during the indentation process and
thus give it a great capacity to overcome the adhesion of the
MoS,/Si0O, interface. Overall, our study comprehensively reveals
the mechanical response and failure mode of 2D materials
(MoS, and graphene) mounted on a stiff substrate (SiO,), which
are of fundamental importance for the rational design of
nanodevices so as to avoid the fracture failure of their 2D
material/SiO, components.

Methods

Sample preparation

Multilayer MoS, thin films were mechanically exfoliated from
commercially available MoS, crystals (SixCarbon Technology
Shenzhen) and positioned onto the SiO,/Si substrate using
Scotch tape as the transfer medium. Before exfoliating, the
substrates were cleaned sequentially in acetone, ethanol and
de-ionized water. Afterwards, oxygen plasma treatment was
performed to further remove ambient adsorbates on the sub-
strate surface. Mechanical exfoliation was implemented using
the following procedure. First, the tape was pressed to make
contact with the MoS, crystals, which resulted in the adhesion
of some MoS, flakes on the tape. Second, the first step
was repeated several times to thin the flakes. Third, the sub-
strate was pressed onto the tape and, sequentially, heated to
a temperature of around 100 °C. Finally, after the sample
temperature has cooled to ambient temperature, the tape
was removed from the substrate slowly, which resulted in
some thin MoS, flakes being left on the surface of the SiO,
substrate. Graphene/SiO, samples were similarly obtained via
the mechanical exfoliation of graphene from highly oriented
pyrolytic graphite purchased from SixCarbon Technology
Shenzhen.

Sample characterization

In order to characterise the 2D materials (MoS, and graphene)
deposited on the SiO, substrate, Raman measurements were
performed at room temperature using a Renishaw InVia Raman
instrument with an Ar" laser (488 nm) with an incident power
of ~0.25 mW and a spot size of ~1 pm. Meanwhile, the
geometry of the transferred 2D materials was determined using
an optical microscope (Leica DM2700 M) and AFM (Bruker
Dimension Icon). Specifically, AFM scans in tapping mode were
utilized for the topography analysis of the 2D materials on SiO,
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before and after nanoindentation. In addition, the surface
morphology of the 2D material/SiO, systems after the nanoin-
dentation experiments was also analysed using an SEM
(Thermo Fisher Scientific Apreo 2) operated at 10.0 kV.

Nanoindentation

The nanoindentation tests for the 2D material/SiO, systems
were conducted using the continuous stiffness measurement
(CSM) mode of a nanoindentation system G200X (KLA)
equipped with a diamond Berkovich indenter with a tip radius
of ~20 nm. Before and after each indentation test, the indenter
tip was calibrated using a standard silica sample. Meanwhile,
the thermal drift was kept below £0.05 nm s~ *. In the nanoin-
dentation tests, the indenter was gradually loaded to a specific
depth with a strain rate of 0.05 s~ ' and then unloaded using the
same rate. In order to generate statistically valid data, ten tests
with the same indentation depth were performed at different
positions on 2D materials with the same thickness. The spacing
between each indentation was ten times the indentation depth,
to avoid any influence of the indentation stress field.

Macroindentation

Macroindentation tests for paper samples with different bend-
ing stiffnesses were conducted using a force gauge (SHSIWI)
equipped with a spherical indenter with a diameter of 1 cm.
Before carrying out the indentation, two paper samples with the
same geometry but different bending stiffnesses were placed on
2-cm-thick ethylene vinyl acetate (EVA) foam stuck to a flat
base. The indenter was placed above the middle point of the
papers and, afterwards, indented into the two paper/foam
systems with the same displacement of 0.2 cm. The displace-
ment of the indenter was monitored using a slide gauge.

MD simulations

All MD simulations were carried out utilizing the LAMMPS
package.”® In the simulations, 5-layer MoS, and 10-layer gra-
phene were placed on the amorphous SiO, substrate with
dimensions of 20 x 20 x 10 nm, while a cube corner diamond
indenter with a height of 8 nm was placed above the top layer of
the suspended 2D materials. Here, multilayer MoS, and gra-
phene, respectively, have the AA’ and AB stacking modes, as
shown in Fig. S5 (ESIT). The interaction between the C atoms in
the diamond indenter and the individual graphene layer was
described via the adaptive intermolecular reactive empirical
bond-order (AIREBO) potential,*® while the Mo-S, Mo-Mo, and
S-S interactions in an individual MoS, layer were described via
the reactive empirical bond-order (REBO) potential.’® The
atomic interactions between the Si and O atoms in amorphous
SiO, were described via the Tersoff potential.>>>® The long-
range vdW forces acting between adjacent layers of the 2D
materials, between the indenter and the uppermost layer of the
2D material, and between the SiO, substrate and the lowermost
layer of the 2D material were described via the Lennard-Jones
(L]) 12-6 potential together with the Lorentz-Berthelot mixing
rules.>® The 1] parameters for interactions between different
systems are listed in Table S1 (ESIt). The whole simulation
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process contains the generation of an amorphous SiO, sub-
strate and the subsequent nanoindentation. To generate the
amorphous SiO, substrate, the temperature of the initially
generated crystalline SiO, system was first increased using
the Nosé-Hoover thermostat from 300 K to 5000 K (above the
melting point) at 100 ps. At the temperature of 5000 K, the SiO,
system was equilibrated for 50 ps. Afterwards, the system was
quenched from 5000 K to 300 K in 1 ns. Finally, the system at
300 K and zero pressure was relaxed in the barostat (NPT)
ensemble for 50 ps to obtain the equilibrium state of amor-
phous SiO,. The nanoindentation simulations were implemen-
ted using the following procedure. First, the 2D material/SiO,
system at room temperature (300 K) was relaxed within the
canonical (NVT) ensemble for 50 ps to allow the system to reach
the equilibrium state. Second, atoms in a thin layer with a
thickness of 2 nm located at the bottom of SiO, substrate were
fixed by setting their velocities and forces to zero to avoid
boundary effects during the indentation process. The other
atoms were set as Newtonian atoms, whose motion obeys
Newton’s second law and was integrated through a Velocity-
Verlet algorithm. Last, atoms in the indenter were moved
downwards to the required indentation depth with a constant
speed of 0.5 A ps™*. In all simulations, periodic boundary
conditions were applied in the lateral (x and y) directions.
The time step was set as 0.5 fs for the melt-quench simulations
and 1.0 fs for the nanoindentation simulations. Visualization
of the nanoindentation process was realized using OVITO
software.”

FE calculations

The commercial code ANSYS was used to perform the FE
calculations. To reduce the computation cost, a central sym-
metry model (see Fig. S6, ESIt) was developed for both the 2D
material/substrate sample and the indenter tip. The radius of
the indenter tip was 10 nm, while the 2D materials and the
substrate had the same radius of 200 nm. The multilayer 2D
materials and the substrate were assumed to have a thickness
of 20 nm and 100 nm, respectively. The 2D material was
supposed to be bonded perfectly with the substrate. The
material of the substrate was SiO,, with a Young’s modulus
and a Poisson’s ratio of 70 GPa and 0.17, respectively.”®
The bending stiffness of the MoS, thin film was set as 9 X
10" Nm, while the value of the graphene thin film was set as
2 x 107" Nm." The indenter was modelled by the TARGE169/
CONTA172 element pair to represent the contact between the
indenter and the 2D material. The 2D materials were modelled
as the SHELL208 element, while the substrate was modelled as
the PLANE182 element.

DFT calculations

All first-principles calculations were based on DFT, which was
implemented using the Vienna ab initio simulation package
(VASP) code.’® We adopted the generalized gradient approxi-
mation (GGA) for the electron exchange and the PBE+D3
functional,®”*® which includes vdW forces. A supercell with
the monolayer MoS, or monolayer graphene placed on a-quartz
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was considered here. Using the Monkhorst-Pack sampling
scheme,>® a k-point mesh of 3 x 3 x 1 was used for the sample.
Due to the lattice mismatch between MoS, and SiO,, 3 x 3 and
2 x 2 lateral supercells were selected for MoS, and SiO,,
respectively. Similarly, to reduce the lattice mismatch between
graphene and SiO,, 4 x 4 and 2 X 2 lateral supercells were
selected for graphene and SiO,, respectively. Six layers of SiO,
were considered in the model, in which dangling bonds at the
top and bottom surfaces of SiO, were fully passivated by
hydrogen. Meanwhile, periodic boundary conditions were
applied with a vacuum region of 15 A along the out-of-plane
direction to avoid interactions between adjacent supercells. The
interface structures and atomic positions were fully optimized
until the residual forces were less than 0.01 eV A",
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