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Fig. 1 (a-c) Optical and (d-f) AFM images of exfoliated multilayer Graphene, BN,

and MoS; sheets suspended over patterned holes
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Fig. 2 (a) Optical images, (b) AFM images and (¢) Raman spectra of exfoliated different layers of Graphene

prepared on silicon substrate. (d) The thickness of the Graphene, BN, and MoS; sheets versus the layer number
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Fig.3 (a) Schematic diagram of the AFM nanoindentation test, (b) Typical AFM topography of a 9-layer MoS;,
nanosheet over a hole, (¢) Force versus deformation traces measured at the center of suspended 9-layer MoS.
nanosheets. Small loads are characterized by a linear relationship between load F and deflection 8. For higher loads,
a cubic F-0° behavior dominates, (d) Force versus deformation traces measured at the center of suspended 9-layer

nanosheets of MoS;, BN, Graphene, respectively. The black dashed lines are fitted by Eq. 3
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Tab.1 Poisson ratio, interlayer spacing and value of young's modulus fitted by equation (3)

and (7) for different 9-layer two-dimensional materials
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Fig.4 Histogram of Young's modulus for mechanically exfoliated 9-layer
(a) Graphene, (b) boron nitride (BN) and (¢) MoS;, respectively
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Fig.5 (a) Force versus deformation traces measured at the center of suspended 9-layer MoS, nanosheets
over holes with 0. 5um and 1pm diameter, respectively, (b) Force versus deformation traces measured at the
center of suspended 9-layer and 20-layer MoS; nanosheets over holes with 1um diameter, (¢) Schematic
diagram of force loading. (d) Compliance versus radiu distance measured at suspended 9-layer MoS;,
nanosheets over holes with 0. 5um diameter
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Fig. 6 Force-indentation depth curves of mechanically exfoliated multilayer (a) graphene, (b) BN and (¢) MoS;,
respectively; Young's modulus-layer number curves of mechanically exfoliated multilayer (d) graphene,
(e) BN and (f) MoS;, respectively (The dashed line denotes a reference value of Young's modulus of 6-layer
2D materials to approximately quantify the effect of interlayer coupling on the mechanical properties)
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Nanoindentation of multilayer two-dimensional

materials: an experimental study

XIAO Jun-kai"?, WANG Guo-rui"?, DAI Zhao-he*, MIAO Hong', LIU Lu-qi*, ZHANG Zhong?

(1. CAS Key Laboratory of Mechanical Behavior and Design of Materials, Department of Modern Mechanics, University of Science and
Technology of China, Hefei 230027, China; 2. CAS Key Laboratory of Nanosystem and Hierarchical Fabrication, CAS Center for

Excellence in Nanoscience, National Center for Nanoscience and Technology, Beijing 100190, China)

Abstract: Multilayer two-dimensional (2D) materials has broad prospects in many application fields,
and their mechanical properties determine the overall performance and lifetime of devices and
composite materials. However, in previous works upon the mechanical characterization on 2D
materials, the multilayer system is typically treated as a single sheet where the influence of interlayer
interaction on the deformation is often overlooked. Additionally, the increasingly dominant role of
bending stiffness in the deformation with growing thickness also lacks enough attention in the
mechanical analysis. Herein, we systematically investigated the mechanical behavior of multilayer
graphene, hexagonal boron nitride ( h-BN) and molybdenum disulfide ( MoS;) in AFM
nanoindentation tests and accurately measured their mechanical properties. The experimental results
show that, with increasing thickness and hence bending stiffness, a transition from membrane to the
linear plate behavior can be observed. To calculate the Young's modulus of 2D material exhibiting
plate characteristics, we proposed the “compliance method” and obtained values are consistent with
the membrane solutions. Furthermore, we found that the relatively weak interlayer interaction
between layers in 2D materials can easily induce the shear sliding during indentation, leading to the
degradation of the measured mechanical properties. Through the comparison of the thickness-
dependent mechanical properties of three different 2D materials, we can draw the conclusion that the
interlayer interaction between h-BN layers is stronger than that of graphene due to distinct electronic
structures, while MoS, tends to be the weakest among them, possibly resulting from its “sandwich”
structure feature in one layer.

Keywords: two-dimensional materials; nanoindentation test; mechanical properties; bending stiffness;

interlayer interaction



