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Fig.1 Through-hole bubble experimental platform. (a) Optical image of through-hole bubble equipment
combined with AFM. (b) Schematic diagram of pressure system and samples characterization of through-
hole bubble experiment. (c¢) Structural sketch of through-hole silicon wafer. (d) SEM image of through-

hole silicon wafer.
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Fig.2 Characterizations of transferred grapheme membranes. (a) Optical image, (b) AFM image (a

_
)

Raman infensity /{a.u.)

[40nm

height trace along the red dashed line and (¢) Raman spectra of mechanical exfoliated monolayer, bilayer

and trilayer graphene, (d) Optical images of transferred bilayer graphene on pure silicon wafer, polydime-

thylsiloxane (PDMS) and target substrate. (e) Optical image, (f) AFM image (magnified AFM image in-

dicated by the aquare area in (f)) and (g) SEM image of transferred monolayer graphene. (h) Magnified

SEM image of suspended monolayer grarphene indicated by the aquare area in (g).
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Fig. 3 Elastic properties of graphene membranes. (a) AFM images show the evolution of the graphene

bubble with increasing deflection and eventually delamination, recording radius and maximum height of

bubble, respectively. AFM profiles of (b) monolayer and (d) bilayer graphene bubble at a series of pres-

sure difference p. The deflection was measured by AFM along a line passing through the center of the

hole. K(w) & /da' versus pressure difference p for (¢) monolayer and (e) bilayer graphene. The red solid

lines are fitted by Eq. (1), leading to slopes of 3. 488X 107*(N/m) ! and 1. 605(N/m) ', respectively.
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Fig. 4 Mechanical stability of through-hole test. (a) Triangle wave loading; (b)Sine wave loading. Bubble
maximum heights diagram under (¢) triangle wave cyclic loading and (d) sine wave cyclic loading.
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Measurement of Young's modulus for
2D materials by in situ through-hole bubble method

LI Yuan-tong"?, WANG Guo-rui"?, DAI Zhao-he’, HOU Yuan'?,
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: Owing to the unique crystal structures and novel physical properties, two-dimensional (2D)
materials have exihibited huge potential in a variety of application fields, such as optoelectronic
devices, micro-/nano-electromechanical systems (MEMS/NEMS), etc. Among them, mechanical
properties are crucial for the fabrication, functionality, stability and lifetime of nanodevices, thus
calling for universal and accurate experimental measurements. In this work, a universal through-hole
bubble test method for measuring Young' s modulus of 2D materials is proposed, which can
simutaneously realize continuous loading and in situ AFM characterization of mechanical response
under controllable pressures. This technology overcomes the shortcomings of the constant molecular
number bubbling technology in testing Young's modulus of 2D materials. such as long loading period
and discontinuous loading. Taking monolayer and bilayer graphene as examples, the height and
diameter of bubbles can be measured in situ by the through-hole bubble test combined with AFM. On
the basis of the Hencky solution, the Young's moduli are obtained which are consistent with those
reported in literatures. Moreover, this method shows excellent stability under triangular wave and
sinusoidal wave cyclic loading. This work not only evidences the universality of througth-hole bubble
test as an in situ method for measuring Young's modulus of 2D materials, but also establishs a reliable
experimental foundation for programmed measurement and analysis of mechanical properties of large-
area 2D materials and mechanical statistical analysis of high-throughput experimental data.

Keywords: two-dimensional materials; graphene; through-hole bubble; Young's modulus; stability



