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Abstract
This paper reports in situ transmission electron microscopy (TEM) tensile testing of carbon-
linked graphene oxide nanosheets using a monolithic TEM compatible microelectromechanical
system device. The set-up allows direct on-chip nanosheet thickness mapping, high resolution
electron beam linking of a pre-fractured nanosheet, and mechanical tensile testing of the
nanosheet. This technique enables simultaneous mechanical and high energy electron beam
characterization of 2D nanomaterials.
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Introduction

Mechanical properties of low-dimensional nanomaterials,
such as carbon nanotubes, graphene, and hexagonal-boron
nitride, are of fundamental importance when these nanoma-
terials are used as building blocks in composites [1, 2], or as
key components in electronic devices [3] and energy storage
devices [4, 5]. However, mechanical characterization of
materials at this length scale is challenging partly due to
instrumentation difficulties. For example, commonly used
atomic force microscopy based indentation tests are limited to
probing local properties of materials [6, 7]. Applying micro-
electromechanical systems (MEMS) inside electron micro-
scopes can significantly benefit the characterization processes
by precisely conducting mechanical measurements under high
resolution imaging conditions. For example, the mechanical
properties of 1D materials (silicon nanowires) have been

characterized using a MEMS device under scanning electron
microscope (SEM) [8, 9]. Recently, a MEMS in situ SEM
technique was also used to measure 2D nanomaterials. The
strength of graphene oxide nanosheets was measured as high
as 12 GPa, approaching that of monolayer graphene, by using
a MEMS device under SEM [10]. Although in situ SEM
mechanical characterization of 2D materials was demon-
strated and the results filled in the gap of mechanical prop-
erties of films at the intermediate length scale between
monolayer and bulk [11], the imaging resolution of SEM
restricted a more detailed characterization of material
morphologies. The intrinsic limitations of SEM including
imaging resolution and structural characterization motivated
the pursuit of in situ MEMS characterization under trans-
mission electron microscopy (TEM).

TEM provides significantly higher imaging resolution
than SEM and enables controllable electron-induced material
modification. For instance, CNTs have been demonstrated to
be cross-linked by electron irradiation and mechanically
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tested using a MEMS device under TEM. The results showed
cross-linked CNTs have significantly higher effective
strengths and moduli [12]. However, mechanical character-
ization of 2D nanomaterials using a monolithic MEMS device
under TEM has not yet been reported. This paper reports a
TEM compatible monolithic MEMS tensile tester and
demonstrates tensile testing of a linked GO nanosheet after
carbon linking of a pre-fractured GO nanosheet via electron
beam induced deposition. This MEMS device is the first TEM
compatible monolithic tensile tester demonstrated to perform
mechanical characterization of 2D nanomaterials.

Device design and fabrication

As shown in figure 1, the MEMS device uses V-beam thermal
microactuators on both sides of opposite shuttle platforms
onto which a GO nanosheet is placed. The device was con-
structed using a standard SOI-MUMPs process [13]. To allow
electrons to transmit through the device for TEM compat-
ibility, a post fabrication process was developed to form a
through-window that was etched from the handle layer Si
until the bottom of the device Si layer. Due to the lack of a
stop layer in the target etching region, protecting existing
features from the etching process must be properly done. By
coating a 1 μm thick parylene film on the top of the device
layer, it acts as a stop layer to prevent over etching of the
device layer. Parylene was removed using oxygen plasma
after the backside window was created. GO nanosheet was
deposited via dropcasting GO solution to bridge the gap of the
shuttle on the MEMS device, according to the protocol we
developed previously [10]. The MEMS device was then
mounted on a custom-built TEM (Hitachi High-Technologies
Canada) holder that establishes electrical connections with the

MEMS structures. Tensile testing of GO nanosheet was per-
formed by the MEMS device using a Hitachi HF-3300 TEM/
STEM/SEM at 100 kV. This TEM has a secondary electron
detector on its scanning transmission electron microscopy
(STEM) unit which allows simultaneous bright-field and
annular dark-field transmitted electron imaging (BF-TEM and
ADF-TEM) and secondary electron imaging (SEM).

Carbon linked GO and on-chip thickness mapping

Figure 2 shows scanning transmission electron microscope
images of a GO nanosheet with a pre-crack that was used as
the starting material. The entire large crack was linked patch
by patch by amorphous carbon deposition using a high energy
electron beam at 100 KeV with an emission current of 9 nA,
as shown in figures 2(b)–(d). Figures 2(e) and (f) show
representative high resolution images of the crack before and
after carbon linking. The linked GO nanosheet was examined
using BF-TEM before tensile testing (figures 2(g) and (h)).
Thickness of the linked GO nanosheet was examined on chip
by measuring the number of mean free path (MFP) via
electron energy loss spectroscopy (EELS) at 100 KeV inci-
dent energy, which was then converted to thickness by mul-
tiplying the MFP of arc-evaporated carbon film (116 nm) [14]
to give an average thickness of 27±7 nm across the
nanosheet (figure 3). The carbon linked region is assumed to
have approximately the same thickness to GO nanosheet.

Tensile testing

Figures 4(a)–(d) show images captured during tensile testing
of the completely carbon linked GO nanosheet, with an

Figure 1. (a) Post processing of SOI-MUMPs fabricated the MEMS tensile testing device to make it TEM compatible. (b) MEMS device was
mounted on a custom-built TEM holder to perform tensile testing under TEM imaging.
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Figure 2. (a)–(d) STEM images of a pre-fractured GO nanosheet. The nanosheet was crosslinked patch by patch by high energy, high
resolution electron beam. (Scale bar: 150 nm). (e) and (f) High magnification images of the red-circled regions in (a) and (b) (scale bar:
15 nm). (g) and (h) BF-TEM images of (c) and (d) (scale bar: 150 nm).

Figure 3. EELS thickness mapping of the GO nanosheet (scale bar: 100 nm); inset: thickness profile of the GO nanosheet along the black
dash line.

Figure 4. BF-TEM images and mechanical response captured during in situ TEM tensile measurement of a crosslinked GO nanosheet. (a)
Crosslinked GO nanosheet positioned across the MEMS shuttle, under TEM imaging (scale bar: 100 nm). (b), (c) and (d) High magnification
images showing the evolution of fracture and failure caused by MEMS applied tensile stress (scale bar: 60 nm). (e) Experimental true stress–
strain data measured on the GO nanosheet.
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actuation voltage increment of 0.5 V. As the tensile test
progressed, failure initiated at the interface connecting two
sides of the GO nanosheet, where amorphous carbon was
deposited. This indicates that pristine GO nanosheet has
higher strength than that of amorphous carbon. Crack pro-
pagated along the width of the amorphous carbon with a
larger and larger opening. Finally a catastrophic failure
occurred at a strain of ∼4%. Comparing the fracture surface of
amorphous carbon with that before carbon linking, it is
obvious that major failure occurred to the amorphous carbon
but not the GO nanosheet. The stress–strain response (stress
reported in true stress) (figure 4(e)) reveals that the carbon
linked GO nanosheet has a failure strength of 4.4±2.2 GPa,
which is lower than that of pristine GO nanosheet [10] and
theoretically predicted amorphous carbon [15].

Conclusion

A pre-fractured GO nanosheet was linked by amorphous
carbon via electron beam induced deposition on a monolithic
MEMS device under TEM imaging. On-chip tensile testing
was performed on the carbon linked GO nanosheet. The
results show that the carbon linked GO nanosheet has a
strength in the gigapascal range, which is near the lower range
of that of a pristine GO nanosheet [10] and theoretically
predicted strength for amorphous carbon [15]. The TEM
compatibility of the monolithic MEMS device enables
simultaneous mechanical measurement and advanced TEM
characterization of 2D nanomaterials.
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