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ABSTRACT:

We present the in situ nanoindentation experiments performed on suspended graphene devices to introduce homogeneous tensile
strain, while simultaneously carrying out electrical measurements.We find that the electrical resistance shows only amarginal change
even under severe strain, and the electronic transport measurement confirms that there is no band gap opening for graphene under
moderate uniform strain, which is consistent with our results from the first-principles informed molecular dynamics simulation.
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Graphene, a truly two-dimensional gapless semiconductor,1,2

recently deemed strongest material ever measured, can
sustain very high, up to 25%, in-plane tensile elastic strains.3

Straining graphene to such a significant elongation is likely to
shift its electronic band structure and elicit intriguing electronic
properties, resulting in notable electrical-mechanical coupling.
Several recent theoretical-only studies on strained graphene
predict that strain can shift the Dirac cones, reduce the Fermi
velocity, introduce a pseudomagnetic field, and be used to
engineer the electronic structure.4-10 Moreover, theory also
suggests that uniaxial strains below a very high value of ∼23%
would not be capable of opening a band gap in graphene,5 which
may be crucial for the utilization of this material in future
electronic devices. On the experimental side, optical measure-
ments revealed that strain induces a disruption of graphene’s
symmetry and a shift of the Dirac cone,11-13 while scanning
tunneling microscopy (STM) studies conveyed the presence of a
pseudomagnetic field in highly strained graphene nanobubble
systems.14 However, no direct experiments on electrical mea-
surements of strained graphene have yet been reported. Here, we
present the results of in situ investigation of electrical-mechan-
ical coupling in graphene-based devices.

The suspended graphene devices were fabricated by a process
analogous to that described in previous reports15,16 and outlined
in detail in the Supporting Information. To ensure strain
uniformity during nanoindentation tests, graphene flakes were
patterned into graphene ribbons with widths between 1.5 and 4
μm and lengths between 0.8 and 1.2 μm. This type of geometry
ensured that the ribbon was sufficiently long to carry out the
experiment yet not too long as to render the mechanical load
below the detection limit of our system. Figure 1a shows a
scanning electron microscopy (SEM) image of multiple sus-
pended devices made from a single graphene flake, and Figure 1b
shows a zoomed-in SEM image of a representative device.
Figure 1c shows a schematic of nanoindentation into a sus-
pended graphene ribbon device. The black curve in Figure 1d
shows a typical electronic transport result of a suspended
graphene device.

The nanoindentation experiments on graphene ribbons were
carried out in a custom-built instrument, SEMentor, composed
of a field-emission gun SEM (Quanta200 FEG, FEI) and a
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nanomechanical module similar to a nanoindenter, as shown in

Figure 2a. The wedge indentation tip, shown in the lower left inset,
was fabricated by using focused ion beam (FIB) from a commer-
cially available diamond Berkovich indenter tip. By applying a load
at the center of the ribbon, the wedge tip introduces a uniform
tensile strain within the graphene ribbon; with the load and
displacement, as well as contact stiffness continuously measured
throughout the experiment. Figure 2b shows typical load versus
displacement and contact stiffness versus displacement data
obtained by SEMentor. The in situ capability of SEMentor ensures
a proper alignment between the indenter tip and the ribbons and
provides visualization of the entire indentation process. Panels
c-h of Figure 2 show a consecutive time series of video images
obtained during a graphene indentation experiment (see Support-
ing Information). A few key observations can be made based on
these images: (i) the graphene ribbon was clearly stretched
(Figure 2d-g); (ii) the electrodes serving as supports for the
suspended graphene slightly bent (Figure 2e,f), implying that they
cannot be assumed to be perfectly rigid; (iii) the graphene
appeared to adhere to the indenter tip upon unloading
(Figure 2g); and (iv) the ribbon was fully recovered after the
indentation, strongly suggesting the lack of slipping between the
graphene and the electrodes.

Electron beam irradiation has been shown to induce defects into
the graphene lattice, causing serious degradation of its electrical
properties.17-20 Indeed, our electrical measurements taken with
the e-beam turned on resulted in a dramatic increase in resistance
and nontrivial n-doping. Further, the e-beam induced the deposi-
tion of amorphous carbon on the sample surfaces when imaged for

a long time. To eliminate these adverse e-beam irradiation-

induced effects, we used a low-energy e-beam (5 kV, 50 pA) to
image our samples and minimized exposure time. Further, prior
to mechanical-electrical testing, we electrically annealed the
samples to drive out the impurities, resulting in nearly full
resistance recovery, as shown in Figure 1d. To separate the
e-beam irradiation and strain-induced effects, the indenter wedge
tip was first aligned at ∼200 nm above the center of graphene
ribbon in the SEM, and the e-beam was then blanked. The
ensuing electrical annealing and the nanoindentation experi-
ments were performed “blindly”, i.e., with no e-beam exposure
following the annealing step.

Figure 2b shows a typical load and contact stiffness (inset)
versus vertical displacement of the ribbon’s center. The kinks in
the load-displacement curve indicate that there was some
adhesion between the indenter tip and graphene. This is not
surprising as this type of adhesion has been previously observed
in suspended carbon nanotube devices.21 After the initial contact,
the load first becomes negative but gradually increases to
positive. The zero load point, which corresponds to a minimum
in the contact stiffness curve, is then defined as the zero
displacement point. The intentional ∼40 s long constant load
holds, numerically labeled in Figure 2b, are incorporated in order
to allow sufficient time to perform electrical measurements at
each strain level. The maximum attained tensile strains in this
type of experiment are expected to be ∼2-3%, well within the
elastic-only regime.3 The observed hysteresis in the load-
displacement curve (Figure 2b) is due to the thermal drift and
damping, rather than to a deviation from elasticity, as has been

Figure 1. Fabrication and electrical characterization of suspended graphene. (a) SEM image of four suspended graphene devices made from a single
flake. (b) A zoomed-in SEM image of a single suspended graphene device. (c) Schematic of a suspended graphene device with a wedge tip indenting the
graphene ribbon. Because the BOE can diffuse along the graphene, the oxide beneath the graphene was etched away. (d) Electronic transport
measurement of a graphene device before exposing to e-beam (black curve), after a short exposure to the e-beam (red curve), and after electrical
annealing (blue curve).
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observed previously on suspended thin film metallic samples.22

The 100% reversibility of the stiffness-displacement data indi-
cates that the mechanical deformation is indeed elastic and that
there was no slippage between the graphene and the electrodes.

According to a suspended bridge model developed by Herbert
et al.,22 the elastic deflection h of the center point in response to a
line load P across the center of the graphene ribbon can be
expressed as

P ¼ 8wE2D

l3
h3 þ 8wσ2D

l
h ð1Þ

where w and l are the width and the length of the graphene
ribbon, E2D is the two-dimensional Young’s modulus, and σ2D is
the residual tension in the as-fabricated ribbon. While this
equation was found to describe the deflection of suspended
metallic films well, the model’s fundamental assumption is that
the effects of the bending moments are negligible, so that only
stretching is dominating the deformation. We find this assump-
tion to be valid for our graphene analysis since its thickness is 4

orders of magnitude smaller than its length. Another assumption
of this model is that the support electrodes are infinitely stiff.
However, as can be clearly seen in Figure 2e, the electrodes bent
during the deformation. To address this issue, we used finite
element method (ABAQUS) to simulate the bending of the
electrodes and to calculate this additional bending stiffness (see
Figure S1, Supporting Information). The additional displace-
ment due to this bending is then subtracted from the overall
deflection measured by the instrument to obtain the true load
versus displacement relationship for the graphene ribbon, as
shown in Figure 2b. The purple line here is the fit of the loading
data, based on eq 1, with E2D and σ2D extrapolated from the fit
and with the data collected from 10 high-quality samples. The
mean extrapolated Young’s modulus is E2D = 335 ( 20 N/m, a
value very close to that reported in other works.3 This value
corresponds to Young’s modulus of E = 1 TPa for bulk graphite,
which also agrees well with the experimental result for the in-
plane Young’s modulus in graphite.23 We find that the initial

Figure 2. Experimental setup and mechanical testing results. (a) The in situ mechanical testing setup, SEMentor, is comprised of a field-emission SEM
(Quanta200 FEG, FEI) and the DCM module of Agilent nanoindenter.25,26 A custom fabricated wedge tip (inset in bottom left) and the wire-bonded
device (inset in top right) are shown in the middle picture. The wires from the sample holder are connected to a Keithley source meter to perform the
electrical measurements. (b) A typical load-displacement curve obtained from nanoindentation shows hysteresis due to thermal drift. The attaching and
detaching of the indenter tip from graphene ribbons show a jump in the load due to the adhesion. The numerically labeled constant-load holds are used to
perform the electrical measurements. The inset shows the harmonic contact stiffness vs displacement with nearly identical curves during loading and
unloading. (c-h) A progressive time series of images taken from a single video taken during nanoindentation.
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tension σ2D ranges from 0.08 to 2.4 N/m, also in reasonable
agreement with previous reports.3

To probe the electromechanical response of graphene, we
measured the conductance while indenting the graphene ribbon.
Figure 3a shows the I-V characteristics under low bias condi-
tions, which were taken during the holds shown in Figure 2b. The
strain ε in graphene during the holds is ε = 2h2/l2. Interestingly,
no significant change in the conductance was observed up to the
strains of 1%, indicating the lack of a noticeable change in the
band structure of uniaxially strained graphene. On the basis of the

zoomed-in I-V curves, the conductance appears to decrease by
∼2% with 1% strain. In this study, five different samples were
measured, and the relative change in resistance, extracted by
linear fitting of the I-V curves, was found to be proportional to
strain, as shown in Figure 3b. The gauge factor extracted from
these curves was 1.9.

To further investigate the band structure of graphene under
strain, the electronic transport was measured by taking the highly
doped Si substrate as the back gate. Figure 3c shows the
conductance as a function of gate voltage Vg for different strains.
We find that our graphene ribbons can sustain up to 20 Vwithout
collapse. In addition to the load applied by the nanoindenter, the
back gate can also electrostatically introduce attractive force into
graphene ribbons. This force can be estimated as15

Fele ¼ ε0ε2lw

2ðd0 þ εd1Þ2
Vg

2 ð2Þ

where d0 = 100 and d1 = 200 nm are the thicknesses of the
remaining and etched SiO2. For the typical size of our samples,
this electrostatic force is estimated to be∼1� 10-7 N for 20 V,
which is 1 order of magnitude lower than the load applied by the
nanoindenter, and therefore, can be neglected during subsequent
calculations.

Unlike the I-V measurements, the transport in the gated
graphene ribbons shows a significant change during straining, as
shown in Figure 3c. On the basis of the device geometry, this
change could be due to the increased capacitance, as the
graphene is brought closer to the back gate. As shown in
Figure 3c, the minimum conductance of graphene does not
change significantly during the indentation, indicating that the
electronic properties are likely unaffected. All curves in Figure 3c
cross atVg = 0, further corroborating that the electrical properties
are unchanged. As the indenter tip pushes the graphene ribbon
toward the back gate, the gate capacitance increases, thereby
improving the gating efficiency, which is likely what we are
observing. The relative change in the gate capacitance can be
estimated by monitoring the conductance versus strain slope
changes (inset in Figure 3c). This change can also be calculated
from the displacement of the indenter (see Supporting In-
formation), shown by the red points in the inset of Figure 3c.
Since the calculated values are very close to the experiment data,
it is likely that the observed changes in the electronic transport as
a function of strain are due to the varying gate capacitance and
not to an alteration in the band structure.

To improve our understanding of the mechanical deformation
of graphene at the atomic level, we used extensive molecular
dynamics simulations to quantify the effect of indentation on the
local carbon lattice structure. Since the results of such simulations
depend critically on the interaction potential and, in particular,
on the accuracy of the in-plane phonon modes, we based our
simulations on the QMFF-Cx force field24 validated to reproduce
the mechanical and thermodynamic properties of graphite. The
force field was determined from first principles quantum me-
chanics (QM) without empirical parameters that would bias it
toward any particular set of experimental conditions. This last point
is critical, as it allows for the direct application of the force field to
other graphitic materials, under various thermodynamic conditions.
We test the applicability of QMFF-Cx for graphite by first calculat-
ing the mechanical properties at 0 K. We find that the Young’s
modulus (1092.7 GPa) and in-plane bulk compressibilities (0.023

Figure 3. Electrical measurements of uniaxially strained graphene:
(a) I-V measurement of strained graphene; (b) relative change of
resistance as function of strain; (c) electronic transport measurement of
strained graphene. The inset shows the relative change of the gate
capacitance from the experiment data (red) and a calculation (blue) as a
function of strain.
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1/GPa) are in good agreement with experiments (1020 ( 30
GPa and 0.026 1/GPa, respectively).

Our MD simulations indicate that the local graphene structure is
relatively insensitive to the indentation at the studied strains. From the
force-displacement curves (Figure 4a), we calculate Young’s mod-
ulus (463.1 N/m) in good agreement with the experimental values
of 335 ( 20 N/m. More importantly, we find a decoupling in the
bond stretch distributions (Figure 4c) during indentations: with the
bonds along the x direction (perpendicular to the indenter) stretched
(1.429Åf1.474Å)while thebonds along the ydirection (parallel to
the indenter) remain nearly constant (1.429 Å f 1.431 Å). Con-
versely, the angles (Figure 4d) in the y direction become smaller
(120�f 118.7�), while the angles along the x direction increase
(120� f 120.5�). A physical interpretation of these results
suggests a Poisson’s ratio υ of 0.18 (2.8% stretching along the
x direction and 0.5% shrink along the y direction), which is in
good agreement with the experimental value of 0.17.23

To investigate the effect of indentation on the electronic
structure of graphene, we performed a series of density functional
theory (DFT) calculations. First, we optimized the atomic posi-
tions and cell parameters of the smallest orthorhombic cell (four
atoms per unit cell along the armchair direction (x direction); cell
parameter along the zigzag direction (y direction) is identical to
the primitive cell) to fully release the internal stresses. Then we
stretched the graphene sheet along the armchair direction by
increasing the x directional cell parameter by ΔLx (up to 2%
strain). Meanwhile, we decreased the y directional cell parameter
by 0.17ΔLx tomodel the Poisson effect. We note that no band gap
opening was observed under strain. Bymonitoring the slope of the
Dirac cone from the band structure calculations, we obtained the
relative change of Fermi velocity (vF) under strain, as shown
Figure 4d.

By considering the unscreened charge impurities as the
dominated scattering source, which is fairly accurate due to the
e-beam-induced doping and associated resistance increase, the
resistivity is proportional to the inverse of square of Fermi
velocity, vF.

5 Further, the relationship between resistivity and
gauge factor for graphene can be expressed as

ΔR=R
ε

¼ 1þ vþΔF=F
ε

¼ 1þ v- 2
ΔVF=VF

ε
ð3Þ

On the basis of eq 3, the gauge factor of graphene can be
estimated as 2.4, comparable to our measurements, 1.9.

In summary, we performed in situ nanoindentation to induce
uniaxial tensile strain in suspended graphene devices and simul-
taneously measured the electronic transport properties. We find
the Young’s modulus to be∼335 N/m, consistent with previous
reports and our atomistic simulation results. The electrical
measurements indicate that the gauge factor of graphene is
∼1.9, which is comparable to the 2.4 predicted by simulations.
Our transport measurements reveal that a moderate uniaxial
strain is not capable of opening a band gap in graphene and does
not affect its carrier mobility. This result matches our first
principle-based MD simulations, as well as other theoretical
predictions. Our study shows that unlike many CMOS devices,
strain, which can be easily controlled through device fabrication
process, is not an effective means to alter electronic transport
properties in graphene.

’ASSOCIATED CONTENT

bS Supporting Information. Material contains sample fab-
rication details, stiffness of gold electrodes, gate capacitance, and

Figure 4. (a) Force loading curve as calculated by the MD simulations (red line) is fitted by eq 1 (black line). The indentation occurs along the y
dimension. (b) Estimated relative change of Fermi velocity vs strain while stretching graphene. (c) Bond length distribution after full loading of the
indenter (x/L = 0.1). The bond in the x dimension (perpendicular to the indenter) is stretched (1.429 Å f 1.474 Å) while the bonds along the y
direction (parallel to the indenter) remain nearly constant (1.429 Åf 1.431 Å). The equilibrium bond length distributions (black line) are shown as a
reference. (d) Angle bending distribution. Angles in the y direction (red) are compressed (120�f 118.7�) while the angles along the x direction (blue)
are stretched (120� f 120.5�) compared to the equilibrium angle distribution (black).
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the details for MD and DFT simulations. This material is
available free of charge via the Internet at http://pubs.acs.org.
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