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ABSTRACT: We use atomic force microscopy to image grain boundaries
and ripples in graphene membranes obtained by chemical vapor deposition. Nanoindentation measurements reveal that out-of-plane ripples
eﬀectively soften graphene’s in-plane stiﬀness. Furthermore, grain boundaries signiﬁcantly decrease the breaking strength of these membranes.
Molecular dynamics simulations reveal that grain boundaries are especially weakening when subnanometer voids are present in the lattice.
Finally, we demonstrate that two graphene membranes brought together
form membranes with higher resistance to breaking.
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T

he excellent mechanical properties of pristine graphene,
such as an extremely high in-plane stiﬀness (Young’s modulus) and high breaking strength,1 along with its unusual
electronic properties, make graphene an excellent material for
use in applications such as ﬂexible electronics2 and nanomechanical systems.3,4 Recent advances using chemical vapor deposition
(CVD) have paved the way for the production of single layer
graphene on technologically relevant scales. Large-area graphene
can be grown on metal surfaces and transferred to a variety of
substrates.510 Most notably, graphene growth on copper can be
limited to a single layer,8 enabling novel methods for batch
fabrication of graphene devices.1113 CVD graphene should be
an ideal material for mechanical device applications because in
theory, it combines practicality with the excellent mechanical
properties of exfoliated graphene.
However, recent work has shown that CVD graphene membranes are composed of multiple grains stitched together by lines
of atomic defects.14 In addition, strains induced during growth
and transfer processes cause out-of-plane rippling in free-standing membranes. The understanding of these eﬀects on the
mechanical properties of CVD graphene is still limited and is
critical to achieving the full potential of graphene in mechanical
applications. Here, we use atomic force microscopy (AFM) and
nanoindentation measurements and molecular dynamic simulations to study the eﬀect of these unique features on the mechanical properties of CVD graphene.
Our samples were made by transferring CVD graphene, grown
on copper foil, onto silicon nitride grids with arrays of prepatterned holes (Figure 1a). The transfer was done by spinning a
thin PMMA layer onto the copper foil and etching the metal
away with a ferric chloride aqueous solution.8 The resulting
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membrane is scooped into a series of rinsing water baths and
ﬁnally transferred to the target substrate. The yield is signiﬁcantly
increased if the PMMA layer is removed by baking the substrates in air avoiding the use of liquid solvents (Supporting
Information).13,14 The graphene sheets adhere well to the
supporting surface, which is important for the nanoindentation
measurements described later.
First, we characterize the topography and structure of the
CVD graphene membranes using AFM. Figure 2a shows the
topography of one suspended membrane, which is clamped on all
sides. The membrane appears taut at its edges, without the
presence of slack or major corrugations. Detailed imaging,
however, reveals that the membranes are rippled on the nanometer scale (Figure 2a, inset). The surface roughness of these
sheets is ∼3 nm (rms), with ripples measuring a few nanometers
in amplitude.
It is likely that the observed ripples in our membranes are the
result of a combination of factors inherent in the growth and
transfer process. CVD graphene is not ﬂat to begin with, as it is
grown on a copper substrate with surface roughness comparable
to that of the graphene membranes (36 nm, rms, Figure S1 in
the Supporting Information).15 This inherent nonﬂat topography could then in turn lead to rippling once the membrane is
transferred and subjected to the constraints imposed by the edges
of the holes in the supporting substrate. Nonuniform adhesion of
membrane to the edges of the holes16 could cause anisotropic
pretension and the irregular transfer process could cause shear
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Figure 1. (a) Schematic of substrate with arrays of suspended graphene
and (b) SEM image of high yield array of suspended graphene regions.
Scale bar: 2 μm. (Inset: optical image of a chip with two holey silicon
nitride membranes visible.)

Figure 3. (a) Consecutive indentation measurements taken at the same
location of a graphene membrane with side length ∼3.5 μm are shown.
Inset: schematic of the nanoindentation measurements. (b) Histograms
of 2D pretension and 2D eﬀective elastic modulus calculated from
similar force curves measured from 60 devices of the same dimensions.
(c) Plots of 2D pretension and eﬀective elastic modulus vs position
measured from a graphene sheet. They stay nearly constant, even across
grain boundaries. Data points were taken along the dashed lines in the
AFM phase image shown. Scale bar: 100 nm. (d) Model illustrating a ﬂat
and a rippled graphene cross section. The springs have a spring constant
ki representing graphene’s intrinsic elastic modulus. However, ﬂattening
ripples, which have a much smaller spring constant kr, requires less
energy than stretching the membrane.

Figure 2. (a) AFM height and (b) phase tapping mode images of a
suspended graphene membrane, with grain boundaries clearly visible in
the phase image. A region in the image in (a) is shown enlarged in the
z direction (height) to accentuate the rippling in graphene. Scale bar:
500 nm.

strain, all of which may result in wrinkling in the membrane. For
instance, a shear strain as small as 0.5% would result in ripples
with a ratio of amplitude to wavelength comparable to the one we
have observed in our membranes.17,18 Furthermore, thermal
cycling has been shown to cause corrugations in graphene and
graphene oxide membranes.19,20 We expect that some inward
slipping due to graphene’s negative thermal expansion coeﬃcient
will further aﬀect the ﬁnal topography of our membranes without
bringing them to a fully relaxed state. Finally, the presence of
grain boundaries and defects is predicted to induce topography
changes in fully suspended graphene, although perhaps to a lesser
extent.21,22 Further experiments would be required to determine
the exact origin of the ﬁnal topography of our membranes,
but such experiments would be diﬃcult with the current membrane fabrication techniques. However, the presence of wrinkles
and their eﬀect on the membrane mechanics, described below,

highlight some of the general challenges that will be encountered
when designing and fabricating devices with free-standing single
layer graphene, including the large array mechanical resonators
recently reported.13
Figure 2b shows a phase image of the same regions as
Figure 2a. Strikingly, phase imaging reveals thin lines in the
suspended membranes, which are barely visible in height images.
By direct correlation with STEM and DF-TEM imaging14 (see
also Figure S5 in the Supporting Information), we identify these
features as graphene grain boundaries. STEM and electron
energy loss spectroscopy (EELS) characterization of these
membranes have identiﬁed nanoparticles (mostly iron oxide
originating from the FeCl3 based Cu etchant) and amorphous
carbon adsorbed at the grain boundaries.14 These surface adsorbates are likely responsible for the contrast in phase images.
These imaging details allow for spatially resolved nanoindentation measurements with respect to the location of the graphene
grain boundaries.
We performed a series of nanoindentation measurements to
measure the mechanical properties of graphene membranes.
Figure 3a shows forcedeﬂection curves obtained by pushing
the AFM tip down onto the graphene membrane. From the
measured vertical position of the AFM cantilever, and the tip
deﬂection one obtains the distance that the graphene membrane
deﬂects under a given force (Figure 3a, inset). We calculate the
membrane’s pretension as well as its eﬀective 2D elastic modulus
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from these force curves, using the expression
a
F ¼ 2πσd=ln þ EðqdÞ3 =a2
r
Here, σ and E are the 2D pretension and 2D eﬀective Young’s
modulus, respectively. The parameters, d, a, and r, are the vertical
deﬂection, the membrane’s radius, and the radius of the AFM tip,
respectively. Finally, q (which is roughly 1.02)1 is a function of
Poisson’s ratio. Our model diﬀers slightly from the one described
by Lee. et al.1 by taking the size of the indenter into account in the
linear term of the equation.16,23 From similar measurements
taken on 60 membranes, we ﬁnd an average eﬀective 2D elastic
modulus of 55 N/m with a large fwhm distribution of ∼50 N/m
(Figure 3b). Our average value is a factor of ∼6 smaller than the
intrinsic elastic modulus of graphene.1 We also ﬁnd an average
pretension of 0.085 N/m, in good agreement with the mechanical resonance frequencies found in similarly fabricated devices
(Supporting Information).13 As shown in Figure 3a, reproducible
curves are obtained when performing repeated measurements on
the same spot. Complete membrane failure is observed in the last
force curve in Figure 3a, where a weakened mechanical response
is followed by a sudden drop in the force exerted by the tip. Not
only are measurements reproducible at the same location, but
they also remain approximately constant over a large area. As
shown in Figure 3c, the 2D pretension and the eﬀective elastic
modulus do not vary signiﬁcantly when crossing a grain boundary
and many graphene ripples. Thus, grain boundaries and ripples
do not locally aﬀect the elastic response of the graphene
membranes within the limits of our measurements.
We believe that the ripples play a role in the softening of CVD
graphene membranes, as previously suggested.24 To illustrate
this, we consider a rippled membrane with negligible bending
rigidity. Such a membrane would appear to stretch when subject
to an indentation measurement, as its ripples in a given direction
ﬂatten out (Figure 3d). In graphene, the bending energy can be
neglected for the case of the typical ripples observed on our
samples;25 the force required to ﬂatten out its ripples is considerably less than the force needed to cause in-plan stretching of
this membrane. We can approximate a typical height proﬁle
across a rippled graphene membrane 3.5 μm in diameter by a
sinusoidal function A sin(2πx/λ), with amplitude A of ∼2 nm
and wavelength λ of ∼70 nm. If subject to vertical indentation,
ripples along this direction would only completely ﬂatten out for
vertical deﬂections d > 200 nm, which is comparable to the
maximum deﬂections we reached in our measurements. Thus, we
expect ripple ﬂattening to occur throughout the indentation
cycle. The ﬁnite eﬀective spring constant of these ripples, and
consequently the overall mechanical response of these membranes, will be determined not only by graphene’s intrinsic bending
modulus but also by the ripple structure and boundary conditions under a given stress ﬁeld.
As we have previously reported,14 mechanical failure of CVD
graphene typically occurs at the grain boundaries at vertical loads
1 order of magnitude lower than those in exfoliated graphene.1
To better understand the eﬀect of grain boundaries on graphene’s breaking strength, we perform spatially resolved nanoindentation measurements, where the vertical load attained before
membrane failure is recorded as a function of tip position.
Figure 4a shows a histogram of the breaking loads of 29 graphene
membranes, directly on top of grain boundaries and at average
distances 300 nm away from a boundary. The average breaking
loads, on and away from a grain boundary, are ∼50 and

Figure 4. (a) Breaking load histograms for force measurements performed at a grain boundary or away from a grain boundary (on average,
300 nm from a grain boundary). (b) Height and phase AFM images
show the region before and after an indentation measurement performed near a grain boundary (at the location indicated by the circle). As
seen in the phase image (bottom) graphene tears along a grain boundary.
Scale bars: 150 nm. (c) MD simulations of the eﬀect of a void on the
strength of a small bicrystalline graphene sheet, varying its position with
respect to a grain boundary. Inset: Schematic of model for the simulations for bicrystalline graphene with a void. (d) MD simulation of
decreased breaking strength due to shearing in the presence of a grain
boundary, as shown in the inset.

∼120 nN, respectively. Figure 4b shows images of a region in
a graphene membrane with a grain boundary before and after
indentation. The weakening eﬀect of grain boundaries can be
directly visualized in these AFM images, where tears in the
membrane can be seen to follow the direction and path of a grain
boundary.14 Once tearing in a membrane starts, a process
analogous to unzipping can occur if this tearing happens at a
grain boundary.
From indentation measurements performed at grain boundaries, we estimate the upper bound for the in-plane breaking
stress to be ∼35 GPa, on the majority of membranes. For this
estimate we assume that membrane failure starts directly under
the indenter and we use the expression
rﬃﬃﬃﬃﬃﬃﬃﬃﬃ
FEint
σmax ¼
4πr
Here, F is the vertical breaking force, Eint is the intrinsic 2D elastic
modulus of graphene, and r is the radius of the indenter.1,26
However, a recent theoretical study predicts the in-plane breaking stress for polycrystalline graphene to be in the range of
50100 GPa, depending on the type of grain boundary.27 The
discrepancy in the breaking stress in our membranes with these
theoretical predictions suggests that grain boundaries alone are
not responsible for the small breaking forces in our graphene
membranes. Molecular dynamics (MD) simulations on a
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simpliﬁed system, undergoing uniaxial strain, shed some light on
this issue (Supporting Information).
We considered an alteration to existing theoretical models,
including voids into a bicrystalline model, which may further
lower the breaking strength closer to the experimentally measured values. Our model membrane is illustrated in Figure 4c, for
a graphene grain boundary with misorientation angle of 21.8.
First, the distance between a void and a grain boundary is varied
(d = 0, 5, 10, and 15 Å); Figure 4c shows the corresponding
stressstrain curves. For comparison, we also plotted the
stressstrain curve for a pure grain boundary system. When
such a void lies exactly along the grain boundary, the maximum
stress is reduced about 15%, while voids near but not on the grain
boundary have only a minute eﬀect on graphene’s mechanical
strength. Additional voids along the grain boundary will further
decrease the failure stress of the membrane (Figure S7, Supporting Information), likely increasing the probability that unzipping
along a grain boundary will occur. Not surprisingly, the eﬀect of
void size is even more pronounced in reducing the strength of
bicrystalline graphene (Figure S7, Supporting Information). In
short, the possible existence of diﬀerent voids in graphene could
couple with the grain boundaries formed by ﬁve to seven member
pairs, strongly decreasing CVD graphene’s mechanical strength.
However, the loading conditions at the grain boundaries
during AFM indentation are not a pure tension problem, since
grain boundaries will often be oriented at an angle with respect to
the radially directed tension induced by indentation, resulting in
shear of the grain boundaries (Supporting Information). We
performed additional simulations to consider shearing, which is
also present in AFM indentation experiments. The same grain
boundary structure is used, applying a pure shear instead of tension,
as shown in Figure 4d. Interestingly, the eﬀect of shearing is
signiﬁcant and can cause additional weakening of graphene in the
presence of grain boundaries. To further investigate this important
role played by shearing loads, we implemented a slightly more
complex and realistic model (Figure S8d, Supporting Information),
containing four grains with random misorientation angles. We
observed that the fracture starts from a boundary lying at an angle
with respect to the tensile direction; under the combined eﬀect
of shear and tensile loads, this grain boundary tears before others.
Thus, grain boundaries appear to be especially vulnerable to complex load conditions which include a shear component. Together,
our experimental and theoretical results suggest that an unzipping
process at the grain boundaries can occur for loads smaller than
those required to break a pristine grain boundary.
Despite its high throughput in fabrication, the reduced breaking strength in CVD graphene can be undesirable for some
applications. Here we demonstrate a possible approach to make
stronger CVD graphene membranes. We created double layer
membranes by simultaneously transferring a PMMA/graphene
layer onto both sides of a nitride grid (Figure S3, Supporting
Information) and then removing PMMA as previously described.
This results in a double layer over the holes in the nitride grid
(Figure 5a,b). We measured the resulting membranes and found
that the eﬀective 2D elastic modulus measured is roughly
doubled compared with results from single layer graphene. We
also observed that the strength of the resulting structure increased accordingly. For 13 double-layer graphene samples
studied, we found an average breaking force of 230 nN, roughly
twice the breaking force of single layer graphene which undergoes indentation away from grain boundaries. One interesting
observation in these double layers was the overall mechanical
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Figure 5. (a) Cross section schematic of single layer graphene (SLG) and
double layer graphene (DLG) on a silicon nitride grid. (b) AFM height
images of a single layer graphene membrane and a double layer graphene
membrane. A single layer graphene membrane lies ﬂatter on the surface of
the grid (edge of suspended region indicated by dashed line). Scale bars:
2 μm. (c) Force curves for single and double layer graphene, indicating the
increased breaking force resulting from the strengthening addition of a
second layer. Average breaking forces for a double layer and single layers
are also shown. (d) Scanning electron micrographs of partially broken
double layer graphene membrane. The “zebra-like” white lines are caused
by residues of the wet transfer process, likely trapped between the two
graphene layers. Scale bars: 2 μm (left) and 1 μm (right).

resilience of the membranes during fabrication and indentation
measurements. Initial breakages in these double layer membranes, are not immediately followed by complete failure, in
contrast to single layer membranes. This can be directly seen
when one of the layers starts tearing (Figure 5d), as the other
layer will continue to provide structural support for the rest of the
membrane (in the scanning electron micrographs, darker shades
indicated by the arrows are single layer, and in the black regions
both graphene layers are missing). Because of this additional support,
the double layer membranes were more likely to survive the fabrication process. This was observed in a signiﬁcantly increased yield for
large suspended bilayer membranes compared to single layer membranes of the same size (Figure S3c, Supporting Information).
While we found that CVD graphene membranes behave
diﬀerently than those fabricated with exfoliated graphene, our
results suggest that controlling the ripple structure, either during
the graphene growth or through external shear control, could be
used as a knob to change a membrane’s out of plane stiﬀness.
Furthermore, improved synthesis techniques for producing graphene
membranes with larger grain size14,28 will prove critical for
achieving CVD graphene with high breaking strengths. Novel
applications for graphene would greatly beneﬁt from this progress, which can be assessed with these mechanical characterization techniques. CVD graphene membranes could be used,
among some examples, as nanomechanical mass sensors, in
ﬂexible and transparent electronic devices, or as atomically thin
separation windows to isolate diﬀerent environments.
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