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R
ecently, two-dimensional (2D) layered
materials have attracted great inter-
est for their intriguing properties. The

2D thin membranes such as graphene,1,2

Bi2Se3,
3 and MoS2

4 have been fabricated
via various methods including mechanical
exfoliation from bulk materials,5 chemical
vapor deposition (CVD),6 and molecular
beam epitaxial.7 Many novel properties of
the 2D membranes have been accordingly
demonstrated. Particularly, the mechanical
properties are primarily important to the
fabrication of reliable functional devices
and thus have attracted extensive atten-
tion.8�12 Nanoindentation measurements
performed by atomic force microscopy
(AFM) have been widely used to acquire
the elastic and fracture properties of nano-
materials such as carbon nanotubes,13,14

silicon nanobeams,15 gold nanowires,16

ZnO nanobelts,17 etc., due to its ultrahigh
spatial resolution and down to the piconew-
ton force level.18 Lee et al. first introduced
this technique to measure the intrinsic

properties of mechanical exfoliated grap-
hene.8 The mechanical properties of the
CVD graphene membranes9 and mono-
layer MoS2

12 have also been investigated
using the similar nanoindentation method.
Although this method has been widely
employed to study the mechanical proper-
ties of ultrathinmembranes, the reliability of
the data processing procedure has never
been discussed quantitatively. As reported
by Lee8 et al., a nonlinear force-displacement
dependence was proposed to derive the
Young'smodulus. Tofit the force-displacement
curve, the zero-displacement point (ZDP)
needs to be determined in advance
approximately.8,19 However, the approxi-
mate determination of the ZDP may cause
additional uncertainty for the analysis of
the nonlinear force-displacement curve.
On the other hand, previous indentation
measurements of CVD graphene show that
wrinkles can effectively soften the in-plain
stiffness of graphene, and the existence
of grain boundaries and voids leads to a
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ABSTRACT The mechanical properties of ultrathin membranes have

attracted considerable attention recently. Nanoindentation based on

atomic force microscopy is commonly employed to study mechanical

properties. We find that the data processing procedures in previous

studies are nice approximations, but it is difficult for them to illustrate

the mechanical properties precisely. Accordingly, we develop a revised

numerical method to describe the force curve properly, by which the

intrinsic mechanical properties of these membranes can be acquired.

Combining the nanoindentation measurements with the revised numer-

ical method, we demonstrate that loading�unloading cycles under large

load can lead to a pronounced improvement in stiffness of graphene grown by chemical vapor deposition (CVD). The Young's moduli of the stretched CVD

graphene membranes can be improved to∼1 TPa, closing to the value of the pristine graphene. Our findings demonstrate a possible way to recover the

exceptional elastic properties of CVD graphene from the softened stiffness caused by wrinkles.
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significant decrease of breaking strength.9 Therefore,
the growth of high quality graphene with large grain
size20 and exaltation of its stiffness are crucial for its
mechanical applications.
Here we report that different selections of ZDP

can significantly affect the yielded Young's moduli of
CVD graphene membranes using the nanoindentation
method, and thus it is particularly important to deter-
mine the ZDP precisely. Accordingly, we develop
a modified numerical analysis method, which can
determine the ZDP precisely and reveal the intrinsic
properties of the membrane properly. Combining
the nanoindentation measurements with the revised
numerical method, we demonstrate a pronounced
improvement in stiffness of CVD graphene by stretch-
ing the membrane with the AFM tip in repeating
displacement controlled loading�unloading cycles.
The maximum Young's modulus of the stretched
CVD graphene can be improved to ∼1 TPa, which is
comparable to the value measured from the pristine
graphene membrane by Lee et al.8 An increase of
the surface area of the suspended membrane after
stretching is also found, which may be ascribed to
the flattening of wrinkles and thus resulting in the
improvement of stiffness. Our results demonstrate a
possible method to recover the exceptional elastic
properties of CVDgraphene from the softened stiffness
caused by wrinkles.

RESULTS AND DISCUSSION

Large area uniform monolayer CVD graphene was
grown on a copper foil6 and transferred onto a silicon
substrate21 with arrays of circular holes to create free-
standing graphene membranes. Figure 1a shows the
topography image of a typical suspended membrane
measured by AFM. Figure 1b is a scanning electron
microscope (SEM) image of the transferred graphene,
which verifies a relatively high yield of the graphene
membranes on the holes. Raman spectroscopy was
used to confirm that the CVD graphene was the nature
of monolayer and with low defects,22 as shown in
Figure 1c.
For each suspended graphene membrane, the to-

pography image was first acquired by the tapping
mode of AFM. Then the center of the membrane was
closely located right beneath the tip by zooming in,
followed by the vertical loading with the tip.8 Sche-
matic diagram of the nanoindentation method is
shown in Figure 2. The f�Z curves of the membrane
were recorded, where f is the measured force and Z is
the vertical position of the tip relative to the substrate.
Details of the force curve measurement and data
processing are discussed in the Materials and Methods
section. Note that here the deflection of themembrane
is denoted as δ, as shown in Figure 2.
The monolayer graphene suspended above a cir-

cular hole can be considered as an isotropic elastic

membrane, and is firmly attached to the substrate
along its perimeter and thus is treated as a clamped
membrane with pretension. When a point load is
applied at the center of the hole, the force-displacement
curve of the membrane can be described as8

F ¼ (σ2D
0 π)δþ E2Dq3

a2

 !
δ3 (1)

where F and δ are the point load and the displacement
of the membrane at the center, respectively, σ0

2D is the

Figure 1. (a) AFM image and line profile on the dashed line
of a suspended monolayer CVD graphene membrane. The
hole is 2.2 μm in diameter (scale bar, 500 nm). (b) SEM image
of the transferred graphene membranes. The dark hole
represents the broken membrane. (c) Raman spectrum of
one suspendedmonolayer graphenemembrane. TheD peak
is almost invisible, indicating relatively low defect content.
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prestress, E2D = E 3 h is the 2D Young's modulus with
the thickness of h, q = 1/(1.05 � 0.15ν � 0.16ν2) is a
constant where v is the Poisson's ratio of the mem-
brane, and a is the radius of the hole. In our measure-
ment of CVD graphene, we take h = 0.335 nm, q = 1.02,8

and a ≈ 1.1 μm.
To use eq 1 to fit the data, a determination of the

actual value of the load F and displacement δ accord-
ing to the f�Z curve measured by AFM is needed.23

During the AFM tip approaching process, the tip will be
pulled downward to the sample slightly due to van der
Waals interaction.24 At the starting line, the measured

force f is defined as zero, but the real force applied
on the tip is actually not zero due to the tip�sample
interaction. Therefore, the zero-displacement point,
where δ and F should be zero, has to be determined
in advance. The ZDP actually corresponds to a value
of the measured force f0 and the associated vertical
position of the tip δ0 on f�Z curve. Lee et al. had
noticed this problem and developed a method to
determine the ZDP.8 After the tip makes contact with
the sample, the force�time curve shows a linear
behavior at very early stage, and Lee et al. assumed
that the middle point of the linear part was the ZDP.
The tip was first bent downward to make contact with
the sample and later bent upward to apply a point
load,24 therefore the ZDP should be within this part.
This method is a nice approximation for determination
of the ZDP, but is not able to decide the ZDP precisely.
Besides, as shown in their results, the unavoidable
scattering of data makes it difficult to decide which
part should be defined as the linear part, which also
affects the determination of the middle point. We
estimated that the ZDP will have an uncertainty of
several nanometers in their method, which we find can
greatly affect the yielded Young's modulus.
We then quantitatively discuss how the selection of

the ZDP will affect the mechanical properties. We first
performed indentationmeasurements on a suspended
CVD graphene membrane and acquired a typical f�Z

curve, as shown in Figure 3a. The red data points in the

Figure 2. Schematic diagram of the nanoindentationmeth-
od. During an indentation, the sample stage moves up to
make the membrane contact with the tip, and the AFM
cantilever is deflected upward to apply the downward load
F on the membrane. Z is the vertical position of the tip
relative to the substrate. The place of the tip where it has
largest distance with the sample is defined as the starting
line, where Z = 0. The distance between the starting line and
the membrane is δ0, and δ represents the displacement of
the membrane.

Figure 3. (a) A typical curve of force versus vertical position of the tip measured in a nanoindentation. Inset: red spots
represent all the data points in the initial linear regime. (b) Selecting one point in the linear part as ZDP to form the curve of
load versus displacement. Red line is the fitting according to eq 1. (c) The f�Z curve is fitted by eq 3 directly using the data
acquired after the tip made contact with the membrane. (d) Comparison of the yielded Young's modulus by fitting the same
part of data from the f�Z curve using eq 1 (black square) and eq 3 (red circle). The horizontal axis represents the Z value of the
starting point of the selected data used for fitting. The red line E = 540 GPa represents the mean value of all the yielded
Young's moduli fitted by eq 3.
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inset of Figure 3a represent the linear part. We chose
each data point of the linear part as the ZDP to fit the
data using eq 1 to show how the different selections of
ZDP affect the yielded Young's modulus. Figure 3b
shows a typical F�Z curve obtained by selecting one
point in the linear part as ZDP and the fitting of the
experiment data by eq 1. The results are shown as black
squares in Figure 3d. The horizontal axis of Figure 3d
represents the Z value of the selected ZDP and the
vertical axis represents the yielded Young's modulus
of the fitting. The Young's moduli range from 417 to
935 GPa. Note that all the Young's moduli were de-
duced from the same raw data. The result indicates
that the Young's modulus is extremely sensitive to the
selection of the ZDP in this method. Only 1 nm change
in the vertical position of the selected ZDP will lead
to ∼10 GPa difference in yielded Young's modulus.
As shown in Figure 3d, the (25 nm uncertainty of the
ZDP selection leads to ca.(20% uncertainty in deflec-
tion, and the Young's modulus would have ca. (60%
uncertainty. The possible reason for such a result is that
a small uncertainty of deflection would lead to tripled
amount of uncertainty in Young's modulus according
to the cubic term in eq 1.
To solve this problem, we developed a revised

numerical method to determine the ZDP precisely.
If the force f0 and position δ0 of the ZDP are treated
as the unknown parameters of the f � Z curve, eq 1 is
rewritten as

f � f0 ¼ k1(Z � δ0)þ k2(Z � δ0)
3 (2)

where k1 = σ0
2Dπ, k2 = E2Dq3/a2 and δ = Z� δ0, F = f� f0.

Then the part of f�Z curve which was gathered after
the tip makes contact with the sample can be de-
scribed as

f ¼ (f0 � k1δ0 � k2δ0
3)þ (k1 þ 3k2δ0

2)Z � (3k2δ0)Z2 þ k2Z
3

(3)

Taking f0, k1, k2, and δ0 as free parameters, fitting the
f�Z curve using eq 3 gives precise values of f0 and δ0,
and obtains the ZDP accurately. The prestress σ0

2D and
two-dimensional Young's modulus E2D are directly
calculated from the fitted values of k1, k2. Figure 3c
shows the fitting of the f�Z curve according to the
eq 3. The revised formula eq 3 fits nicely to the experi-
ment data. In this revisedmethod, rather than to select

the ZDP manually, the ZDP is deduced directly by
fitting the curve using eq 3. Theoretically, all the data
after the contact point should follow eq 3. To clarify
whether a different selection of data points will affect
the calculated Young's modulus using the modified
method, each data point in the linear part of the f�Z

curve is selected as the starting point of data to fit using
eq 3. The results are shown as red circles in Figure 3d,
which indicate that the yielded Young's moduli is
540 ( 33 GPa with an uncertainty of only 6.3%.
Obviously, our revised method is convenient and
rigorous, since the ZDP is no longer needed to be
selected prior to the fitting. Expendably, our method
is also suitable to study the mechanical properties of
various ultrathin membranes that exhibit nonlinear
force-displacement curves.
On the basis of the proper description of the me-

chanical properties as discussed above, we will study
the stretching behavior of CVD graphene in the next
part. The softened elastic response of CVD graphene
has already been observed,9 where the CVD graphene
membranes were loaded within 200 nN and broke at
that load. Considering that such a load is relatively
small, the mechanical properties of the CVD graphene
under a large load are still not clear. In our experiments,
we observed that some of our membranes were able
to suffer a large load. Therefore, it is worth examining
the stiffness of the membrane experiencing loading�
unloading cycles with large strain. We first stretched
the membrane for several times to the same displace-
ment to see the mechanical response variation. If the
membrane could sustain such strain, we then gradually
increased the load until the membrane fractured, and
recorded the fracture force. Data of 47 free-standing
CVD graphene membranes were recorded using the
nanoindentation method. Histograms of the mechan-
ical properties of these membranes are shown in
Figure 4. All the membranes can be roughly grouped
into two kinds. The first kind is the relatively weak
membrane, which fractured in the first or second
indentation test under a small load. The weak mem-
branes have low stiffness and small fracture force,
represented by the first peak in Figure 4a and the left
part of Figure 4c. Sometimes this kind of membrane
fractured between two consecutive indentations, and
no fracture force was recorded. The second kind of

Figure 4. Histograms of (a) Young's modulus, (b) pretension, and (c) fracture force of the CVD graphene membranes. All the
data were obtained by nanoindentation measurements of 47 membranes. The Young's modulus and pretension were
calculated by fitting f�Z curve using eq 3.
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membrane can be repeatedly loaded. Most of the
strong membranes fractured at a force of 2�3 μN.
They have higher stiffness and a larger fracture force
than those in the first kind, indicated by the second
peak in Figure 4a and the right part of Figure 4c.
For the stronger membranes, we observed that by

repeated stretching, the stiffness of themembrane can
be enhanced. The Young's modulus of the membrane
will gradually increase during consecutive indenta-
tions. Figure 5a shows a typical set of load versus

displacement curves for a membrane, and the inset
shows the gradual enhancement of the Young's mod-
ulus. The monolayer CVD graphene membrane was
first repeatedly loaded for 6 times with the same
displacement, and finally indented to fracture. For
the first indentation, a slight slip occurred at the
applied force of 290 nN. The yielded Young's modulus
of this indentation was ∼550 GPa. After that, the
second-fourth indentations showed a stiffer behavior,
and the Young's moduli were all nearly 710 GPa. Next
two indentations showed even stiffer response with
a Young's modulus up to 750 GPa. Finally, we indented
the membrane to failure, and this curve shows a
Young's modulus of ∼800 GPa. For this membrane,
∼47% improvement in stiffness was observed. In all,
10 membranes in our experiments have shown such
behavior, as shown in Figure 5b. A pronounced stiff-
ness improvement of these membranes, ranging from
22% to 101%, suggested that stretching can improve
the stiffness to a great extent.
To elucidate the mechanism of the stiffness en-

hancement and to directly detect how the membrane
behaves after being stretched, we measured its mor-
phology before and after indentation. We first mea-
sured the topography of a membrane, followed by
stretching themembrane under a small load (∼100nN)
to confirm whether it could be repeatedly loaded or
not. Then the topography after unloading was mea-
sured. Next, we repeatedly stretched themembrane by
large load (∼1000 nN), and the stiffness enhancement
of the membrane could be observed. At last we
measured the topography to see the change in mor-
phology after stretching. Figure 6 shows the morphol-
ogy change of one typical membrane. Three pictures
demonstrate the initial topography, topography
after small load (∼100 nN), and topography after large
load (∼1000 nN), respectively. Direct comparison of
the line profile at the same place before and after
indentation clearly shows the change in morphology

Figure 5. Improvement in the stiffness of the graphene
membrane by stretching. (a) Seven consecutive load versus
displacement curves of one membrane. A minor slip can be
observed from the curve offirst indentation. Inset shows the
gradual increase of the Young's modulus. (b) Stiffness
enhancement of 10 graphene membranes. Each column
represents one membrane. The blue part is the initial
Young's modulus of the membrane, and the green part is
the enhancement amount after stretching.

Figure 6. Morphology change of a typical membrane before and after indentation. The line profiles are extracted from the
dashed lines in the AFM images. (a) Initial membrane. (b) Membrane measured after indentation cycles with small load. (c)
Membrane after indentation cycles with large load. Scale bars, 500 nm.
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(Supporting Information, Figure S4a). As shown in
Figure 6, the origin membrane shows that the mem-
brane adheres to the wall of the hole in the perimeter,
and the middle part is relatively flat. The overall RMS
roughness of this image with area of 2.5 � 2.5 μm2 is
2.33 nm. After loading�unloading by small force, the
membrane shows increased overall RMS roughness of
3.37 nm. Under large load, the morphology of the
membrane changes greatly. The membrane exhibits
a large fluctuation up to ∼35 nm in amplitude and an
overall RMS roughness of 6.86 nm. All the RMS rough-
ness values were calculated according to the whole
image. Previous experiments showed that nanoinden-
tation will not cause sliding in the periphery.8 By
comparing the positions of small particles around the
hole, we could not find any evidence of membrane
sliding. Therefore, it can be concluded that the surface
area of the suspended membrane was increased after
stretching. Another tested membrane also showed
similar behavior (Supporting Information, Figure S3).
Nevertheless, the overall RMS roughness values repre-
sent the overall flatness of the images, but not the local
surface roughness of the membrane. Therefore, we
selected 150 � 150 nm2 area to calculate the local
surface roughness of themembranes, and the positions
of these areas are marked by white squares in Figure 6.
The local RMS roughness values of the selected area in
the initial membrane, the membrane after small load,
and the membrane after large load are 1.12, 1.04, and
0.95 nm, respectively. Without the influence of large
fluctuations, the results demonstrated that the local
surface roughness of the membrane was slightly re-
duced after stretching. The enlarged graphene surface
area and reduced local surface roughness induced by
loading�unloading cycles may suggest that the wrin-
kles of the membrane could be flattened due to large
strain. As discussed by Ruiz-Vargas et al.,9 for CVD
graphene, unavoidable wrinkles will be introduced
during growth and transfer procedures, and these
wrinkleswill soften the stiffness of graphene. Therefore,
it is reasonable to ascribe the observed stiffness en-
hancement to the flattening of the wrinkles of the
graphene membrane after stretching.

We also note that the membranes look almost
buckled after larger indentations (Figure 6c and Sup-
porting Information, Figure S3c). We believe that the
buckling of graphene membranes after stretching
does not contribute to the observed stiffness enhance-
ment. The depression of thewrinkles under a large load
led to the surface area enlargement of the membrane.
After the tip detached from the membrane, the small
residual stress of the membrane would spontaneously
form the buckling due to the confinement of the
boundary in the periphery, since the surface area of
graphene is slightly larger than the hole. With the fact
that such a structure is spontaneously formed due to
small strain, the morphology could be easily changed
with a small load. Previous simulations also indicate
that warping will be suppressed by small initial elastic
stretch.25 Therefore, during nanoindentation, the buck-
ling of the membrane will be flattened at the initial
stage and will not affect the calculated stiffness of the
membrane. Therefore, the strong buckling of themem-
brane plays a negligible role in the Young's modulus
measurements.

CONCLUSIONS

We apply the nanoindentation method based on
AFM to study the mechanical properties of CVD gra-
phene, and find that it is particularly important to
determine the zero-displacement point of the force-
displacement curve precisely. We developed a mod-
ified numerical method to decide this point precisely,
which allows us to investigate the intrinsic mechanical
properties of the graphene membranes. This revised
method may also be suitable for other ultrathin mem-
branes that have similar mechanical properties with
graphene. Stretching experiments of CVD graphene
show that loading�unloading cycles could lead to an
increase in the surface area of the suspended mem-
brane, which may be attributed to the flattening of
wrinkles. Our results therefore present a possible way
to improve the stiffness of CVD graphene via loading�
unloading cycles. This finding would be particularly
helpful for designing nanodevices based on CVD
graphene, such as large-scale graphene resonators.26

MATERIALS AND METHODS

Growth of CVD Graphene. Our monolayer graphene was grown
using the CVDmethod,6 on a 25 μm thick 99.8% copper foil in a
tube furnace with CH4 (35 sccm) and H2 (2 sccm) as the sources,
at a vacuum of 500 mTorr and at 985 �C for 20 min. During the
growth process, the gas was continuously introduced to protect
the sample until the temperature decreased to less than 100 �C.

Graphene Wet Transfer. Frist, a thin layer of poly-(methyl
methacrylate) (PMMA) was spin-coated onto one side of the
copper foil. The graphene on other side was then etched by air
plasma with a flow rate of 15 sccm and power of 30 W for 10 s.
Then the flake was floated in ferric chloride aqueous solution
to etch away the copper foil. After rinsing the graphene/PMMA

film in deionized water for three times, the PMMA/graphene
film was finally transferred onto the silicon substrate with arrays
of circular holes fabricated by photolithography patterning
followed by ICP-RIE etching. PMMA was later dissolved using
acetone. Instead of directly pulling the samples out of acetone,
we used a small box to take the substrate out of the acetone and
put it into isopropyl alcohol, which allowed the substrate to be
immersed in the solution during the procedure. This method
nicely prevented further destruction due to the acetone surface
tension while drying.27

Characterization. Tomeasure the depth of the holes, the holes
were half cut by focused ion beam. The diameter of ∼2.2 μm
and depth of∼5 μm of the holes were measured via SEM. After
the graphene membranes were transferred on to the substrate,
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we used SEM to confirm the coverage. Topography images of
the free-standing membranes were measured in the tapping
mode of AFM.

Force Curve Measurement and Data Processing. The force curves
were measured by a scanning probe microscope system
(SPI3800N, Seiko Instruments Inc., Japan). After the topography
image was obtained, we changed the sample's XY position to
locate the membrane's center right beneath the tip and per-
formed nanoindentation measurement. We used nanosensors
DT-NCLR-10 silicon cantilever with polycrystalline diamond coat-
ing to perform these nanoindentation measurements. The can-
tilever spring constant was 27 N/m, which was calibrated by the
Sader method.28 During an indentation, the sample moved up
vertically tomake contact with the tip anddeflect themembrane
according to the presetting upper/lower limits of z-piezo exten-
sion. In this procedure, only the change of the z-piezo extension
and the change of cantilever deflection could be measured.
The value of z-piezo extension and cantilever deflection at the
starting line were automatically defined to be zero by the
machine. Displacement controlled loading�unloading cycles
were used to stretch the graphene membrane with the AFM
tip. The measured force f was calculated by multiplying the
cantilever deflection by the spring constant. A set of raw data of
the measured force versus z-piezo extension were now available
for further data processing. The value of Z was further obtained
through subtracting the cantilever deflection from the z-piezo
extension.8 A f�Z curve was finally acquired. After the tip made
contact with themembrane, the displacement of themembrane
in the middle could be acquired from the change of Z value.
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