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ABSTRACT: The remarkable mechanical properties of graphene, the thinnest, lightest, and strongest material in existence,
are desirable in applications ranging from composite materials
to sensors and actuators. Here, we demonstrate that these
mechanical properties are strongly aﬀected by the interaction
with the substrate onto which graphene is deposited. By
measuring the temperature-dependent deﬂection of graphene/
substrate “bimetallic” cantilevers we determine strain, thermal
expansion coeﬃcient, and the adhesion force acting on graphene ﬁlms attached to a substrate. Graphene deposited on silicon nitride (SiNx) is under much larger strain, εg ∼ 1.5  102,
compared to graphene on gold (Au), εg < 103. The thermal expansion coeﬃcient αg of graphene attached to SiNx is found to be
negative, in the range from ( 5...  1)  106K1 and smaller in magnitude than αg of suspended graphene. We also estimate the
interfacial shear strength of the graphene/SiNx interface to be ∼1 GPa at room temperature.
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raphene, a two-dimensional carbon allotrope, features a
remarkable combination of mechanical properties: it is the
thinnest1 and the strongest2 material ever measured. It has been
suggested that these properties may ﬁnd applications ranging
from light yet strong composite materials3,4 to nanoelectromechanical actuators and sensors.2,5,6 However, while most of the
proposed applications require an understanding and control of
the mechanical properties of graphene ﬁlms deposited on substrates, the majority of experiments probe suspended graphene
ﬁlms, either by pushing them with the tip of an atomic force
microscope2 or by measuring their mechanical resonant
frequency.57 At the same time, since every atom in graphene
belongs to the surface and is aﬀected by its local environment, the
presence of the substrate can signiﬁcantly alter the mechanical
properties of graphene, perturb the phonon spectrum, and thus
aﬀect the thermal expansion coeﬃcient of graphene, or change
graphene’s Young’s modulus.8 The mechanical interaction with
the substrate can even aﬀect the electronic properties of graphene. It has been demonstrated that large localized strains in
graphene produce a pseudomagnetic ﬁeld.9,10 However, despite
the initial progress the mechanics of the graphene/substrate
interaction remains largely unexplored because of the lack of
adequate experimental techniques.
Here, we develop a technique to probe the mechanical
properties of graphene ﬁlms attached to substrates. At the heart
of this technique are suspended bimetallic-like cantilevers consisting of a well-characterized substrate layer and a layer of test
material, such as graphene. By measuring the deﬂection of these
cantilevers as a function of temperature we are able to extract
r XXXX American Chemical Society

Figure 1. SEM images of the graphene bimetallic-like cantilevers following fabrication. (a) Single layer graphene/silicon nitride (1Gr/SiNx)
cantilever, the suspended part false-colored red. (b) Gold/Single layer
graphene (Au/1Gr) cantilever, the suspended part false-colored
yellow. Insets: Cartoon views of the devices.

graphene’s in-plane isotropic strain, coeﬃcient of thermal expansion, and estimate the frictional forces between graphene and
the substrate.
To explore the interaction of graphene with a range of
substrates, we studied cantilevers with either a silicon nitride
(SiNx) or gold (Au) substrates and either single (1Gr), double
(2Gr), or triple (3Gr) layer graphene ﬁlms attached to the
substrate. We fabricated and measured four 1Gr/SiNx devices,
one 2Gr/SiNx device, two 3Gr/SiNx devices, and nine
1Gr/Au devices (Figure 1a,b).
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Figure 2. Probing the built-in strain of graphene deposited onto Au and SiNx substrates. (a) Representative proﬁle Z(X) of a Au/1Gr cantilever at
room temperature immediately following fabrication, as obtained from interferometric proﬁlometry. Dots are data points, solid line is a constantcurvature ﬁt. Au cantilevers have a kink at the base that may be due to inelastic deformation during fabrication. (b) Same as (a) for 1Gr/SiNx and
3Gr/SiNx cantilevers. While the 1Gr/SiNx and the 3Gr/SiNx cantilevers are of the same length, diﬀerences in the sample tilt prevented us from
collecting Z data at the end segment of the 3Gr/SiNx devices. (c) The strain in graphene on diﬀerent substrates extracted from curvature via eq 1. Inset:
A height map of 1Gr/SiNx cantilevers obtained via interferometric proﬁlometry. The dashed line corresponds to the Z(X) proﬁle shown in (b).

Figure 3. Temperature dependence of curvature for graphene bimetallic-like cantilevers. (a) Temperature dependence of the proﬁle Z(x) of a 3Gr/
SiN cantilever during the initial heating (red)/cooling (blue) cycle immediately after fabrication; the curvature k extracted from the proﬁle is shown in
(c). Note the hysteretic behavior: k at room temperature is reduced after heating and cooling. (b) The T-dependence of the proﬁle for the same device in
subsequent heating/cooling cycles; the corresponding curvature is shown in (d). The curvature data obtained during the heating cycle are artiﬁcially
oﬀset by 10 K to emphasize the nonhysteretic behavior of k(T).

To fabricate 1Gr/SiNx (2Gr/SiNx or 3Gr/SiNx) devices we successively transfer the target number of single layer
graphene sheets grown by chemical vapor deposition (CVD) on
copper foils11 onto a suspended 188 nm thick, low-stress silicon
nitride membrane supported by a silicon frame. Individual
cantilevers are cut out of the membrane using a focused Ga ion
beam. The fabrication procedure yields suspended cantilevers
that are 58 μm wide and 3040 μm long.
The fabrication procedure of 1Gr/Au cantilevers starts
by transferring a single layer of CVD-grown graphene onto a
SiO2(300 nm)/Si substrate. We pattern the graphene via a
combination of electron-beam lithography and oxygen-plasma
etching and then thermally evaporate a 50 nm thick layer of gold
on top of the device. Cantilevers are released by etching 200 nm
of the oxide in hydroﬂuoric acid.12 The fabricated cantilevers are
23 μm wide and 24 μm long and are suspended 200 nm
above the SiO2 substrate.
In order to transfer graphene grown on copper foils onto
either Au or SiN substrates we use an intermediary polymer
(PMMA) support. A drop of PMMA in anisole solvent is
deposited onto a copper foil and then heated to solidify the
PMMA. Copper is then removed via chemical etching and the

graphene/PMMA stack is placed onto a target substrate. Finally,
PMMA is dissolved in acetone. It is important to note that the
much larger thermal expansion coeﬃcient of liquid compared to
solid PMMA may generate a signiﬁcant strain in graphene, even
before it is deposited onto a target substrate (more fabrication
details are provided in the Supporting Information).
We analyze the mechanical properties of graphene by examining the height proﬁles (Z) along the length direction (X) of the
bimetallic-like cantilevers from 100 to 450 K in a nitrogen
atmosphere. Interferometric proﬁlometry (Wyko 9800, Veeco)
is employed to obtain Z(X) proﬁles with a vertical resolution of
0.1 nm (Figure 2c, inset). We observe three distinct trends in
every device measured. First, immediately after fabrication and at
room temperature T0 = 293 K every cantilever is signiﬁcantly
bent (Figure 2). Second, after an initial annealing step the magnitude of bending is temperature-dependent (Figure 3). Third, in
Gr/SiNx cantilevers there are changes in the bending that are
irreversible during the initial heating/cooling process but become reversible in successive temperature cycling (Figure 3c,d).
We now quantitatively examine these trends and associate the
ﬁrst trend with the presence of signiﬁcant built-in strain in
graphene, the second with graphene’s thermal expansion, and
B
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the strain level of graphene εg can be determined as long as the
material parameters of eq 1 are known.
Although eq 1 is derived for macroscopic materials, recent
work on suspended graphene ﬁlms suggests that such models are
applicable to two-dimensional graphene assuming Eg = 1 ( 0.1
TPa, tg = 0.35 nm (tg = 1.05 nm for three-layer graphene), and
νg = 0.165.5,14 In a separate measurement, we determine the
material parameters of our substrate materials to be Es = 220 (
13 GPa, ts = 188 ( 2 nm, νs = 0.22 for SiNx and Es = 2545 GPa,
ts = 50 ( 2 nm, νs = 0.44 for gold. We also measure the built in
strain εs in as-deposited Au and SiNx to be small (εs < 4  104)
compared to εg, such that Δε ∼ εg (details provided in
Supporting Information).
Using eq 1 to obtain εg from multiple data sets similar to
Figure 2a,b, we ﬁnd that the graphene layer in all measured
cantilevers is under signiﬁcant tensile strain that is signiﬁcantly
larger in 1Gr/SiNx devices, εg ∼ 1.5  102, compared to Au/
1Gr devices, εg = 1  103  4  104 (Figure 2c). In the last
part of the paper, we address this observation in detail and
attribute it to a varying graphene-substrate interaction strength.
Next, we discuss a pronounced temperature dependence in
the curvature of the cantilevers (Figure 3c,d) that is extracted
from their Z(X) proﬁles (Figure 3a,b). Initially, for the Gr/SiNx
devices, this dependence is hysteretic; the curvature of the
cantilevers at room temperature changes signiﬁcantly when they
are ﬁrst heated to T > 473 K and does not return to its original
value when cooled back to 293 K (Figure 3c). However, this
hysteretic behavior disappears after the ﬁrst heating and cooling
cycle, and we observe that the cantilevers bend up and down
reproducibly as they are heated and cooled multiple times
between T = 450 K and 110 K without exhibiting any memory
of their previous state (Figure 3b,d). The Gr/Au cantilevers
behave nonhysteretically in the entire range of temperatures.
We ﬁrst focus on the nonhysteretic temperature behavior
(Figure 3d), which we ascribe to the mismatch of the coeﬃcients
of thermal expansion between graphene, αg(T), and the substrate, αs(T). As all materials tend to change their size with
temperature as a result of thermal expansion, the strain diﬀerence
between graphene and the substrate Δε is also temperature
dependent

Figure 4. Extracting material parameters of graphene on substrates.
(a) Linear thermal expansion coeﬃcient αg vs temperature T of single
layer (blue circles) and three layer (red circles) graphene, as measured
from multiple 1Gr/SiNx and 3Gr/SiNx devices. The shaded regions
represent the uncertainty in αg due to the uncertainty in the material
parameters of our cantilevers, the blue and red dashed lines are
theoretical expectations for αg of graphene and graphite respectively.18
(b) Interfacial shear strength and critical strain εcrit that the 1Gr/SiN
interface supports as a function of temperature.

ΔεðTÞ ¼

Eg tg ð1  νs Þ
Δε
Es ts2 ð1  νg Þ

T0

½αg ðTÞ  αs ðTÞdT þ Δε0

ð2Þ

where Δε0 is the previously discussed diﬀerence in built-in strains
between graphene and the substrate layers at room temperature.
Thus, according to eq 1, we expect that the curvature k of the
cantilevers should indeed also be temperature dependent and
that its temperature derivative dk/dT should be proportional
to αg(T)  αs(T). Assuming previously reported values for
αs,1517 we now extract the coeﬃcient of thermal expansion of
graphene using eqs 1 and 2.
Figure 4a shows αg(T) of single layer and multilayer graphene
on silicon nitride obtained from four 1Gr/SiNx (blue curves)
and two 3Gr/SiNx (red curves) devices. The shaded regions represent uncertainty in αg that result from uncertainties in the Young’s
modulus and thicknesses of our samples. We found αg of single-layer
graphene at room temperature to be negative (i.e., graphene shrinks
when heated), in the range of αg = ( 5...  1)  106 K1, close
to the theoretical expectation of αg = 3.7  106 K1,18 and
smaller in magnitude than the previously reported data for
suspended graphene devices.6,7,19 For double- and triple-layer
graphene we determine near-zero |αg| < 7  107 K1, close

the third with slipping between graphene and the substrate at
large strains.
We begin with the observation that immediately following
fabrication every cantilever is not ﬂat but is bent toward the
graphene layer (Figures 2a,b). We associate this bending with
the strain mismatch between graphene (εg) and the substrate
(εs). A cantilever composed of unequally strained graphene and
substrate layers is expected to minimize its energy by bending
into an arc with a curvature k (the inverse of radius of curvature,
Figure 2b, inset) that is proportional to Δε = εg  εs. The
analytical solution is
k¼6

Z T

ð1Þ

where Eg, tg, and νg (Es, ts, νs) are the Young’s modulus, the
thickness, and the Poisson ratio of the graphene (substrate) layer,
respectively.13 The observed proﬁles Z(X) of all the cantilevers
are indeed arcs with constant curvature k (Figure 2a,b) and so
C
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to the value αg = 1.2  106 K1 for the in plane coeﬃcient of
thermal expansion of bulk graphite.18 From Au/1Gr devices,
we can only estimate the range of the thermal expansion
coeﬃcient of single layer graphene on gold,  8  106 K1 <
αg < 0, due to the large uncertainty in the material parameters
of gold.
Graphene’s large negative coeﬃcient of thermal expansion αg
is a consequence of the two-dimensional nature of graphene and
is related to the contribution of the of the out-of-plane phonon
modes (Lifshitz membrane eﬀect).18 In graphite these modes are
quenched by the interlayer van der Waals interaction leading to a
less negative αg.18 The aﬃnity of the thermal expansion coeﬃcients of graphene attached to the substrate to the theoretical
expectation of αg for a pristine suspended graphene membrane
suggests that the coupling between graphene and the SiNx
substrate is relatively weak. Surprisingly, the small magnitudes
of αg that we observe in double- and triple- layer devices may
indicate that the coupling between graphene layers and hence the
suppression the out-of-plane modes in such devices is stronger
than that in graphite.
We conﬁrmed the validity of our mechanical model, eqs 1 and
2, and the accuracy of the tabulated values for substrate material
parameters Es,νs,αs(T) by fabricating and measuring multiple
test devices. First, we fabricated suspended SiNx cantilevers
without the graphene layer on top and observed that these
cantilevers are ﬂat, as expected. Second, we examined some of
the Au/1Gr cantilevers where the graphene layer was removed
by exposing the devices to ozone atmosphere. Such cantilevers
also remained ﬂat in the entire range of measurement temperatures. Third, we fabricated SiNx/Au cantilevers and conﬁrmed
that their temperature-dependent curvature follows eqs 1 and 2.
Finally, we performed ﬁnite element modeling of the cantilever
geometry used in the experiments and conﬁrmed that the computed height proﬁle Z(X) is within 3% of the proﬁle predicted by
eq 1 (details in the Supporting Information).
Having explored the nonhysteretic behavior of the graphene
cantilevers, we now turn to the hysteretic temperature behavior
(Figure 3a,c). Our key observation is that it occurs when the
strain in graphene exceeds a critical strain εcrit, which is temperature dependent.
Indeed, when εg < εcrit the cantilevers bend up and down
according to eqs 1 and 2 as the devices are heated and cooled
(Figure 3d, red and blue data points respectively). However,
when εg g εcrit, such as in the devices immediately following
fabrication, the curvature of the cantilevers decreases when they
are heated (Figure 3c, red points), contrary to the predictions of
eqs 1 and 2, and does not return to the same value upon cooling
(Figure 3c, blue data points).
We interpret the decrease in strain when εg > εcrit as graphene
slipping along the substrate. When εg > εcrit the force due to
strain exceeds the force acting on graphene due to the friction
between graphene and the substrate. In that case, graphene
delaminates from the substrate and relieves its strain by slipping.
This is manifest by straightening of the cantilever or, equivalently, curvature decreasing with temperature dk/dT < 0.
We measure the critical strain εcrit as a function of T by heating
and cooling the same devices multiple times to gradually increasing temperatures and determining the onset of the slipping
behavior (right axis of Figure 4b; the original data in Supporting
Information). We now use the measured values of εcrit to roughly
estimate the frictional forces between graphene and the substrate. To do so, we note that in order for graphene to slip, the

local shear stress in graphene should become larger than the
stress due to frictional forces, as quantiﬁed by the interfacial shear
strength (IFSS) of the graphene/substrate interface. To obtain
the numerical estimate of IFSS, we ﬁnd the maximum shear stress
in graphene in 1Gr/SiN, 2Gr/SiN, and 3Gr/SiN devices
using ﬁnite element analysis.
As expected, we ﬁnd that the stress is concentrated at the end
of the cantilever. Our data reveal a large IFSS of ∼1 GPa for the
1Gr/SiN devices at room temperature (Figure 4b).20,21 There
is a clear weakening of the graphene/substrate friction with temperature that may be related to the weakening of chemical bonds
attaching graphene to the substrate as we increased T. In light of
IFSS we can understand the lower strain observed in the Au/Gr
cantilevers as being related to a lower IFSS of the graphene/gold
interface. Finally, the IFSS we estimate for graphene on silicon
nitride is large and perhaps related to graphene’s large adhesion
energy.23
We note that while fabrication residues, such as remnants of
PMMA resist, may be present on the surface of graphene
devices,24 we believe that these residues do not distort our
measurement results. First, the processes of graphene transfer and fabrication leave the interface between graphene and
the substrate uncontaminated allowing us to probe intrinsic
graphene/substrate adhesion. Second, the Young’s modulus of
polymeric residues is negligible compared to the Young’s modulus of either graphene or the substrate7 and hence we do not
expect distortion of strain of our devices due to the presence of
these residues.
In conclusion, we note that the reported observations may
have several interesting applications. First, the reported signiﬁcant variation of strain in graphene deposited on diﬀerent
substrates may be exploited toward practical realization of the
proposed strain-engineering scheme to control electron properties of graphene.9 The observed variation in bending in composite graphene cantilevers as a function of temperature may be
used to create novel types of NEMS switches and actuators. For
example, graphene’s minuscule thickness and large Young’s
modulus could enable very thin and therefore especially sensitive
thermal and chemical sensors.22,25,26 The temperature-induced
bending of graphene/gold cantilevers may also explain the failure
mechanism in large suspended graphene devices.12 Finally, the
ability to tune graphene’s coeﬃcient of thermal expansion by
careful selection of the substrate material and number of graphene
layers may be important in designing composite materials based
on graphene.3,4
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