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As mechanical structures enter the nanoscale regime, the influ-
ence of van der Waals forces increases. Graphene is attractive
for nanomechanical systems1,2 because its Young’s modulus and
strength are both intrinsically high, but the mechanical
behaviour of graphene is also strongly influenced by the van
der Waals force3,4. For example, this force clamps graphene
samples to substrates, and also holds together the individual gra-
phene sheets in multilayer samples. Here we use a pressurized
blister test to directly measure the adhesion energy of
graphene sheets with a silicon oxide substrate. We find an
adhesion energy of 0.45+++++0.02 J m22 for monolayer graphene
and 0.31+++++0.03 J m22 for samples containing two to five gra-
phene sheets. These values are larger than the adhesion energies
measured in typical micromechanical structures and are compar-
able to solid–liquid adhesion energies5–7. We attribute this to the
extreme flexibility of graphene, which allows it to conform to the
topography of even the smoothest substrates, thus making its
interaction with the substrate more liquid-like than solid-like.

Optical images of the devices used for this study are shown in
Fig. 1a. Graphene-sealed microcavities were fabricated by the mechan-
ical exfoliation of graphene over predefined microcavities (diameter,
�5 mm) etched in a SiO2 substrate (see Methods). Two exfoliated
graphene flakes were used, yielding membranes with between one
and five graphene layers, which were suspended over the microcavities
and clamped to the SiO2 substrate by the van der Waals force. After
exfoliation, the internal pressure in the microcavity, pint, is equal to
the external pressure, pext (atmospheric pressure). In this state, the
membrane is flat and adhered to the substrate, and confines nitrogen
gas molecules inside the microcavity.

To create a pressure difference across the graphene membrane, we
placed the sample in a pressure chamber and used nitrogen gas to
increase pext to p0. Devices were left in the pressure chamber at p0 for
between four and six days to allow pint to equilibrate to p0 (Fig. 1b).
This is thought to take place through the slow diffusion of gas
through the SiO2 substrate3. We then removed the device from the
pressure chamber, whereupon the pressure difference ( pint . pext)
caused the membrane to bulge upwards and the volume of the micro-
cavity to increase (Fig. 1c). An atomic force microscope (AFM) was
used to measure the shape of the graphene membrane, which we
parameterize by its maximum deflection d and its radius a (Fig. 1c).

This technique allows us to measure d and a for different values of
p0. Figure 1e shows a series of AFM line cuts through the centre of a
monolayer membrane as p0 is increased. At low p0, the membrane is
clamped to the substrate by the van der Waals force, and d increases
with increasing p0. At higher p0 (for example, p0 . 2 MPa), in
addition to an increased deflection, we also observe delamination of
the graphene from the SiO2 substrate, leading to an increase in a
(Fig. 1e). In Fig. 2a, we plot the maximum deflection d versus p0
for all measured bilayer membranes (results are similar for other
devices; see Supplementary Information). The deflection increases
nonlinearly until p0 ≈ 2.5 MPa, and d then begins to increase more
rapidly. The blister radius stays constant until p0 ≈ 2.5 MPa and
then abruptly increases with increasing p0 (Fig. 2b).

At large p0 (for example, .3.0 MPa), stable delamination occurs,
with a increasing and thus Dp decreasing with increasing p0 (Fig. 2c).
All of the pressurized graphene membranes show a great degree of
axisymmetry in their deformation before and after delamination.
Stable delamination is in stark contrast to the common constant
pressure blister test, which results in unstable crack growth at the
onset of delamination8. As a result, we call this the ‘constant N
blister test’, because the number of molecules in the microcavity is
constant during blister delamination. Although a macroscopic
counterpart of the constant N blister test has been demonstrated9

(although not widely used), the novelty here is in the use of the
adhesion between graphene and SiO2 to prepare an impermeable
seal for gas in the microcavity—filling and emptying of the micro-
cavity are accomplished by diffusion through the SiO2, which is
slow enough to allow reliable measurements of stable delamination3.

We use the measured membrane profile (deflection d and blister
radius a versus p0) in the constant N blister test to determine
the graphene/SiO2 adhesion energy. To this end, we describe the
deformation of the membrane using Hencky’s solution10,11 for
the geometrically nonlinear response of a clamped isotropic circular
elastic membrane subjected to a pressure difference Dp across the
membrane. This solution provides the membrane profile in the
form of an infinite series in radial position, and also the relationship
between the pressure difference and blister height, Dp¼
K(y)(Etd3)/a4, and the volume of the blister Vb(a)¼ C(y)pa2d.
Here, E is Young’s modulus, y is Poisson’s ratio, t is the membrane
thickness, and C(y) and K(y) are coefficients that depend only on
y and vary from K(y ¼ 0.10)¼ 2.93 to K(y ¼ 0.20)¼ 3.22. The
K(y)d3/a4 term primarily describes the geometrical nonlinear
deflection-pressure response of the circular membrane, as K(y) is
a coefficient that is fixed for a specified y . For graphene, we take
y ¼ 0.16 (ref. 12) and so K(y ¼ 0.16)¼ 3.09 and C(y ¼ 0.16)¼ 0.524.

To determine the adhesion energy we model the constant N
blister as a thermodynamic system with free energy:

F = ( pint − pext)Vb

4
+ Gp (a2−a2

0) − p0V0 ln
V0 + Vb

V0

( )
+ pextVb

(1)

where V0 is the initial volume of the microcavity, G is the
graphene/SiO2 adhesion energy, and a0 is the initial radius before
delamination9. In equation (1) the four terms represent, respectively,
(1) stretching of the membrane due to the pressure difference across
it, Dp¼ pint 2 pext (we calculate this by equating the strain energy in
the deformed membrane to the work done by the expanding gas
during deformation, which is easier to directly calculate, and then
simplifying the results using Hencky’s relations for the pressure-
deflection and pressure-blister volume); (2) graphene/SiO2
adhesion; (3) expansion of the gas in the chamber from V0 to a
final volume V0þ Vb(a); and (4) work done on the gas held at a
fixed external pressure pext. To deduce Dp across the membrane
we use the ideal gas law and assume isothermal expansion of the
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trapped gas (see Methods). Minimizing the free energy with respect
to a provides a relationship between G, d and a:

G = 5C
4

p0
V0

V0 + Vb(a)
− pext

( )
d (2)

We use equation (2) to determineGwith prescribed values of p0 and pext,
(a, d) pairs measured by AFM, V0 determined by the microcavity geo-
metry, and Vb(a). Values of adhesion energy extracted in this manner
are shown for all devices in Fig. 3. The value G¼ 0.31+0.03 J m22

describes the multilayer graphene/SiO2 adhesion reasonably well for
both SiO2 substrates used in this study, but not the monolayer, which
has a value of 0.45+0.02 J m22 (see Supplementary Information).

Our measured adhesion energies are approximately four orders of
magnitude larger than adhesion energies commonly found in micro-
mechanical systems, where van der Waals forces across non-contact-
ing regions between asperities play a significant role, and

approximately five times larger than adhesion in gold-coated sub-
micrometre beams5,7,13–15. They are also twice previous estimates
for multilayer graphene and a SiO2 substrate16; however, those
results were extracted from a model that uses an estimate of
Young’s modulus of graphene that is one-half of that measured
here. Our results are comparable to values deduced from experiments
on collapsed carbon nanotubes17. Using values derived from the
measured surface energies of graphite (g¼ 165–200 mJ m22) and
SiO2 (g¼ 115–200 mJ m22), one expects an adhesion energy of
G¼ 2 (gSiO2 × ggraphite)1/2¼ (0.275–0.4) J m22 (refs 6,17). The
close agreement between our measured adhesion energy and this
estimate suggests that graphene makes close and intimate contact
with the SiO2 substrate18,19. It shows that atomically thin structures
such as graphene demonstrate conformation over the SiO2 surface
that is more reminiscent of a liquid than a solid.

The reason for the higher adhesion of monolayer graphene than
multilayer graphene is not entirely understood. We ruled out
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Figure 2 | Delaminating graphene membranes. a–c, Plots showing maximum deflection d (a), blister radius a (b) and internal pressure pint (c) versus input

pressure p0 for all two-layer membranes studied. The solid black line is a theoretical curve assuming no delamination of the membrane. Dashed lines are

theoretical curves for nEt¼ 694 N m21, n¼ 2 and three different values of the graphene/SiO2 adhesion energy G.
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Figure 1 | Pressurizing graphene membranes. a, Two optical images showing graphene flakes with regions of one to five suspended layers (top), and one

and three suspended layers (bottom). The arrays of microcavities in the SiO2 substrate can also be seen. The number of graphene layers was verified with a

combination of Raman spectroscopy, AFM and measurements of optical contrast and elastic constants measurements (see Supplementary Information).

b, Schematic of a graphene-sealed microcavity before it is placed in the pressure chamber. The pressure inside the microcavity, pint, is equal to the external

pressure pext, so the membrane is flat. After four to six days inside the pressure chamber, pint increases to p0. c, When the microcavity is removed from the

pressure chamber, the pressure difference across the membrane causes it to bulge upward and eventually delaminate from the substrate, causing the radius

a to increase. d, Three-dimensional rendering of an AFM image showing the deformed shape of a monolayer graphene membrane with Dp¼ pint 2 pext¼

1.25 MPa. e, Deflection versus position for five different values of Dp between 0.145 MPa (black) and 1.25 MPa (cyan). The dashed black line is obtained

from Hencky’s solution for Dp¼0.41 MPa. The deflection is measured by AFM along a line that passes through the centre of the membrane.
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bonding due to induced image charges from buried charges in the SiO2
substrate (see Supplementary Information). A possible explanation for
the discrepancy between graphene with one and two to five layers is the
increased ability of monolayer graphene to conform to the contours of
the surface as a result of its flexibility. Roughness measurements of
various layers of graphene on the SiO2 substrate taken with the AFM
show a decreasing roughness with increasing layer number
(�197 pm for bare SiO2, 185 pm with one layer, and 127 pm with
15 layers of graphene) suggesting that monolayer graphene conforms
more closely to the SiO2 substrate (see Supplementary Information).
Recent theory that idealizes the substrate roughness as a sinusoidal
profile shows a jump in adhesion energy with wavelength and ampli-
tude20–22. We modified this theory to account for effects of multilayer
graphene, and it supports the suggestion of a jump to contact that
results in increased adhesion energy as the number of layers decreases;
however, the model is too simple to quantitatively predict that this
jump occurs between n¼ 2 and 1 layers.

As mentioned, the deformation of the membrane can be
described using Hencky’s solution for the geometrically nonlinear
response of a clamped circular elastic membrane subjected to a

pressure difference Dp across the membrane. The dashed line in
Fig. 1e compares the calculated profile using Hencky’s solution10,11

with our measured profile. The close agreement validates the use of
a and d to parameterize the deformation. Figure 2c shows the equi-
librium pint versus p0 for the bilayer devices. The solid lines in Fig. 2a
and c are the solutions of

Dp = K(y)(Etd3)/a4 (3)

for a constant a¼ a0 (no delamination) where we used the fitted
value of Et. This provides a good fit until delamination begins
(a . a0) at p0¼ 2.5 MPa (Fig. 2b). The dashed lines in Fig. 2 are
theoretical predictions of d, a and pint versus p0 using the average
adhesion energy values from Fig. 3 and the fitted value of Et.

Figure 4a shows K(y)d3/a4 versus Dp for the monolayer gra-
phene membrane and also a linear fit to equation (3) to determine
Et¼ 347 N m21. This agrees well with previous measurements for
graphene and the in-plane modulus (E¼ 1 TPa) and interatomic
spacing of graphite (t¼ 0.335 nm)3,4,12. Figure 4b–e shows
K(y)d3/a4 versus Dp for membranes containing two to five
graphene sheets. Included are linear fits to the data for
Dp , 0.50 MPa (dashed lines). Theoretical estimates with nEt
(solid lines) where Et¼ 347 N m21 (our monolayer measurement)
and n¼ 1–5 (corresponding to the number of graphene layers) are
also plotted, and the Et values obtained by both methods are
compared in Fig. 4f. The good agreement between these values
demonstrates that the additional graphene layers are sufficiently
well adhered to the substrate and each other by the van der
Waals force so that the pressure load is carried by all the layers and
no significant sliding or delamination occurs up to pressures as
large as Dp¼ 0.50 MPa (refs 23,24). For Dp , 0.25 MPa the effect
of initial tension in the membrane cannot be neglected and for
Dp . 0.50 MPa the data show considerably more scatter (see
Supplementary Information). Further work is necessary to under-
stand the origin of this scatter, but two possibilities are small
amounts of sliding or early stages of delamination, which are difficult
to measure by AFM.

In conclusion, we have demonstrated a simple yet reliable constant
N blister test and used it to measure the adhesion energy of the thinnest
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nanostructures possible, single and multilayer graphene sheets, to
SiO2. This is the first direct measurement of the adhesion energy of
one-to-five-layer graphene to SiO2, a substrate on which the
majority of graphene electrical and mechanical devices are fabricated.
This result can be used to guide developments in graphene-based
electrical and mechanical devices where adhesive forces are
known to have an important role, and it should also provide
opportunities for fundamental studies of surface forces in the thinnest
structures possible3,25–28

Methods
Suspended graphene membranes were fabricated by a combination of standard
photolithography and mechanical exfoliation of graphene. An array of circles with
diameters of 5 and 7 mm was first defined by photolithography on an oxidized
silicon wafer with a silicon oxide thickness of 285 nm. Reactive ion etching was then
used to etch the circles into cylindrical microcavities with a depth of 250–300 nm,
leaving a series of microcavities on the wafer. Mechanical exfoliation of natural
graphite using Scotch tape was then used to deposit suspended graphene sheets over
the microcavities29. Of the 39 membranes there were 5 one-layer, 10 two-layer,
15 three-layer, 4 four-layer, and 5 five-layer membranes. The number of graphene
layers was verified using a combination of Raman spectroscopy, optical contrast,
AFM measurements, and elastic constants measurements (see Supplementary
Information)30,31. Two flakes on two different SiO2 substrates were used in this study
(Fig. 1a). Three two-layer membranes, 4 three-layer membranes and 1 four-layer
membrane were damaged before reaching the highest pressures.

To deduce Dp¼ pint 2 pext across the membrane we used the ideal gas law and
assume isothermal expansion of the trapped gas with a constant number of
molecules, N. Doing so led to p0V0¼ pint(V0þ Vb), where V0 is the initial volume of
the microcavity and Vb is the volume of the pressurized blister after the device is
brought to atmospheric pressure and bulges upward. The assumption of constant N
is valid considering that the deflection does not change over the �20 min that the
AFM images are acquired, suggesting that no significant change in N, due to gas
‘leaking’, occurs on the timescale of the experiment.
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