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Measuring graphene adhesion using atomic force
microscopy with a microsphere tip†

Tao Jiang‡ and Yong Zhu*

Van der Waals adhesion between graphene and various substrates has an important impact on the physi-

cal properties, device applications and nanomanufacturing processes of graphene. Here we report a

general, high-throughput and reliable method that can measure adhesion energies between ultraflat gra-

phene and a broad range of materials using atomic force microscopy with a microsphere tip. In our

experiments, only van der Waals force between the tip and a graphene flake is measured. The Maugis–

Dugdale theory is employed to convert the measured adhesion force using AFM to the adhesion energy.

The ultraflatness of monolayer graphene on mica eliminates the effect of graphene surface roughness on

the adhesion, while roughness of the microsphere tip is addressed by the modified Rumpf model.

Adhesion energies of monolayer graphene to SiO2 and Cu are obtained as 0.46 and 0.75 J m−2, respect-

ively. This work provides valuable insight into the mechanism of graphene adhesion and can readily

extend to the adhesion measurement for other 2D nanomaterials.

1. Introduction

The two-dimensional carbon allotrope, graphene, has attracted
significant interest due to its remarkable physical properties.1,2

Interfacial properties between graphene and the supporting
substrate are of great importance for many applications of gra-
phene such as nanoelectromechanical systems,3 stretchable
electronics and nanocomposites,4–6 as well as for nanomanu-
facturing processes of graphene-based devices such as transfer
printing.7 Measuring and understanding the nature of
adhesion energy between graphene and different substrates is
critical for both fundamental research and practical appli-
cations of graphene. Recently a few experimental studies of the
graphene adhesion have been reported.8–13 A blister test
method has been used to measure graphene adhesion to SiO2/
Si substrate; the blister was formed by a nanoparticle under-
neath,8 air pressure9 or water pressure.10 A double cantilever
beam (DCB) method has been used to measure graphene
adhesion to metal substrate.11 While these experimental
studies have significantly advanced understanding of graphene
adhesion, large discrepancy in the measurement results has
been reported.12 In addition, these methods generally depend
on specific measurement setups and sample fabrication pro-

cesses and do not explicitly take into account surface
roughness. Therefore, a general, simple and high-throughput
method that can reliably measure adhesion between graphene
and a variety of materials is in great need.

Atomic Force Microscopy (AFM) has become a well-estab-
lished method for nanotribology studies including adhesion
measurement.14–16 AFM enables both high-resolution imaging
of the surface and accurate measurement of interface forces
and displacements. To convert the adhesion force measured
by AFM to adhesion energy, a continuum mechanics model is
needed. A number of such models have been developed
including the well-known Johnson–Kendall–Roberts (JKR)
model17 and Derjaguin–Muller–Toporov (DMT) model,18

which consider the interaction of an ideal sphere with an
atomically flat surface. Due to the fact that the size and shape
of a conventional AFM probe tip is challenging to measure and
its shape is typically not spherical, a microsphere probe tip
that can be attached to a tipless AFM cantilever has been used
in the adhesion study.19,20

In this paper we present a new method to measure
adhesion between graphene and different materials using
AFM with a microsphere tip. The adhesion force between gra-
phene and the spherical tip is measured by AFM using the
force spectroscopy mode, and then the adhesion energy can be
calculated using the Maugis–Dugdale model.21 In our experi-
ment, a graphene flake is placed on top of an atomically flat
mica substrate, which eliminates the effect of graphene
surface roughness on the adhesion, while the effect of surface
roughness of the spherical tip is addressed by the modified
Rumpf model.22,23 Adhesion measurements can be performed
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on a large number of locations on the same graphene sample
using the adhesion mapping technique. To demonstrate the
utility of this method, as-received SiO2 tips and tips coated
with Cu were used to measure adhesion energies of monolayer
graphene to SiO2 and Cu, respectively, with the values of 0.46
and 0.75 J m−2.

2. Results and discussion

In ambient condition the adhesion force typically consists of
van der Waals force, capillary force and electrostatic force.24

The capillary force is due to the presence of a condensed
meniscus of water on the sample and tip surfaces. To remove
the capillary force, pure nitrogen gas was flown into the AFM
(Park System XE-70) chamber through a small opening. The
Relative Humidity (RH) inside the chamber was monitored.
The adhesion force, which is the AFM pull-off force in our
experiment, was measured as a function of the RH, as shown
in Fig. 1. The force was found to decrease as RH dropped
owing to the decreasing capillary force, as expected.25,26 Of
particular interest is that when RH was below 23%, the
adhesion force remained constant, indicating that the capillary
force was eliminated. During all the adhesion measurements
reported here, RH inside the AFM chamber was kept at about
0.3% to ensure no presence of the capillary force. In addition,
a static eliminator (Staticmaster Ionizer, Fischer Scientific) was
placed inside the AFM chamber, facing the AFM tip and gra-
phene sample at a distance of a few centimeters to neutralize
any charges on the AFM tip and sample and thus to eliminate
the electrostatic force.27

Monolayer graphene samples were deposited on a mica
substrate by mechanical exfoliation.28 Surface roughness of
monolayer graphene samples on mica and the bare mica sub-
strate was measured using the non-contact mode of AFM. The
roughness was measured over an area of 40 × 40 nm, compar-

able to the contact area during the adhesion tests.20 Three-
dimensional AFM images of mica and a monolayer graphene
on mica, along with their height histograms are displayed in
Fig. 2(a–c). The root-mean-square (RMS) roughness values of
mica and monolayer graphene on mica are 45 and 42 pm,
respectively. Monolayer graphene has a roughness similar to
that of the substrate, indicating it conforms closely to the
substrate.29,30

The roughness of SiO2 and Cu spherical tips was measured
by AFM too, using the reverse imaging technique.31 That is,
the AFM spherical tip scans over a calibration grating (TGT1,
NT-MDT Inc.) comprising an array of sharp spikes in the
contact mode, which produces an image consisting of an array
of the spherical caps. This image confirms that the tip is gen-
erally smooth and spherical. After the image is flattened, the
roughness can be measured (see Fig. 2(d–f )). The measured
roughness values of SiO2 and Cu spherical tip are 183 and
475 pm, respectively, close to their flat counterparts fabricated
by the same methods. It is known that surface roughness
significantly affects the measured adhesion force.24,32,33 In this
work, the adhesion energies were obtained from monolayer
graphene on mica and AFM spherical tips, which automati-
cally eliminated the effect of the substrate (graphene) rough-
ness. The tip roughness will be taken into account later using
the modified Rumpf model with the measured tip roughness.

Force – displacement curves were recorded between the
spherical (SiO2 and Cu) tips and freshly prepared graphene
samples using the AFM force spectroscopy mode. Before and
after the AFM measurement, the SiO2 and Cu spherical tips
were imaged in a scanning electron microscope (SEM) and by
AFM using the reverse imaging technique to determine their
radii of curvature and assess if they were plastically deformed
and/or there were any contaminations. SEM images of the SiO2

spherical tip after AFM measurement are shown in Fig. 3. No
plastic deformation or contaminant on surfaces of the tips was
found. In addition, AFM images as well as Raman spectra of
graphene before and after the force measurement were
measured and displayed in Fig. 4. The AFM image in Fig. 4(c)
shows that the graphene flake is intact after the force measure-
ment, showing no local damages such as cracks or delamina-
tion. This is further confirmed by the Raman spectra in
Fig. 4(d) – the absence of D peak (∼1340 cm−1) in both spectra
indicates no defect existent in the graphene before and after
the force measurement. The intactness of both AFM spherical
tips and graphene flakes after the force measurement confirms
that the measurement does not cause plastic deformation of
the tip, damage in the graphene flakes or delamination
between the flakes and the substrate. Thus the experiment
should be reliable and repeatable.

The force – displacement curve measured between the
SiO2 tip and a monolayer graphene flake on mica is shown in
Fig. 4(b), in which the red curve corresponds to the trace pro-
cedure while the blue curve corresponds to the retrace. Note
that in Fig. 4(b), the x-axis represents the movement of the
AFM z-scanner, which includes the deflection of the AFM canti-
lever and is much larger than the movement of the AFM tip.

Fig. 1 AFM pull-off force for graphene on mica substrate as a function
of relative humidity inside the AFM chamber.
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The pull-in point is depicted by the sudden tension (attractive
force) during trace (red curve). The adhesion (pull-off ) force is
acquired as the maximum tension in the retrace curve (blue
curve).34 Elimination of the capillary and electrostatic forces in
the experiments ensured the measured adhesion force is van
der Waals force between the spherical tip and graphene. There
are two additional advantages of this method: (1) a large
number of adhesion measurements can be performed on the
same sample using the adhesion mapping technique (e.g.,
16 measurements at the locations defined by the grid lines in

Fig. 4(a)); (2) the AFM image can be used to select the locations
where adhesion measurements take place, such that locations
with contaminations can be avoided.

The nominal adhesion energy between two flat surfaces can
be obtained from the adhesion force between a sphere and
a flat surface by the Maugis–Dugdale theory (assuming both
surfaces are ideal without roughness)

Wadh ¼ Fadh
λπRtip

ð1Þ

Fig. 2 3-Dimensional AFM images of (a) mica and (b) single-layer graphene (SLG) on mica. (c) Height histograms for mica (black square) and SLG on
mica (red circle). (d) AFM images of the SiO2 spherical tip. Each small dome-like feature corresponds to the SiO2 tip scanning over each spike of the
AFM grating array. (e) 3-Dimensional AFM image of the top area of the spherical tip after flattening. (f ) Height histogram for the SiO2 tip. In (c) and
(f ), height histograms are measured over an area of 40 × 40 nm, the data are fitted by Gaussian distributions with the roughness (standard deviation
of distribution) to be 45, 42 and 183 pm for mica, SLG on mica and SiO2 tip respectively.
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where Wadh is the adhesion energy per unit area of the two flat
surfaces, Fadh is the adhesion force between the sphere and
the flat surface, Rtip is the radius of the sphere, and λ is an

effective coefficient in the range of 1.5 ≤ λ ≤ 2.0. The Maugis–
Dugdale model reduces to the JKR model or the DMT model
in the limit of λ = 1.5 or 2.0, respectively. To choose the most
appropriate model, a self-consistent program based on the
Maugis–Dugdale model and experimental data35 yielded λ =
1.66 for SiO2 and λ = 1.77 for Cu (see ESI Note S1†). In our
case, Fadh is the pull-off force in the AFM force – displacement
curve measured with the spherical AFM tip (SiO2 or Cu) on
monolayer graphene deposited on mica. Using eqn (1),
nominal adhesion energies of 0.18 and 0.11 J m−2 were
obtained for the graphene/SiO2 and graphene/Cu interfaces,
respectively.

It is well known that the surface roughness of either or
both contacting surfaces affects the measured adhesion
energy. In our case, the substrate (graphene on mica) is
assumed to be atomically flat, and only the tip roughness is
considered. The modified Rumpf model has been shown by
both experiments and simulations to be able to effectively
account for the effect of the surface roughness.23 Using the

Fig. 4 (a) AFM force measurement on a mono-layer graphene flake on mica substrate. The grid on graphene’s image shows 16 component blocks
for the force measurement, which is taken at the center of each block (denoted by the cross). (b) Force – distance curve measured on graphene in
(a) with SiO2 spherical tip. (c) AFM image of the graphene flake in (a) after force measurement, showing no damages on the flake. (d) Raman spectra
of the graphene in (a) before (black) and after (red) the force measurement. The absence of D peak (at ∼1340 cm−1 position as pointed by the blue
arrow) before and after force measurement indicates no damage or delamination on graphene during the measurement.

Fig. 3 SEM image of (a) AFM SiO2 microsphere tip and (b) side view of
the microsphere tip on cantilever. The images were taken after the force
measurement. The radius of SiO2 tip is 405.4 nm.
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modified Rumpf model, the true adhesion energy is
given by

Wadh ¼ Fadh
λπRtip

� � 1þ Rtip

1:48Ratomic

� ��1

þ 1þ 1:48Ratomic

z0

� ��2

1þ Rtip

1:48Rq

� ��1

þ 1þ 1:48Rq

z0

� ��2

ð2Þ
where z0 is the equilibrium separation of the surfaces (0.30 nm
for graphene on SiO2

36 and 0.36 nm for graphene on Cu37),
Ratomic is the roughness of atomically flat surface (∼0.03 nm),
and Rq is the tip RMS roughness.

The Maugis–Dugdale model together with the modified
Rumpf model was employed to calculate the adhesion energy
from the adhesion force. The adhesion energies between
monolayer graphene and SiO2 and Cu are plotted in Fig. 5.
The results show that the adhesion energies for graphene/SiO2

and graphene/Cu interfaces are 0.46 and 0.75 J m−2 in average,
respectively. As can be seen from Fig. 5, the adhesion measure-
ments are consistent and repeatable, with a maximum fluctu-
ation of 5% over all the measured data.

The pull-off instability of AFM should be mentioned as it
might affect the accuracy of the method reported here. In
general, the measured pull-off force is not always the
maximum attractive force (or adhesive force) as a result of
the pull-off instability. However, the pull-off force is a good
measure of adhesion if the materials are fully elastic with little
or no viscoelastic character, the interface is chemically stable,
and the cantilever stiffness is much lower than the adhesive
force gradient, which is in turn much lower than the contact
stiffness.14 In our case, the contact materials (graphene, SiO2

and Cu) are all elastic. The adhesion is due to van der Waals
force that is chemically stable. The adhesive force gradient was
calculated based on the Lennard–Jones potential for the
graphene/SiO2 or graphene/Cu interface, which is much larger
than the cantilever stiffness but smaller than the contact

stiffness (see ESI Note S2† for more details). Altogether, the
pull-off force measurement in our case is an accurate and
reliable method to measure the adhesion. The highly consist-
ent data shown in Fig. 5 confirm the accuracy of our method.

Our measurement at the graphene/tip interface can give the
upper and lower bounds of the adhesion values between gra-
phene and substrate (assuming the substrate is made of the
same material as the tip used in the AFM measurement). In
one limiting case, graphene conforms to the substrate comple-
tely, graphene adhesion to the substrate should be equal to
our value after the roughness correction (e.g., the upper bound
of 0.46 J m−2 for the graphene/SiO2 interface). In the other
limiting case where graphene is suspended on top of the sub-
strate’s roughness peaks, graphene adhesion to the substrate
should be equal to our value without the roughness correction
(e.g., the lower bound of 0.18 J m−2 for the graphene/SiO2

interface with the roughness of SiO2 tip to be 183 pm).
For instance, as the monolayer graphene conforms to the
SiO2 substrate,9 the measured adhesion energy, 0.45 J m−2,
is very close to our value after the roughness correction. As
the 2- to 5-layer graphene partially conforms to the SiO2

substrate,9 the measured adhesion energy, 0.31 J m−2, is
between the upper and lower bounds in our study. In our
method, the surface roughness of both graphene and tip can
be directly measured, which is not directly available in pre-
vious methods.

3. Conclusions

In conclusion, graphene adhesion energies to representative
dielectric substrates (e.g., SiO2) and metal substrates (e.g., Cu)
were measured using AFM with a microsphere tip. Experi-
mental conditions were controlled to ensure that the measured
adhesion is exclusively due to van der Waals force, which is
the fundamental interaction between graphene and SiO2 or Cu
substrate. The adhesion energies of 0.46 J m−2 for the mono-
layer graphene/SiO2 interface and 0.75 J m−2 for the monolayer
graphene/Cu interface were obtained. Accurate measurement
of graphene adhesion energy is of great importance for both
fundamental research and practical applications of 2D nano-
materials. This work has addressed two critical issues that
present challenges for measurement of graphene adhesion
using AFM – roughness of an AFM tip and pull-off instability
that could occur during the tip-sample interaction. The
reported experiment provides an important guidence for
adhesion measurement between 2D nanomaterials and a
broad range of materials using AFM.

4. Experimental section

Monolayer graphene samples were deposited on freshly peeled
mica substrates by the mechanical exfoliation method28 right
before the adhesion measurement. The as-received SiO2 micro-
sphere AFM tips (Novascan Technologies, Inc., Ames, IA, USA)

Fig. 5 Adhesion energies of graphene with SiO2 and Cu measured
using AFM spherical tips on monolayer graphene. Each dot (48 in total)
represents the adhesion measured at one point of the mesh shown in
Fig. 4(a). The symbols of the dots designate different graphene samples
(3 in total). The solid lines denote average adhesions of the corres-
ponding measurements.
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were mounted onto an AFM (XE-70, Park Systems) for force
measurement immediately after being moved from their
vacuum pockets to avoid possible contaminations. For
adhesion measurement between graphene and Cu, a thin layer
of Cu was sputtered onto the AFM spherical tip. The sputtering
parameters (e.g., current and time) were optimized to sputter a
layer of Cu with a uniform thickness of tens of nanometers.
The spring constants of AFM cantilevers were calibrated using
Neumeister’s method.38 The monolayer graphene was charac-
terized by the thickness measurement with AFM39 and further
confirmed via Raman spectroscopy (Horiba LabRAM HR).40

AFM images of a monolayer graphene on mica and its Raman
spectra before and after the force measurement are demon-
strated in Fig. 4.

Force measurements were taken at room temperature under
a RH of ∼0.3%. For each selected monolayer graphene flake on
mica substrate, measurements were taken at sixteen locations
one by one. During the force measurement, AFM cantilever
with microsphere tip initially approaches a graphene sample
from a distance of micrometers at a low speed of 0.1 µm s−1

that can be regarded as quasistatic. While the tip moves
towards the sample (procedure of trace), at one point the tip
snaps to the sample due to the attractive van der Waals force.
As the cantilever continues to move down, the force turns
repulsive and the compression (repulsive force) increases. The
cantilever stops moving downward and starts moving upward
as the compression reaches the pre-set force limit. While the
tip moves up (procedure of retrace), the force changes from
repulsive to attractive. At the point of separation, the tip pulls
off the sample abruptly and the pull-off force (adhesion force)
can be acquired as the maximum tension in retrace from the
AFM force – displacement curve.
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