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a b s t r a c t
This paper presents a generic approach to characterize and analyze the adhesion energy between
graphene and different materials using nanoindentation of an atomic force microscope (AFM), which
is extremely essential and critical for variety of graphene based micro- and nano-devices. AFM was used
to press a free-standing graphene beam down to a substrate. During the retraction, the adhesion force
(named as the secondary pull-off force) was measured to analyze the adhesion energy between the
graphene beam and the substrate. This approach is easy for manipulation and it can detect the adhesion
energy after the device fabrication. According to our measurement, the graphene/SiO2 , graphene/gold,
and graphene/graphene adhesion energies per area are approximately 270 mJ/m2 , 255 mJ/m2 , and
307 mJ/m2 , respectively. This result was used to predict the performances and guide the design of
graphene M/NEMS devices.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Graphene, initially generated by Novoselov et al. [1], is an attractive material due to its unique electrical and mechanical properties.
The ultra-high carrier mobility (200,000 cm3 /V s [2]) makes it an
ideal candidate for future microelectronic applications [3–11]. Its
thermal conductivity is 5000 W/mK [12], and its Young’s modulus
is about 1 TPa [13], making it an excellent material for micro- and
nano-electromechanical systems (M/NEMS) [14–19]. As the geometry of mechanical structures is downscaled, the adhesion force
plays a more and more crucial role. Quite a few papers reported
that the adhesion force signiﬁcantly inﬂuences the mechanical
behavior of graphene and the performance of graphene M/NEMS
devices [16,19–24]. It is responsible for the hysteresis effect of
graphene MEMS switches [16], and it can clamp the graphene
beam to substrate and causes failure [19]. In order to have a better understanding of bonding mechanism and better control of
the mechanical release of the graphene from the substrates in
graphene M/NEMS devices, it is highly important to fundamentally

investigate 2-dimensional material’s surface energy of graphene.
To measure the adhesion energy, Koenig et al. [25] transferred
graphene ﬂakes on top of SiO2 with numerous cavities, and experimentally peeled the graphene off through a pressure difference.
Yoon et al. [26] grew graphene on copper foil by chemical vapor
deposition, and mechanically peeled graphene off from copper
substrate. Vahdat et al. [27] used vibrational spectroscopy to investigate the adhesion force between graphene and SiO2 . All of the
above approaches are only suitable to measure adhesion energy
between graphene and one type of substrate (without a device
construction). Therefore, a generic approach is highly necessary.
In this paper, we present an easy manipulation approach which
can directly detect the adhesion energy between graphene and
many different substrate materials. Moreover, our method allows
us to measure the adhesion energy after device fabrication. This
is very critical because the surface energy may change due to the
fabrication process, such as lithography, etching, or even surface
modiﬁcation processes.
2. Experimental details, results and discussion
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2.1. Secondary pull-off force
The sample preparation started with transferring a few layers of mechanically exfoliated graphene on a Si substrate with
SiO2 300 nm thick on top, and etching randomly shaped graphene
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Fig. 1. Secondary pull-off force (SPF) measurement. (a) Ztip vs Zpiezo indentation curve (extend and retraction curve). (b) Zoom in of SPF part in a. The SPF can be easily derived
from the AFM cantilever deﬂection difference multiplies AFM spring constant K.

ﬂakes into rectangular beams by O2 plasma. The thinnest graphene
ﬂake that we chose was bi-layer because monolayer graphene
is very easy to degrade and break down during operation as an
NEMS device (NEMS switch) [21], while a few layers of graphene
usually perform much better. The electrode fabrication involves
photolithography, Cr (10 nm)/Au (100 nm) electron-beam evaporation, and metal lift-off. Buffered oxidize etchant (BOE) was applied
to etch SiO2 beneath graphene, and release the free-standing
structures, followed by critical point drying to avoid stiction. We
fabricated graphene beams with different lengths. The width of
the beam is 1–3 m, and the gap between SCG and substrate is
300 nm. The adhesion force between graphene and substrate was
measured by AFM indentation, since AFM is sensitive enough to
detect small surface forces at nanoscale [28,29]. Before measurement, samples were annealed in 5% H2 /95% N2 at 300 ◦ C for 1 h to
clean the graphene surface (remove the contaminants from the tape
during the graphene transferring process and photoresist residual
from the photolithography). All the AFM measurements described
in this paper were implemented in a chamber ﬁlled with dry N2
instead of ambient environment to minimize water vapor. Dynamic
mode AFM instead of contact mode was chosen for high-resolution
topographic imaging (Fig. 2a), to minimize the tip’s shear interaction with the delicate graphene beam to avoid damage. The driving
parameters of an AFM cantilever were chosen to place the oscillator in the net attractive regime during dynamic mode imaging,
as monitored via the phase signal. When the AFM was located
above the graphene beam, the AFM tip and the graphene beam
were brought together so that the vertical oscillation of the AFM
cantilever reduced to zero and a contact was achieved. The relationship among the graphene beam displacement, Zbeam , the piezo stage
movement (here beneath sample), Zpiezo , and the AFM cantilever
deﬂection, Ztip , is
Zbeam = Zpiezo − Ztip

(1)

Fig. 1a is the indentation curve demonstrating the relationship between Ztip and Zpiezo . A larger slope indicates a higher local
stiffness. During extension, a sudden slope increase took place at
position b (Fig. 1b), indicating that the graphene was pressed down
and started to be in contact with the stiff substrate. A very weak
“jump-to-contact” phenomenon was observed. The AFM tip and
the contact part of a graphene beam moved together during indentation without separation due to the elastic force from graphene.
Two forces were applied on them at position b: elastic force from
the AFM cantilever, Fafmb , and the elastic force from the graphene

beam, Fgrb . Due to a state of equilibrium, the relationship between
the two forces is given by:
Fafmb + Fgrb = 0

(2)

During retraction an abrupt separation took place between the
graphene beam and the substrate at position c instead of b, where a
kink slope and a sudden slope were observed, because of the adhesion force. Three forces were considered at position c: the elastic
force from the graphene beam, Fgrc , the elastic force from AFM cantilever, Fafmc , and the adhesion force between the graphene beam
and substrate, Fspf , named as secondary pull-off force (SPF). Because
they were in a state of equilibrium, the relationship is the following:
Fgrc + Fafmc + Fspf = 0

(3)

From b to c, the deformation of graphene beam kept constant
because the AFM tip was still in contact with the substrate. Therefore, the elastic force of the graphene beam at position b should be
equal to that at position c:
Fgrb = Fgrc

(4)

The SPF can be derived by Hooke’s law:
Fspf = −Fgrc − Fafmc = Fafmb − Fafmc = K (Zb − Zc )

(5)

where K is the spring constant of AFM cantilever, Zb and Zc are
the deﬂection of AFM cantilever at b and c, respectively. Therefore,
the SPF can be easily derived from the AFM cantilever deﬂection
difference multiplies AFM spring constant K.
We measured SPF at 3 different positions described in Fig. 2a
using one AFM tip. Although the slopes of the 3 indentation curves
are different, the SPF values are identical (Fig. 2b), demonstrating
that SPF does not strongly depend on the indentation position. It
is mainly relevant to the shape of AFM tip, AFM cantilever spring
constant, and contact materials. After 9 times of indentation, the
graphene beam was still in good shape (Fig. 2c), proving that this
approach is unlikely to cause damage on graphene devices if the
force applied is well controlled. The Raman spectra pre and post
measurements (Fig. 2d) show that the graphene beam has very
small D peak around 1350 cm–1 , indicating negligibly small defect
(or damage) and further proving that the SPF method is unlikely to
damage the graphene devices.
2.2. AFM calibration
Before SPF measurement, we calibrated the AFM. The “reversal imaging” technique was used to measure the AFM tip radius,

58

P. Li et al. / Sensors and Actuators A 217 (2014) 56–61

Fig. 2. (a) AFM topographic image of a free-standing graphene beam measured. (b) Retraction curves of SPF at 3 positions described in a. (c) SEM image of the graphene beam
after SPF measurement. (d) The Raman spectra pre and post measurements. They demonstrate that the graphene beam has very small D peak around 1350 cm−1 , indicating
negligibly small defects (or damages).

R. The commercial calibration grating (TGT01 from NT-MDT Inc.)
was applied (Fig. 3a). Fig. 3b shows the image of the AFM tip measured from which the tip radius can be derived. The “calibration
cantilever” technique was used to measure the spring constant of
AFM cantilever. AFM cantilever was pressed on a rigid surface and
a commercial calibration cantilever with a known spring constant,
respectively. The proportion of the force curve slopes can be used
to calculate the spring constant of AFM cantilever (Fig. 3c).
2.3. Adhesion energy of graphene
The contact mechanism of SPF was investigated. The Si AFM tip
with a SiO2 layer was used to measure the SPF between the freestanding graphene beam and the SiO2 substrate. Next, we used the
same AFM cantilever to indent the graphene beam with the same
thickness supported by the SiO2 substrate, and derived the pull-off
force. Fig. 4 demonstrates that the pull-off force is equal to the SPF.
We tested 10 samples, and the differences between SPF and pull-off

force values are less than 8%. In the above experiment, the spring
constants and tip radius of AFM were identical, and the materials
in contact (graphene and SiO2 ) were the same. The same adhesion
forces value indicates the same contact area. Therefore, during the
extension and retraction of SPF the center of the graphene beam and
the AFM tip moved together without separation due to the elastic
force from graphene, resembling a coating of graphene on the AFM
tip, and it did not enlarge the contact area between AFM tip and the
substrate in contact.
To date, models developed for the AFM contact mechanism include Derjaguin–Muller–Toporov (DMT) theory [30],
Johnson–Kendall–Roberts (JKR) theory [31], and Maugis–Dugdale
(MD) theory [32]. The full range of material properties can be
described by a dimensionless parameter,  [32].

20.6
=
Z0



R 2
Kr2

(6)

Fig. 3. AFM calibration. (a) SEM image of the calibration grating to measure the AFM tip radius. (b) AFM topographic image of the tip. (c) Ztip vs Zpiezo curve of AFM calibration.
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Fig. 4. Comparison of pull-off force and SPF. The pull-off force is equal to the SPF in
our experiment, indicating the graphene does not enlarge the contact area between
AFM tip and the substrate in contact.

where R is the AFM tip radius, is the adhesion energy per unit
area, Z0 is a typical atomic dimension approximately 0.2 nm, and
Kr is reduced Young’s modulus. DMT applies to sharp tip and rigid
material with low  ( < 0.1). JKR applies to blunt tip and soft material with high  ( > 5). For our experiment  is about 0.8, thus MD
was chosen to deduce the adhesion energy since it can apply to all
values of . We deﬁne dimensionless parameters:
A =
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where ˛ is contact radius between tip and substrate, F is indentation
force, andı is AFM tip deformation. According to MD theory:
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where m is a constant which is related to the system.  can be
derived from above equations. The Young’s modulus of graphene
is reported to be 1 TPa [13] and 2 TPa [33] in large (0–5%) and small
strain ranges (0–0.19%), respectively. During SPF measurement,
the strain of graphene beam is much larger than 0.19%. Therefore,
Young’s modulus of 1 TPa is chosen for our calculation.
Fig. 5a shows the  of several samples deduced from MD theory,
demonstrating that (graphene/SiO2 ) adhesion energy is irrelevant
to the graphene thickness (graphene is bi-layer or thicker) which is
consistent with Koenig’s results [25]. Graphene suspended beams
on a gold substrate and a graphene substrate were fabricated as
well (Fig. 5c). The distribution of adhesion energies of 17 samples
(graphene/gold) is shown in Fig. 5b. The average adhesion energy
is about 255 mJ/m2 with a standard deviation of 41 mJ/m2 . According to our measurements, the graphene/SiO2 , graphene/gold, and
graphene/graphene adhesion energies per unit area are approximately 270 mJ/m2 , 255 mJ/m2 , and 307 mJ/m2 , respectively. To our
knowledge, this is the ﬁrst time that the adhesion energy between
two graphene layers is experimentally measured.
2.4. Application of graphene adhesion energy
The experiment results of adhesion energy were used to
predict the performances and guide the design of graphene
M/NEMS devices (graphene electromechanical switches). When
the graphene switch is operated at “down-state”, the elastic energy
We of graphene beam is increased. Because graphene is very thin,
the shear stress is negligible, and the tensile stress is mainly considered. The adhesion energy between substrate and graphene beam
is
Wad = ab

(13)

where a is the contact length, and b is the beam width. When
Wad is larger than We , the graphene beam is likely to be stuck
on the substrate. The red line in Fig. 6a is the simulation results
which consisted of a series of “critical points”. At the upper left
of the red curve We > Wad (named as “safe region”). Devices 1–8
we fabricated are located at this region (Fig. 6b). They were able
to successfully return to “up-state” after switching 5 times without stiction issue. Each device only tested 5 times since the Joule
heating during switching many times can cause ambient molecular
species to adsorb/desorb onto graphene and modify the mechanical
properties and surface energy of the graphene beam. On the other

Fig. 5. Adhesion energy from SPF. (a) Relation between graphene/SiO2 adhesion energy deduce from MD theory and graphene beam thickness. The insertion is the schematic
view of SPF contact mechanism. (b) Histogram and Gaussian distribution of (graphene/gold) adhesion energy. (c) Graphene/SiO2 , graphene/gold, and graphene/graphene
adhesion energies derived from MD model. The insertions are the SEM images of graphene beams on different substrates. Scale bars, 1 m.
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Fig. 6. (a) Relation between graphene switches’ dimensions and their performance.
The red line is the simulation results which consisted of a series of “critical points”.
The insertion is the schematic view of a graphene switch at “up-state” and “downstate”. (b) SEM images of graphene switches after switching. The scale bar is 1 m.
(For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of the article.)

hand, graphene beams in the lower right region are long and thin,
running the risk of being stuck on the substrate. Geometry size of
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stuck on substrate during switching. Some of them were even not
suspended right after fabrication. We assume that during the wet
etching and critical point drying, the graphene beams accidentally
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designed geometry size of graphene beam should locate in the “safe
region”. The results indicate that the adhesion energy values measured by SPF are reasonable, and they can successfully predict the
performances and guide the design of graphene M/NEMS devices.
3. Conclusion
We demonstrate a new and simple method using the secondary
pull-off force to detect the adhesion energy between a few layers
of graphene and 3 different materials (SiO2 , gold, graphene), substrates on which the majority of graphene electrical and M/NEMS
devices are fabricated. The adhesion energies deduced by using
MD theory are 270 mJ/m2 , 255 mJ/m2 , and 307 mJ/m2 , respectively.
With these results we successfully predicted the performance of
graphene NEMS (whether the graphene NEMS switch has stiction issue), very critical to guide the design of graphene M/NEMS
devices. It is also important for fundamental study of 2D material
surface energy. In addition to graphene and the substrate materials
discussed above, we believe that the SPF approach is also suitable
for measuring the adhesion energy between other 2D materials and
substrates.
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