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A low-cost mechanical exfoliation method is presented to transfer graphite to graphene for
free-standing beam arrays. Nickel film or photoresist is used to peel off and transfer patterned
single-layer or multilayer graphene onto substrates with macroscopic continuity. Free-standing
graphene beam arrays are fabricated on both silicon and polymer substrates. Their mechanical
properties are studied by atomic force microscopy. Finally, a graphene based radio frequency switch
is demonstrated, with its pull-in voltage and graphene-silicon junction investigated. © 2011
American Institute of Physics. �doi:10.1063/1.3594242�

Graphene is a two-dimensional honeycomb crystal of
carbon atoms.1 Its Young’s modulus is about 1 TPa,2 making
it an excellent material for nanoelectromechanical
systems.3–6 The main approaches of graphene synthesis in-
clude mechanical exfoliation,1 chemical vapor deposition,7–11

graphene oxide reduction,12–14 silicon carbide epitaxial
growth,15 etc. Mechanical exfoliation of highly oriented py-
rolytic graphite �HOPG� provides the best quality graphene.
Novoselov et al. used tape to peel graphite many times, and
resulted in graphene. However, manipulation and transfer of
graphene on a large scale is still a very challenging problem.
Song et al.16 used a sputter machine to deposit gold on pre-
patterned HOPG, and used the gold film to peel off graphene.
Nevertheless, gold deposition by a sputter machine is not a
low-cost method.

In this letter, a nickel film or a photoresist layer is used
to exfoliate graphene patterns. First, patterns are formed on
the surface of HOPG by photolithography followed by an
oxygen plasma dry etching. Electroplating is used to grow a
layer of nickel on HOPG surface. Before nickel electroplat-
ing, it is helpful to use a sputter for scanning electron micro-
scope �SEM� to deposit a seed layer of gold on HOPG to
increase the adhesion force. The electroplating solution,
nickel sulfaminate, is heated to 58 °C with a dc of 20–30
mA. HOPG and stainless steel work as cathode and anode,
respectively. A thermal releasing tape is pressed on HOPG,
and peel off the nickel film together with graphene patterns.
In order to remove thick graphene flakes, a new tape is used
to peel the obtained film several times, before pressing the
thermal releasing tape on substrate. The thermal releasing
tape is removed through a heating process. The nickel layer
is etched away, leaving graphene patterns on the substrate.
Besides nickel, photoresist, is another good candidate. S1818
is spun on the prepatterned HOPG. When it is dry, a thermal
releasing tape is used to peel graphene off, and transfer them
onto a substrate. Photoresist is removed by acetone later.
This method is inexpensive and easy to manipulate. In addi-
tion, the tape is not directly in contact with graphene or the
substrate, therefore the graphene flakes have much less con-
taminants from the tape.

SEM image in Fig. 1�e� shows that the graphene patterns
have a macroscopic continuity. More than 50 graphene
stripes were investigated using atomic force microscopy
�AFM�: most patterns had thicknesses ranging from 1 nm to
5 nm. Out of 50 transfer printed graphene strips, More than
70% of patterns are almost complete. The depth of graphene
patterns originally etched on HOPG is crucial to graphene
thickness. Decreasing the depth can make graphene thinner.

a�Electronic mail: yz-dpi@mail.tsinghua.edu.cn.
b�Tel.: 1-612-626-1636. Electronic mail: tcui@me.umn.edu.

FIG. 1. �Color online� ��a�–�d�� Flow chart of graphene mechanical exfolia-
tion. �a� Deposit nickel on patterned surface of HOPG. �b� Peel nickel layer
with graphene flakes off from HOPG. �c� Press the tape on a heated sub-
strate. �d� Remove tape and etch nickel. �e� SEM image of graphene strips.
�f� AFM height image of a graphene stripe transferred onto SiO2. The black
bar shows the scan distance. �g� The line scan using an AFM with graphene
1.2 nm thick. �h� Raman spectra of graphene from three different spots
described in an SEM image.
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However, more cracks are observed. 15–20 nm is an opti-
mum depth range. Figure 1�f� is AFM height image of one
graphene stripe. Due to the exfoliation and transfer process,
some ripples on graphene were observed. Curves in Fig. 1�h�
are the Raman spectra of graphene from three different spots
described in an SEM image. The 2D/G band ratio is much
larger than that of bulk graphite. The Raman spectra further
prove that our graphene patterns have only a few layers or
even one layer. In addition, it shows no prominent D peaks,
indicating far fewer defects in graphene derived by this ap-
proach.

After transferring graphene on SiO2 /Si, electrodes are
fabricated by metal lift off process. Because the graphene
patterns have a macroscopic continuity, an electron-beam
photolithography can be replaced by a regular photolithogra-
phy to largely decrease fabrication cost. After that, HF vapor
is used to etch the SiO2, followed by an SF6 plasma etching
of Si underneath. This dry etching method has a much higher
yield compared with buffered oxide etchant wet etching. A
prominent D peak appears in Raman spectra after the SF6
plasma etching, implying the defects introduced by the this
process.

A graphene beam array on a poly�ethylene terephthalate�
�PET� was also fabricated. Before the graphene transfer, Cr
and Au are deposited on PET. Photoresist is spun on PET to
define electrode pads. Sequentially, Au and Cr are etched.
During the wet etching process, photoresist is removed by
acetone, followed by critical point drying. Figure 2�i� is SEM

image of a graphene beam array on PET. We believe that this
device may pave way for flexible graphene sensors, actua-
tors, or even microsystems.

The mechanical properties of graphene beams were stud-
ied. AFM was used to acquire topographic images first, and
then indent 64�64 grid of locations �force volume�. The
relationship between the graphene beam displacement, Zbeam,
the piezostage movement, Zpiezo, and the cantilever deflec-
tion, Ztip, is

Zbeam = Zpiezo − Ztip. �1�

The force, F, applied on the fixed-end beam is calculated as

F = KtipZtip, �2�

where Ktip is the spring constant of AFM cantilever. The
force-Z data cube provided a 2D mapping of local stiffness.
The stiffness reaches a minimum at the center with respect to
the long beam axis but a maximum with respect to the short
beam axis. This helps us to locate the center of the beam
accurately. In Figure 3�c�, the curve obtained on the rigid
substrate was used as a reference. The other curves were
obtained by pressing the same AFM tip to the center of three
graphene beams having the same length but different thick-
nesses. Thinner graphene exhibits reduced stiffness, corre-
sponding to lesser slope.

The relation between force and center displacement of a
beam under a concentrated force is given by17

F =
4wt

l
�4Et2

l2 +
2EZbeam

2

3l2 + ��Zbeam �
8wtE

3l3 Zbeam
3

+
4wt

l
�Zbeam, �3�

where E is the graphene Young’s modulus, � is the initial
stress, and l, w, and t are the length, width, and thickness of
the beam, respectively. Because some ripples on graphene
are observed with AFM, the graphene beam is not under
large stress initially, therefore the Young’s modulus is

FIG. 2. �Color online� ��a�–�c�� Fabrication steps of a graphene beam array
on silicon. �a� Transfer graphene on a SiO2 /Si substrate. �b� Fabricate gold
pads using lift-off process. �c� HF vapor and SF6 dry etching of SiO2 and Si.
�d� SEM image of a graphene beam array on silicon. �e� Raman spectra of
the same graphene beam before and after dry etching. ��f�–�h�� Fabrication
steps of a fixed-end graphene beam array on PET. �f� Transfer graphene on
a PET substrate. �g� Use photoresist to define electrode pads. �h� Etch Au

and Cr by wet etching. Photoresist is moved by acetone, followed by a
critical point drying. �i� SEM image of a graphene beam array on PET. �j�
Photograph of a flexible suspended graphene device.

FIG. 3. �Color online� �a� AFM height image of a graphene beam. �b�
Stiffness of 14 different spots described in an AFM height image. Inset
shows force volume image �64�64 pixels�. �c� Plot of cantilever force as a
function of piezodisplacement for a hard substrate �black curve� and three
different suspended beams. �d� Force verse deformation depth curve. The
red line demonstrates that F is proportional to Zbeam

3 . Inset shows a sche-
matic of AFM cantilever indentation.
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E =
3Fl3

8wtZbeam
3 . �4�

The red curve in Fig. 3�d� demonstrates that F is proportional
to Zbeam

3 . The Young’s modulus of 0.8 TPa is derived on our
graphene beam.

Graphene rf switches are demonstrated. Once the bias is
larger than the pull-in voltage, graphene can be pulled to be
in contact with the low resistivity silicon substrate, and a
sharp increase in the current is observed. The spring constant
of a fixed-end beam with a distributed load is

K = 32Ew� t

l
�3

, �5�

Therefore, pull-in voltage is

Vpull-in = � 8Kg0
3

27�lw
�1/2

= �256g0
3Et3

27�l4 �1/2

, �6�

where g0 is the air gap between graphene and silicon, and �
is the vacuum permittivity.

Figure 4�a� shows the I-V curves of four graphene
switches. The measured pull-in voltages are higher than
those predicted by Eq. �6�. That is because Eq. �5� is valid
only for small deformations. When the deformation in-
creases, the effective spring constant also increases, which
contributes to a larger pull-in voltage.

The device switches several times before graphene is
collapsed onto the substrate. The stiction occurs mainly from
a short-range force between contact surfaces. The electrical
property of stiction is examined by measuring the current
through the graphene sheet and the silicon bottom. A promi-
nent increase in current is observed when the potential on
graphene is 3V higher than that on the n-type silicon sub-
strate. A Schottky contact is formed between graphene and
silicon. Electrons in silicon need an enough forward voltage
to overcome the energy barrier to flow to the graphene side.
Conversely, when graphene is collapsed onto gold substrate,
the I-V curve is symmetric implying an Ohmic contact.

In summary, a low cost and simple method to produce
graphene with a macroscopic continuity is reported.
Graphene beam arrays both on silicon and PET substrates are
fabricated. The mechanical properties of a graphene beam
array are studied by AFM. Finally, graphene switches are
demonstrated, with pull-in voltages and graphene-silicon
junction investigated.

The authors acknowledge the assistance of fabrication
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Characterization Facility at the University of Minnesota.
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FIG. 4. �Color online� �a� I-V characteristics between the top and bottom
contacts of four different graphene switches. Inset shows the measured
pull-in voltages �Vm� and calculated pull-in voltages �Vc�. �b� I-V charac-
teristics of graphene-silicon junction and graphene-gold junction. Inset is an
SEM image of a graphene beam collapsed onto an N-type silicon substrate.
�c� Energy band diagram of a graphene-silicon junction.
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