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ABSTRACT: Direct measurement of the adhesion energy of
monolayer graphene as-grown on metal substrates is important
to better understand its bonding mechanism and control the
mechanical release of the graphene from the substrates, but it
has not been reported yet. We report the adhesion energy of
large-area monolayer graphene synthesized on copper
measured by double cantilever beam fracture mechanics
testing. The adhesion energy of 0.72 ± 0.07 J m−2 was
found. Knowing the directly measured value, we further
demonstrate the etching-free renewable transfer process of
monolayer graphene that utilizes the repetition of the
mechanical delamination followed by the regrowth of
monolayer graphene on a copper substrate.

KEYWORDS: Graphene, adhesion, delamination, transfer, flexible electronics

Despite the intense interest in the measurements and
applications of exceptional physical properties of

graphene,1−11 the adhesion energy of monolayer graphene as-
grown on metal substrates has not been reported thus far,
although the adhesion energy of graphene flakes already
transferred to other substrates has been reported.12−14

However, the adhesion energy of as-grown graphene on
metal substrates should be measured not only for scientific
interest in a better understanding of its bonding mechanism,
but also for a technological breakthrough that would enable the
precise control of the mechanical release of large-area graphene
from metal substrates without the usage of existing wet etching
methods.10,15−21

Large-area and high-quality graphene synthesized on metal
substrates currently requires wet etching of the metal substrates
to transfer the graphene to target substrates.10,15−21 However,
the etching processes incur structural and chemical damage in
the graphene. Moreover, it is time-consuming and inevitably
requires the disposal of the metal substrates after only a single
use, generating chemical waste, which significantly limits the
cost-competitive and environmentally friendly mass production
of graphene devices. Here, we developed an etching-free
renewable transfer process of large-area monolayer graphene
that utilizes the repetition of the mechanical delamination
followed by the regrowth of monolayer graphene on a copper
substrate. For precise control of the delamination process, the
adhesion energy of the as-grown graphene on copper should be
known, which we for the first time measured directly and
accurately. After the transfer of the graphene layer, the bare
copper substrate is subjected to the same graphene growth

process and a new monolayer graphene is regrown on it. We
further demonstrated that high-quality monolayer graphene can
be repeatedly regrown after this etching-free mechanical
transfer process without damaging the copper substrate. With
the directly transferred graphene onto a flexible substrate, a top-
gate graphene field effect transistor (FET) with superior top-
gate modulation and bending stability was fabricated.
Graphene was synthesized on a Cu/SiO2/Si wafer (see

Supporting Information for graphene syntheses). The graphene
was characterized by Raman spectroscopy and optical trans-
mittance, confirming that high-quality monolayer graphene
with a low defect density was synthesized on the copper
substrate over a large area with excellent uniformity (Figures S1
and S2 in Supporting Information). The adhesion energy
between the as-grown graphene and the copper substrate was
measured by double cantilever beam (DCB) fracture mechanics
testing22−24 with a high-precision micromechanical test system
(Delaminator Adhesion Test System; DTS Company, Menlo
Park, CA). DCB specimens (inset of Figure 1) were fabricated
by the epoxy bonding technique (see Supporting Information
for the specimen preparation). Each specimen was loaded and
unloaded under a constant displacement rate of 5 μm s−1 while
the applied load was continuously monitored as a function of
the displacement (Figure 1). It was observed that graphene
delaminated from epoxy rather than from copper for displace-
ment rates lower than 5 μm s−1. Further research is required
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regarding the rate-dependent fracture.25,26 Initially, a specimen
was loaded elastically, but once the strain energy release rate
exceeded the adhesion energy of the graphene/copper
interface, crack growth occurred within the interface. At this
critical load, the load-versus-displacement curve starts to
decrease, reflecting changes in specimen compliance with the
extension of the crack. Following a several-millimeter crack
extension, the beam was partially unloaded and then subjected
to further multiple instances of loading/crack-growth/unload-
ing cycles, as shown in Figure 1, in order to obtain multiple
values of the adhesion energy using a compliance-based
model22 (see Supporting Information for DCB testing and
data analysis).
The adhesion energy value of 0.72 ± 0.07 J m−2 was

measured in our research and it is close to other such values
calculated through quantum simulations.27−29 However, it is
60% larger than the adhesion energy of 0.45 ± 0.02 J m−2 for
monolayer graphene already transferred onto a SiO2 sub-
strate.14 This indicates that the interatomic force between
graphene and metal is stronger than the typical van der Waals
force between graphene and a dielectric material. We believe
the stronger bonding is due to an increase in the electronic
density at the interface between the graphene and the metal,
although the bonding type is basically van der Waals adhesion.

Figure 1. Measurement of the adhesion energy of graphene by DCB
fracture mechanics testing. A schematic of the DCB specimen is shown
in the inset. For the test, both Si beams are loaded and unloaded at a
constant displacement rate while the applied load is monitored as a
function of the displacement. Multiple loading/crack-growth/unload-
ing cycles were performed to measure the crack lengths and the
adhesion energy of the as-grown graphene on copper. The measured
crack length, a, for each cycle is shown.

Figure 2. Etching-free selective mechanical transfer of large-area monolayer graphene. (a) Schematic of selective graphene transfer to a target
substrate using the mechanical delamination process. (b) Low-magnification (the scale bar is 1 mm) SEM image of a selectively graphene-
delaminated copper surface. (c) High-magnification (the scale bar is 2 μm) SEM image. (d) AFM image of a selectively graphene-delaminated
copper surface. (e) Raman spectra of the graphene-delaminated bare copper (the lower spectrum) and of the graphene-covered copper (the upper
spectrum).
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To the best of our knowledge, this has not been explicitly
demonstrated elsewhere and therefore requires further study.
The direct measurement of the adhesion energy is critically

required to develop a repeatable and reproducible mechanical
transfer process of monolayer graphene as grown on copper.
Without knowing the adhesion energy, it is hard to even guess
how much force is needed to exfoliate the graphene, which has
rendered the existing mechanical exfoliation process highly
empirical. Consequently the wet chemical etching process is
rather predominantly used for the release of large-area
graphene synthesized on a metal substrate despite its
disadvantages such as the generation of graphene damage and
chemical waste, and the disposal of the metal substrates after
only a single use. However, knowing the accurately measured
adhesion energy, we were able to determine what kind of
adhesive to use and how much force to apply in order to
precisely overcome the adhesion between graphene and a
copper substrate.
Knowing the accurately measured adhesion energy of the as-

grown graphene on the copper substrate, we demonstrate that a
selected area of the graphene can be picked up and transferred
directly from the copper substrate to a target substrate without
any etching process. Graphene on copper was selectively
bonded to a target flexible polyimide (PI) substrate with the
same epoxy used for the DCB specimen and mechanical
loading was applied at the end of the specimen to delaminate
the graphene from the copper substrate (Figure 2a). Scanning
electron microscope (SEM) images show that etching-free
mechanical delamination was achieved over a large area (Figure
2b) with submicrometer high precision (Figure 2c). The
borderline between the graphene-delaminated bare copper and
the graphene-covered copper is clearly seen. The mechanical
delamination was also confirmed by atomic force microscopy
(AFM), as shown in Figure 2d, which exhibits a rougher surface
of the graphene-delaminated bare copper, in clear contrast with
the smoother surface of the graphene-covered copper. Figure
2e shows the Raman spectra30 of the graphene-delaminated
bare copper (the lower spectrum) and the graphene-covered
copper (the upper spectrum). The Raman spectrum of the
graphene-delaminated bare copper shows no graphene peaks,
thus indicating that the graphene is completely released from
the copper surface, while the peaks for the graphene on the

copper are identical to those of the as-grown graphene (The
right inset of Figure S1 in Supporting Information).
The most important advantage of the etching-free mechan-

ical transfer process is that the copper substrate is intact, as a
copper etchant is not used. Therefore, the substrate is reusable
for further multiple graphene growth and transfer processes.
Thus far, wet chemical etching has been considered to be an
inevitable process to release as-grown graphene from metal
substrates. However, the time-consuming etching process is
associated with the generation of hazardous chemical waste,31

and the resulting copper solution is a serious source of water
pollution. Graphene tends to deteriorate when using this
process as well. Most importantly, the metal layer is destroyed
by the etching process after a single-time graphene transfer.
Therefore, a graphene transfer process involving wet chemical
etching is not suitable for the cost-competitive and environ-
mentally friendly mass production of graphene devices
Here, we demonstrate an etching-free renewable transfer

process of monolayer graphene involving the repetitive etching-
free mechanical delamination followed by regrowth of a
monolayer graphene on a copper substrate (Figure 3a). A 50
μm thick PI film as a target substrate is bonded to the as-grown
graphene with epoxy. After the mechanical transfer of the
graphene layer to the target substrate, which can be directly
used for the fabrication of graphene devices, the graphene-
delaminated bare copper substrate is subjected to the initial
graphene growth step and a new monolayer of graphene is
regrown on it. This etching-free renewable transfer process can
be repeated multiple times without the copper substrate being
lost or damaged. Figure 3b shows the Raman spectra of the
synthesized graphene on copper and of the graphene-
delaminated bare copper during the renewable transfer process.
The initial graphene is synthesized on a copper substrate, as
confirmed by the Raman spectrum (first growth in Figure 3b),
showing the high quality of the graphene. After graphene
delamination, a bare copper surface is obtained (first
delamination in Figure 3b) and is reused for another instance
of graphene synthesis. Multiple regrowth/transfer cycles of the
graphene are achieved without damaging the copper substrate
and the graphene, as shown in Figure 3b.
With the graphene directly transferred to a flexible PI

substrate, we demonstrate that simple yet effective fabrication

Figure 3. Etching-free renewable transfer process of large-area monolayer graphene. (a) Schematic of the steps of the etching-free renewable
graphene transfer process. A target substrate is bonded to as-grown graphene on copper and the graphene is then transferred to the target substrate
by mechanical delamination. The graphene-delaminated bare copper is employed again for the further graphene regrowth process. (b) Raman
spectra of graphene-delaminated bare copper and synthesized graphene on copper. The initial as-grown graphene on copper (first growth) is
transferred to a target substrate and graphene-delaminated bare copper is obtained (first delamination). Graphene is regrown on the bare copper
(second growth). These procedures are repeated multiple times to demonstrate that the etching-free transfer process is renewable.
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of flexible graphene devices can be achieved by utilizing the
proposed etching-free transfer process. To date, the fabrication
of graphene-based FET has been carried out using a wet
transfer process including metal etching which requires
unwanted steps such as additional annealing.17,19,21 These
steps have unfavorable effects on graphene, ultimately leading
to unreliable device characteristics. In our research top-gate
graphene FET was fabricated by means of the direct transfer of
graphene to a flexible PI substrate without the undesirable
copper etching process (see Supporting Information for the
fabrication details). The fabricated top-gate graphene FET is
shown in Figure 4a. Figure 4b shows the output characteristic
(IDS−VDS) of the top-gate graphene FET at various gate
voltages. The graphene FET fabricated based on the single step
transfer process exhibits good gate modulation of the channel
conductivity. The drain current shows almost linear depend-
ence with respect to the drain−source voltage, which is a typical
characteristic of graphene FET due to the zero-bandgap of
graphene.1,2,4 Figure 4c shows the transfer characteristics (IDS−
VG) with various bending curvatures of the substrate. The top-
gate graphene FET on the PI substrate exhibits excellent
flexibility and no change in charge neutral point, Dirac voltage
(VDirac), up to 2.5 cm−1 of bending curvature. A stable VDirac
value after bending is desirable for flexible device applications,
because it determines important device parameters such as the
drain current level and the conduction carrier type. From the
peak transconductance values (inset of Figure 4d) the field
effect mobility,11 μ = Lgm/WVdsCox, was extracted for different
bending curvatures (Figure 4d). The mobility change after the
bending of the device was within 10%.
In conclusion, we have for the first time directly measured

the adhesion energy of large-area monolayer graphene as-grown

on a copper substrate by DCB fracture mechanics testing. We
have further demonstrated the etching-free renewable transfer
process of the graphene by utilizing the repetition of the
mechanical delamination followed by the regrowth of
monolayer graphene on a copper substrate. This result can
be used to enable the cost-competitive and environmentally
friendly mass production of graphene devices.
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