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Abstract: Transfer is the critical issue of producing high-quality and scalable graphene electronic devices. However,
conventional transfer processes require the removal of an underlying metal layer by wet etching process, which induces
significant economic and environmental problems. We propose the etching-free mechanical releasing of graphene using
polymer adhesives. A fracture mechanics approach was introduced to understand the releasing mechanism and ensure high-
yield process. It is shown that the thickness of adhesive and target substrate affect the transferability of graphene. Based
on experimental and fracture mechanics simulation results, we further observed that compliant adhesives can reduce the
adhesive stress during the transfer, which also enhances the success probability of graphene transfer.
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1. Introduction

For the past decade, graphene has successfully showed
possibility beyond existing physical limitations." Significant
research has been directed to the development of graphene for
the applications such as transparent electrodes, transistors, and
also encapsulation layers for microelectronics packaging. The
development of chemical vapor deposition (CVD) process
enables the synthesis of large-area and high-quality
graphene®™®, which has been applied in various fields.>*'”
However, after the growth the graphene should be separated
from the underneath metal and transferred to another surface
such as a dielectric or organic layer.>!""'¥ Therefore, the
development of a reliable transfer process is critical for the
successful fabrication of graphene devices.

The general transfer process of synthesized graphene
relies on the removal of the underlying metal layer, and
graphene should be held simultaneously with a sacrificial
organic layer.>*!*!" The transfer methods can be applicable
to roll-to-roll processes'® and to flexible substrates.'” Even
though it is scalable and adaptable to any substrate, there are
still serious problems to be solved. The metal etching
process is not economical for the mass production because
the metal substrate is not reusable, and wet process can
cause wrinkles and defects on graphene. Additionally,
removing sacrificial layer is also challenging, and the
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resulting polymer residues degrade the electrical conductivity
of graphene.

Recent research showed that etching-free graphene
transfer is an alternative to overcoming these disadvantages
of etching based graphene transfer. The etching-free
graphene transfer process is based on the delamination of
graphene from metal substrates, and there are two ways. One
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is an electrochemical delamination.
reactions produce hydrogen bubbles at cathode which induce
delamination on graphene/metal interfaces. However, the
methods still involve a wet process and a sacrificial layer
should be removed also. Another route for the etching-free
transfer is mechanical delamination.”** A polymer layer is
adhered to the graphene surface with higher adhesion than
that of graphene-metal, and then mechanical loading is
applied to induce fracture at the graphene/metal interface.
Although graphene should be adhered to the polymer
surface, the transfer is an entirely dry process.

The mechanical delamination-based graphene transfer is
an entirely dry process, and is therefore well compatible with
efficient mass production. Although, the polymer residue is
unavoidable due to an epoxy, the transfer can be directly
used in specific applications such as transparent electrodes
and organic electronics. In order to ensure high-yield
transfer, strong bonding at the adhesive/graphene interface
is required and various mechanical conditions should be
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optimized to induce stable crack propagation. From the
point of crack propagation, the dimensions and mechanical
properties of the metal substrate, the adhesive and target
substrate become critical for precisely guiding the crack at
graphene/metal interfaces.>>?” Although these mechanical
conditions are expected to dominate the transferability of
graphene, it has not been systematically researched yet.

Here, we show the etching-free transfer of graphene using
mechanical release. We investigated its release mechanics
and propose a guideline for the high-yield mechanical transfer
of graphene. The release of graphene was characterized with
Raman spectroscopy, which showed that graphene release is
strongly dependent on the thickness of the target substrate
and adhesive. Finally, it is shown that the mechanical
properties of the adhesive, such as Young’s modulus and
hardness, affect transfer yield, which is also confirmed by
fracture mechanics simulation.

2. Experimental

Synthesized monolayer graphene on a 27-um thick Cu
sheet by CVD process was used. As shown in Fig. la and
1b, the topography of the graphene on Cu was captured by
an optical surface profiler. The image shows striations on
the surface, which is induced by rolling process of Cu sheet.
The measured RMS roughness of the Cu sheet was 314 nm.
The surface is rougher than other thin metal films grown on
silicon wafers. Using the synthesized graphene on Cu sheet,
we tried etching-free transfer. The basic process is shown in
Fig. lc. Epoxy adhesive is applied on the graphene surface,
and target substrate is covered. After the thermal curing of
the adhesive, mechanical bending was applied to delaminate
the graphene from Cu sheet.

3. Results and Discussion

To ensure graphene transfer, the adhesion of graphene/
adhesive interface should be higher than that of graphene/
metal interface. It is already reported that graphene adhesion
is based on weak van der Waals force, and the adhesion
energy of graphene on metal is slightly higher than that on
dielectric.***® Nevertheless, the energy level of physical
bonding is significantly lower than that of chemical bonding,
so that graphene/adhesive adhesion is strong enough to hold
the graphene during the mechanical releasing. Moreover, the
fracture mechanics should be considered for the stable crack
propagation at the graphene/metal interface.

The thickness effects of adhesive and target substrate
were investigated. The graphene transfer process is based on

vpo] A2 A} Bl 377 85]A] A214 A2% (2014)

2 02|
5 oof| Mt

Graphene on metal Bonding with target Mechanical releasing

substrate

Applying epoxy
adhesive

Fig. 1. Topography of (a) the Cu surface, and (b) its three- dimensional
image. (c) Schematic illustration of the etching-free graphene
transfer process.

a mechanical fracture of heterogeneous interface, and the
thickness becomes crucial to induce stable crack propagation
at the graphene/metal interface. The epoxy adhesives with
different thicknesses of 2 um and 30 um were used and
50 um and 190 um thick target PET substrates were selected.

Capillary force of a liquid adhesive and thermo-
compression bonding enabled very thin adhesive coating
between target and metal substrates. The thick adhesive
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Fig. 2. Debond morphology of (a) thin, and (b) thick adhesives.
Optical image on the Cu surface after the transfer of (c) thin,
and (d) thick adhesives. Mixed-mode crack deflection of (e)
thin, and (f) thick target substrates. (g) Raman spectra on the
Cu surface after the transfer.
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sample was fabricated by Teflon sheet having the same
thickness. The schematics of fabricated specimens were
shown in Fig. 2a and 2b. The thin adhesive sample shows
epoxy residue on metal due to the rough morphology of Cu
sheet. The thickness of epoxy is 2 um, and it is comparable
to the peak-to-valley height of the metal striations. These
wavy patterns on metal are imprinted on epoxy adhesive,
and therefore the epoxy thickness is varied across the
striations.

It is known that irregular shape makes stress concentration,
hence the stress is concentrated on the thinner adhesive
region. The locally concentrated stress causes the fracture of
the epoxy layer, and it leaves epoxy residue on graphene/
metal surfaces, which is also confirmed by optical image as
shown in Fig. 2c. To address the residue issue, thick
adhesive was investigated. After the mechanical releasing
with the thick adhesive, the Fig. 2d shows clean and smooth
surface on metal sheet.

The thickness of target substrate is also a critical factor for
the mechanical delamination. It determines the crack
deflection on heterogeneous interfaces. In the case of
symmetric substrate having the same thickness and Young’s
modulus, the crack can propagate straight.® However, the
thickness and Young’s modulus of each layer are different
from each other. To induce the stable crack propagation on
the graphene/metal interface, the crack should be straight. If
not, the crack should deflect into the graphene/metal
substrate.

Even though the crack deflects into metals, high
toughness of the metal sheets prevents the crack kinking.
The worst situation is the crack deflection into the target
substrate. In this situation, adhesive layer can be easily
fractured because of its brittleness. The deflection angle of
the crack is determined by two factors: Young’s modulus
and thickness of the interfacing materials.>*® The rule of
thumb for determining crack kink direction is that the crack
deflects into a compliant substrate. We used thin (50 pum)
and thick (190 pm) target substrates. The 50 um PET layer
has lower bending stiffness than that of Cu layer, therefore
the crack will deflect on a target substrate which is shown in
Fig. 2e. It is obvious that the thicker substrate is stiffer, so
that the direction of crack kinking is changed to the
graphene/metal (Fig. 2f).

To verify the hypothesis, four specimens were fabricated
with different thickness of adhesive and target-substrate.
Raman spectroscopy was used to characterize the fractured
surface of metal, which gives the exact information of the
actual crack path. The three independent spots were selected
on each sample for the acquisition of Raman spectra. As

shown in Fig. 2g, the thick-thick specimen shows no
graphene peak on metal while the other specimens have
graphene peaks at 2700 cm™ and 1690 cm™.2” It can be
explained that the thick-thick specimens is the only viable
conditions for the mechanical release of graphene. In other
words, the success of graphene transfer is highly dominated
by thickness of interfacial layers. The sheet resistances of
the dry-transferred and wet-transferred graphene were
compared by four-point-probe, which were 8,338+1,841 Q/[]
and 1,038+180 (Y/[], respectively. The low electrical
conductivity of dry-transferred graphene can be tuned by

chemical doping, and further study is required to control the
quality of dry-transferred graphene.

It was mentioned that the local stress-concentration causes
the fracture of epoxy layer. To deal with this issue, we used
three kinds of commercial epoxy adhesive (353nd, 301 and
305, EPO-TEK®, USA), and performed same experiment at
each thickness condition. The results are marked in Table 1.
The transferability was characterized by Raman spectrum
on Cu and electrical resistance measurement on target
substrate. As seen in previous results, the 353nd has poor
in thick-thick condition.
However, the 301 shows better transferability; thick-
adhesive enabled the transfer. It can be interpreted by the

transferability, only success

residue problem. The thick adhesive prevents local stress-
concentration on epoxy layer, which does not leave any
residue on metal. In contrast, the 305 adhesive showed one
hundred percent of transferability. At the thick-thick
condition, every adhesive is a good candidate for the
graphene transfer. Each adhesive has a potential to delaminate
the graphene from metal with good adhesion, however some
adhesives, such as 353nd and 301, are sensitive to the
dimensions of interfacial layers. The difference can be
attributed to the mechanical properties of each adhesive.
Shore D hardness and Young’s modulus of each adhesive
are plotted in Fig. 3.

There is a connection between these properties and
transferability. Hardness is a measure of how the material
resist to permanent change, which is also represent the
brittleness of the material. The lower hardness material can

Table 1. The transferability of graphene with different dimensions
and adhesives.

Adhesive Target substrate EPO-TEK® EPO-TEK® EPO-TEK®

thickness  thickness 353nd 301 305
2 um 50 um X X O
30 um 50 pm X O O
2 um 190 pm X X O
30 pm 190 pm O O O
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Fig. 3. Young’s modulus and hardness of each adhesive.

sustain the more mechanical loading and deformation
without fracture. Young’s modulus is the intrinsic property
of materials, and relates the deformation to load. It is
expected that the lower Young’s modulus yields the lower
mechanical stress at the same transfer condition. However, it
is not the simple in mechanical fracture. The fracture energy
should be considered to compare the stress in different
adhesives.

To evaluate the effect of Young’s modulus on the stress of
adhesives, we simulated the mechanical fracture. The
commercial tool, ABAQUS, was used, and linear-elastic
behavior was assumed.

Dimensions and Young’s modulus of each specimen
condition was inputted, therefore total twelve conditions
were simulated. The upper part of the specimen (Fig. 4a),
adhesive and target substrate, was modeled and the other
part was assumed to be rigid by fixed boundary conditions.
Global mesh size and crack-tip mesh size were 2 um and
0.2 um, respectively. The basic assumption for the
simulation is that fracture energy is same at each condition.
Based on the previous research’”, we assumed that the
fracture energy of graphene/copper interface is constantly
0.72 Jm™. Then, the exact peeling load can be determined
by matching J-integral value with the fracture energy. After
assigning the exact load value, each modeling can be
compared under the same fracture status. The von mises
stress was probed at the 5 um in front of the crack tip,
because the crack-tip stress value has high singularity.

As mentioned earlier, the thickness and mechanical
properties of adhesive and target substrate dominate the
transferability of graphene. The results can be quantitatively
analyzed by stress calculation, as shown in Fig. 4c. It
appears that the low modulus adhesive shows low stress
level at crack-tip. Moreover, the stress was reduced with
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Fig. 4. (a) Boundary and loading conditions of fracture simulation.
(b) Crack-tip mesh of the modeling. (c) Stress plot of each
specimen. (d) Stress field comparison between stiff and
compliant adhesives.

increasing thickness of adhesive and target substrate. As
shown in Fig. 4d, the stiff adhesive shows the high level of
stress at the crack tip that can induce fracture of adhesive
film. Even though the deformation is more severe in the
compliant adhesive, the stress is low due to the low Young’s
modulus. As a result, a compliant adhesive is favorable to
graphene transfer, in terms of preventing fracture of
adhesive.

4. Conclusions

In conclusion, we proposed the design rule of mechanical
releasing of graphene. We found that thin adhesives cause
the local stress concentration in the adhesive, which lowers
the transferability of graphene by fracture of the adhesive.
Moreover, thin target substrates induce crack deflection onto
the adhesive layer, which is also unfavorable to the
graphene transfer. The mechanical properties of adhesive
were considered by experimental results and fracture
mechanics simulation. It was found that compliant
adhesives reduce the exerted stress on the adhesive, and
therefore graphene can be successfully transferred without
fracture of the adhesive. We believe that these results can be
used for the design criteria of etching-free transfer, and
provide a new opportunity for the commercialization of
large-area and high-quality graphene electronic devices.
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