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We present the facile dry transfer of graphene synthesized via chemical vapor deposition on copper
film to a functional device substrate. High quality uniform dry transfer of graphene to oxidized
silicon substrate was achieved by exploiting the beneficial features of a poly(4-vinylphenol)
adhesive layer involving a strong adhesion energy to graphene and negligible influence on the
electronic and structural properties of graphene. The graphene field effect transistors (FETSs)
fabricated using the dry transfer process exhibit excellent electrical performance in terms of high
FET mobility and low intrinsic doping level, which proves the feasibility of our approach in
graphene-based nanoelectronics. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4846317]

Graphene has attracted extensive research interest in
high speed field effect transistors (FETs) due to its
exceptional mobility, high saturation velocity, and two-
dimensional planar structure.'? Since the discovery of gra-
phene through the mechanical exfoliation of graphite, several
methods for large area graphene synthesis including epitaxial
growth on silicon carbides,® chemical vapor deposition
(CVD)* on transition metals, and the two-dimensional as-
sembly of reduced graphene oxides® have been developed.
Among these methods, the CVD method has been most
widely used for graphene production as it enables low-cost
growth of graphene with good electrical properties.
However, utilizing the CVD graphene for device applica-
tions requires a transfer step because the growth substrate is
not compatible with existing device fabrication procedures.
Thus far, the wet transfer method*> based on the chemical
etching of metals has been commonly used to deliver gra-
phene to a functional device substrate. However, this wet
process deteriorates the quality of the resulting graphene film
and requires additional processes after the transfer, e.g., the
removal of supporting layers and complicated graphene
cleaning steps.”

In order to overcome these drawbacks, dry transfer
methods with various adhesive layers such as thermal release
tape,'® polymers,'" and epoxy'? have been developed
recently. The dry transfer process is highly desirable given
that it exploits appropriate adhesion between the graphene
and neighboring materials, and therefore enables a facile
integration of the graphene into the device substrates without
wet-based steps. However, the mechanism through which the
interfacial adhesion property of graphene is affected has not
yet been elucidated, which renders the existing dry transfer
processes highly empirical. Furthermore, few graphene
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FETs'? have been demonstrated using dry transfer methods
and their electrical performance must be improved further in
order to make the dry transfer process more feasible in gra-
phene nanoelectronics.

In this work, the adhesion behavior of graphene to
neighboring materials, including SiO,, poly(methyl methac-
rylate) (PMMA), and poly(4-vinylphenol) (PVP), is system-
atically investigated by performing direct measurements of
the adhesion energies and analyses of the molecular mechan-
ics simulation. High quality uniform dry transfer of graphene
to SiO, substrates was achieved through exploiting the bene-
ficial features of a PVP adhesive layer involving a strong ad-
hesion energy to graphene and negligible influence on the
electronic and structural properties of graphene. Using the
proposed dry transfer process, we further demonstrate high
performance graphene FETs that exhibit superb FET mobil-
ity and charge neutrality.

For the adhesion engineering, PVP containing benzene
derivatives was adopted as the adhesion promoter with the
expectation of aromatic stacking on the graphene
surface.'*™'> In order to quantitatively estimate the adhesive
forces, we directly and precisely measured the adhesion
energies of graphene to neighboring materials including the
adhesion promoter, i.e., PVP. For the purpose of comparison,
the measurement was also performed with SiO, and PMMA,
which are frequently used in graphene devices as insulating
substrates, supporting layers, and/or gate dielectrics.'¢?
The adhesion energy was measured using double cantilever
beam (DCB) fracture mechanics testing'? with the specimens
as shown in Figure 1(a). A CVD process with inductively
coupled plasma (ICP) was used for the monolayer graphene
synthesis. A 300 nm-thick copper film was deposited on top
of a 4-in. Si wafer covered with 300 nm-thick SiO,, and then
it was loaded into an ICP-CVD chamber. After heating in
ambient Ar, the sample was exposed to H, plasma with a gas
flow rate of 40 sccm and a RF plasma power of 50 W for
2min. Then, a mixture of Ar and C,H, (Ar:C,H,=40:1

© 2013 AIP Publishing LLC
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FIG. 1. (a) Schematic drawing of the DCB specimen used for measuring the interfacial adhesion energy between graphene and neighboring materials. During
the test, both Si beams are loaded and unloaded at a constant displacement rate while monitoring the applied force as a function of the displacement.
(b) Directly measured adhesion energy of graphene to neighboring materials (SiO,, PVP, and PMMA). The graphene adhered to the PVP exhibits extremely
strong adhesion energy of 2.31 = 0.11 J/m?, which is more than two times higher than that of graphene on SiO».

sccm) was flowed into the chamber with 150 W RF plasma
for the graphene synthesis process. The graphene was char-
acterized via Raman spectra and optical transmittance, con-
firming that it was a high quality monolayer graphene. For
the graphene-SiO, adhesion measurement, the graphene was
transferred onto SiO, via the conventional layer transfer
technique using chemical wet etching of Cu."?° The speci-
men for measurement of the graphene-polymer adhesion was
prepared via spin-coating polymer films on top of the
as-grown graphene on the Cu.'? The Raman spectra of the
specimens before and after the DCB testing confirmed that
crack growth occurred at the graphene-polymer interface
during the fracture testing, which resulted in detachment of
the polymer from the graphene surface.

The measured adhesion energies of graphene on SiO,,
PMMA, and PVP are shown in Figure 1(b). A
graphene-SiO, adhesion energy of 1.02+0.17J m™? was
revealed. This value is two times larger than that of mechani-
cally cleaved graphene on a SiO, substrate.”’ We attribute
this discrepancy to the intrinsic defects of the CVD grown
graphene,”” which was confirmed by the presence of a D
band at 1350cm ™' in the Raman spectra. The defect struc-
ture of the graphene involving dislocations or corrugation
increased its surface energy,” which in turn enhanced the
adhesion between the graphene and the SiO, substrate,
although the bonding mechanism was essentially the same in
that it is based on van der Waals force. The adhesion ener-
gies of 1.58 = 0.09J m 2 and 2.31 = 0.11J m™? were meas-
ured for PMMA and PVP, respectively, which were higher
than that of the graphene transferred on SiO,. In particular,
the graphene adhered to the PVP possessed an extremely
strong adhesion energy that was more than two times larger
than that of graphene on SiO,. This indicates that the adhe-
sion of graphene is controllable using the type of interfacial
molecular system. In order to analyze the factors responsible
for the difference in the adhesion energies, we performed a
molecular mechanics simulation (ChemBio?;D® Ultra) with
simplified molecular models and calculated the van der
Waals (vdW) energy between the graphene-polymer molecu-
lar systems. The model molecules for graphene (Mg),
PMMA (Mpyma), and PVP (Mpyp) were defined, followed
by a local energy minimization. The optimized molecular

configurations for each model system are shown in the inset
of Figure 2, and the vdW energy is plotted as a function of
the distance between the graphene and the model molecules.
We found that the Mg-Mpyp molecular system contained ar-
omatic rings stacked on graphene and exhibited higher vdW
energy (—0.81eV/molecule) than that of the Mg-Mppma
molecular system (—0.54eV/molecule). This tendency
corresponds accurately to the experimentally measured adhe-
sion energy ratio between the graphene-PVP and
graphene-PMMA interfaces. We believe that the n-7 stack-
ing arising from the phenol (C¢gHsOH) groups in the PVP
and graphene®*2° leads to the strong vdW interaction, which
is responsible for the high adhesion energy at the
graphene-PVP interface. This is the experimental demonstra-
tion of the introduction of a n-stacked molecular system on a
graphene surface leading to a strong vdW interaction.

The extremely strong adhesion energy at the graphene-
PVP interface can be exploited for the dry transfer of
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FIG. 2. The vdW energy as a function of the distance between the graphene
and model molecules including Mg, Mpyp, and Mpyma. The inset presents
the chemical structures and optimized molecular configurations for each
model system. The Mg-Mpyp molecular system with stacking of aromatic
rings exhibits higher vdW energy (—0.81eV/molecule) than that of the
Mg-Mpyma molecular system (—0.54 eV/molecule).
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graphene. In this work, we achieved viable graphene-
substrate integration where the graphene is intact and
robustly integrated into the target device substrates through a
facile and nondestructive dry transfer process. The process
sequence in Figure 3(a) describes the dry transfer technique
using the strong adhesion energy of the graphene-PVP inter-
face. The proposed transfer process requires only a few sim-
ple steps. The PVP film was spin-coated on top of the
graphene grown on a Cu substrate in order to form the adhe-
sion promoter, which is a critical element in facilitating the
subsequent delamination of the graphene. It should also be
noted that the PVP film is nondestructive to both the struc-
tural and electronic characteristics of graphene, as confirmed
through the Raman characterization results shown in Figure
3(b). In order to reveal the effects of the PVP coating on gra-
phene, we performed Raman measurements before and after
coating the PVP on the graphene, which was already trans-
ferred onto SiO, substrates using the conventional wet trans-
fer method. We observed no change in the D-band located
at ~1350 cm ™!, which indicates that the PVP can be formed
on graphene without introducing additional defects.
Furthermore, the negligible changes in the position and full
width at half maximum (FWHM) of the G-band demonstrate
that the PVP induces negligible doping in the graphene.”’
The results presented in Figures 2 and 3 suggest that the
n-stacked molecular system at the graphene-PVP interface
can effectively enhance the interfacial adhesive strength
while preserving the intrinsic properties of graphene. The
PVP/graphene/Cu/Si substrate was subsequently bonded to a
SiO, substrate using epoxy. During the subsequent mechani-
cal delamination process, the graphene-PVP adhesion
energy, which is much higher than that of the as-grown
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graphene on Cu (0.72 = 0.07J m2),'? enabled the graphene
to be readily separated from the Cu surface and uniformly
transferred to the SiO, substrate. The atomic force micros-
copy (AFM) images demonstrate that the mechanical
delamination of graphene was achieved over a large area
(Figure 3(c)). The Raman spectroscopy of the
graphene-delaminated Cu also confirms that the graphene
was completely transferred onto the PVP film (Figure 3(d)).
This suggests that the nondestructive behavior and strong ad-
hesion energy between graphene and PVP could be exploited
to provide an effective graphene integration technique for
device applications.

We further demonstrate high performance graphene
FETs using the abovementioned dry transfer technique with
a nondestructive PVP adhesion promoter. A cross-sectional
schematic view of the fabricated graphene FET is presented
in Figure 4(a). The device was fabricated directly on a
graphene/PVP/SiO, substrate prepared using the developed
dry transfer technique. It is noted that the adhesion promoter,
i.e., the PVP layer, should be highly cross-linked in order to
resist possible damage during the subsequent device fabrica-
tion processes.28 For comparison, we also fabricated control
devices using the typical wet-based graphene transfer pro-
cess. Figure 4(b) presents the transfer (Ipg-V;) characteris-
tics of the graphene FETs fabricated using the two different
transfer techniques. The graphene channel layers for the dry
and wet transferred devices possess strong and weak adhe-
sion energy, respectively. The on-off current ratio of the /pg
of the dry transferred graphene device is two-fold higher
than that of the wet transferred graphene device. For the dry
transferred device, the Dirac voltage (Vp;,c), Which depends
on the doping level in the graphene,'® is near zero while the
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FIG. 3. (a) Process sequence of the adhesion engineered dry transfer technique. This method is composed of simple steps, yet allows the direct integration of
graphene into a functional target substrate. (b) Raman spectra for graphene with and without PVP adhesion promoter. The negligible changes in the D- and G-
bands demonstrate that the PVP film is nondestructive to both the structural and electronic characteristics of graphene. (c) AFM image of the boundary
between the graphene-delaminated and graphene-covered Cu. (d) Raman spectroscopy for the graphene-delaminated and graphene-covered Cu demonstrating
that the graphene grown on Cu is transferred completely onto the PVP/SiO, substrate after mechanical delamination.
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Vpirae of the wet transferred device shifted toward the posi-
tive direction. Figures 4(c) and 4(d) show the output charac-
teristics (Ips-Vpg) of the graphene FETs fabricated using the
wet transfer technique and the proposed dry transfer tech-
nique. Excellent gate modulation and superior drain current
drivability are consistently observed in the dry transferred
devices. In order to quantitatively analyze the impact of the
dry transfer technique on the FET characteristics, we
extracted the charge densities and mobilities of the FETs.
Figures 4(e) and 4(f) compare the charge density and FET
mobility of the graphene FETs prepared using the different
transfer techniques. The results demonstrate that superb
charge neutrality and mobility performance were achieved
using the proposed dry transfer process. We attribute the
superior mobility to the intact graphene channel with good
charge neutrality, which reduces the charged impurity
scattering.29’3 0

In conclusion, we demonstrate that graphene adhesion
can be substantially enhanced through exploiting the 7-7
interaction between the graphene and PVP containing ben-
zene derivatives. The m-stacked molecular system at the
graphene-PVP interface provides extremely strong adhesion
energy of 2.31 =0.11J m 2, which is directly measured and
analyzed using a molecular mechanics simulation. Using
PVP as a nondestructive adhesion promoter, we developed a

promising dry transfer technique through which the graphene
active layer is intact and robustly integrated onto target de-
vice substrates. With our integration technique, we further
demonstrate high performance graphene FETs with superb
charge neutrality and FET mobility. These results will enable
the intrinsic limit of graphene adhesion to be overcome and
will also provide an effective approach for graphene integra-
tion, which is a prerequisite for realizing graphene-based
nanoelectronic devices and systems.
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