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Two-dimensional (2D) graphene has promise in many electronic
and optoelectronic device applications because of its useful
properties such as low resistance,[1,2] high flexibility,[3] high
mechanical stability[4] and high transparency to visible light.[5–8]
There are two current methods to process graphene electrodes
over the large scale: graphitization of single crystal SiC[9,10] and
chemical vapor deposition (CVD) on metal films.[3,11,12] Specifically for electrodes, CVD-grown graphene has promise in
producing electrodes because the films have low resistance,
high optical transmittance and flexibility.[3,12] Several reports
have demonstrated organic thin film transistors (OTFT) using
CVD-grown graphene as source and drain electrodes.[13–18]
However, in these studies, fabricating reliable junctions while
maintaining clean interface between the channel and electrodes
remains as a challenge. Although photolithography with subsequent dry and wet etching processes have been shown to work
with graphene, these processes are not compatible with organic
devices due to the harsh patterning conditions. Recently, Kim
et al.[3] successfully transferred multilayer graphene grown on
patterned Ni, using PDMS transfer printing over large areas. The
key feature of this study is that it reveals a method to pattern
and transfer CVD-grown graphene using an elastomeric stamp,
a method that also enables patterned graphene to be transferred to any substrate without conventional lithography. Using
a variation on this method, we have transferred CVD-grown
single layer graphene to Si/SiO2 substrates in a pattern defined
by the geometry of the PDMS stamp. As a demonstration of
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Inking Elastomeric Stamps with Micro-Patterned, Single
Layer Graphene to Create High-Performance OFETs

one application of the technique, we formed high-performance
bottom contact organic field effect transistors with graphene
as the source and drain electrodes. The devices have high hole
mobility exceeding 10 cm2/Vs, high on-off current ratios larger
than 107 and a low threshold voltage for switching.
Organic field-effect transistors (OFET) with 2D single
layer graphene (SLG) as source and drain electrodes were
fabricated by the procedure schematically shown in Figure 1.
Large scale SLG was grown on 25 μm-thick Cu foil.[12] The
foil was then laminated onto a micron scale patterned PDMS
stamp. The Cu foil was removed by etching the copper with
an (NH4)2S2O8 (ammonium persulfate) solution (0.1 M in DI
water), and the PDMS stamp was thoroughly rinsed with DI
water. Once the copper is etched, the raised features in the
PDMS are “inked” with SLG that has the same pattern as
the PDMS stamp. The patterned SLG was then transferred to
the target substrates by pressing and gently removing the
PDMS mold.
Microscale features from SLG graphene on SiO2 layer are
visualized in Figure 2a. SLG patterns on SiO2 substrates are
apparent over large area and have feature size of 20 μm and
1000 μm in width and length, respectively. Our stamping
method for SLG electrodes is very reliable for large area pattern transfer onto SiO2 layer. The SLG transfer from PDMS to
an acceptor substrate is governed by the difference of work of
adhesion in surface tension of each layer. In order to transfer
SLG, the adhesion force for the SLG and the target substrate
should be higher than that of the PDMS/SLG interface.[19–21]
Using this technique, we are able to transfer SLG onto a variety
of substrates. Figure 2b shows the result of transferring SLG
onto a poly(4-vinylphenol) (PVP) substrate. The organic dielectric is not compatible with conventional photolithography
methods due to the harsh conditions.[18] Figure 2b shows welldefined SLG pattern arrays on PVP on a flexible PET substrate.
The inset in Figure 2b shows a photograph of graphene/PVP/
patterned graphene structure devices on a transparent PET
substrate.
It is easy with this method to transfer a variety of shapes
that could be useful in electronic devices. Using this method
we were able to create 20 μm hexagonal tiles of SLG arrayed
into p6mm symmetry shown in Figure 2c. We applied another
PDMS mold with 20 μm periodic lines arranged in a p2mm
symmetry. These are patterned over a large area and can easily
produce features on the ∼10 μm scale. (see the supporting
information S1).
Raman scattering was used to investigate the properties of
the SLG after it was transferred to a SiO2 substrate (Figure 3a).
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fabrication processes were employed to demonstrate bottom contact transistor with our
patterned SLG electrodes. First, the rubrene
crystals were directly grown onto the SLG in
the PVD furnace. The transfer curves clearly
exhibit current modulation of the p-type
rubrene active layer at negative gate voltage.
The output characteristics of the OFET also
show excellent saturation behavior beyond a
Conformal contact
drain-source voltage, VDS, of –50 V with gate
with PDMS pattern
field modulated step (see supporting informaConformal contact
tion S3a). The sublinear onset of the output
with substrates
curve indicates good charge injection from
SLG electrode to the rubrene single crystal.
PDMS
The field-effect mobility is calculated from
the slope of a plot of the square root of the
drain current (IDS) versus gate voltage (VG) in
the saturation regime (see supporting information S3b). To calculate the mobility we use
IDS = (W/2L)Ciμ(VG−VT)2, where W and L are
Deposit the organic
the width and length of channel and Ci, μ,
Etch the Cu foil
semiconductor
and VT correspond to the capacitance per
unit area of the gate insulator, the field-effect
mobility and threshold voltage, respectively.
SLG
The field-effect hole mobility is ∼2 cm2/Vs
and the on/off ratio is approximately 107 with
a threshold voltage of +3 V.
We were also able to transfer thin (ca.
100 nm) rubrene single crystal onto the SLG
pattern using static force between SiO2 and
organic crystal. The transfer technique not
only improved the positioning of rubrene
crystal but also exhibited higher performance
Figure 1. Schematics of the fabrication procedure for transferred micropatterned SLG electransistor characteristics. Using this techtrode based organic field effect transistor using rubrene single crystal semi-conductor.
nique we were able to measure the statistical
distribution in electrical characteristics along
The single Lorentzian line shape of 2D peak indicates that
the crystallographic a and b axes (Figure 4 inset). The average
the film is single layer graphene.[3] The G and 2D bands had
field-effect mobility values from 36 devices were calculated
a reasonable ratio, 2.3, and the band positions were also well
to be 6.0 and 3.8 cm2/Vs for different rubrene crystal direc−
1
−
1
aligned at 1583 cm and 2680 cm . Negligible D band intention b and a, respectively (see the supporting information S4).
sity indicates a low level of defects in the transferred SLG patThe on/off current ratio of >5 × 106 was obtained at normal
tern. Furthermore, the cross-sectional profile of the single layer
ambient condition. The on/off ratio is higher than this value
graphene obtained from AFM images of the transferred pattern
but unfortunately the current is too high in many devices to
shows an average height of approximately 0.7 nm. This height
be measured in the on-state with our present measurement
in the AFM measurement indicates that there is a single layer
apparatus. We extract a subthreshold swing value, S, of ∼0.2 to
of graphene on a SiO2 layer, consistent with a previous report
0.5 V/decade from the equation given by S = d(Vg)/d(logISD)
(see the supporting information S2).[22] The transferred SLG
and a normalized subthreshold swing, Si = SCi, of 2.5 to 5 VnF/
showed that the sheet resistance of SLG is about ∼1.8 k Ω/sq, as
decade−1 cm−2. Furthermore, the highest mobility of transferred
measured by a four-point probe method.[23] An AFM image of
rubrene transistor shows a mobility of 10.3 cm2/Vs with approxa transferred SLG film on SiO2 is shown in Figure 3b, showing
imately 107 of on/off ratio, as shown Figure 4a. Figure 4b shows
that the films are somewhat rough and buckled during the
that the low Schottky barrier between SLG and rubrene crystal
transfer process. Further process improvements will likely
give rise to excellent output curves showing up to 100 μA at a
produce material with lower sheet resistance.
gate voltage of –20 V.
Despite the relatively high sheet resistance, these patterned
For comparison, we also fabricated an OFET with gold as
graphene layers can be used as source and drain contacts in
source and drain contacts. We first tried to deposit the gold elecorganic FETs (Figure 4). To complete the FET devices, single
trodes and grow the rubrene crystals as we did for the SLG concrystal rubrene was deposited on transferred SLG electrodes.
tacts. We were unable to produce any devices that functioned
Rubrene crystals were grown in physical vapor deposition
appreciably well. We speculate that when using bottom contact
(PVD) furnace under argon atmosphere.[24] Two different device
gold, which is relatively thick, the crystals do not grow well. We
SLG
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Figure 3. (a) Raman spectra of transferred SLG pattern with absorptions
at 1538 and 2680 cm−1 were observed using a 514 nm laser source, as
indicated with G and 2D, respectively. (b) AFM image in height contrast
of transferred graphene on SiO2 layer.

Figure 2. (a) An optical microscope image of patterned SLG electrodes on SiO2 layer fabricated by stamping method. The inset of (a) is
a magnified optical microscope image of micro patterned SLG. (b) An
optical microscope image of SLG patterned electrode fabricated on PET/
graphene/PVP layer. The inset shows a photograph of the transparent
PET/graphene/PVP/patterned graphene structure. (c) An SEM image of
the hexagonal arrays of SLG electrodes micropatterned onto a SiO2 substrate. The inset of (c) displays a magnified image of SLG having 20 μm
edge length arrayed with p6mm symmetry.

were able to create top contact devices, which showed much
diminished properties such as higher threshold voltage and
lower mobility (see supporting information S5). The degradation in properties may result from poor contact resistance
between the metal electrode and the rubrene crystal.

Adv. Mater. 2011, 23, 3531–3535

The SLG electrodes have the dual advantage that they
encourage the crystal growth of organic materials and have a
work-function similar to the organic materials. Moreover the
extreme thinness of the graphene electrodes allows single
crystals to have homogeneous contacts. Unlike the commonly
used carbon paste electrodes for organic materials,[25,26] here
graphene provides us more controllability in the electrode fabrication process and better carrier injection efficiency owing to
the work function adjustment.[27]
In summary, we have demonstrated a new method to pattern
SLG using a PDMS mold. The micro patterning allowed us to
use SLG as electrodes for OFETs. With single crystalline rubrene
as an active channel, the devices exhibited excellent p-type characteristics, with on/off current ratio of ∼107, field effect mobility
of ∼10 cm2/Vs and low threshold voltage of +5 V. It is also clear
that using this approach all three electrodes could be applied
to a transparent substrate through lamination. Furthermore,
our approach is also compatible with reel-to-reel processing of
organic devices such as organic light emitting diodes, capacitors, and heterostructured materials for photovoltaics.
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Figure 4. (a) ID–VG transfer curve of OFET with patterned SLG using
transferred method. The inset optical microscope image shows top view
of an OFET with single crystal rubrene on patterned SLG source and drain
electrodes, (b) Output characteristics of SLG electrodes based OFET. The
gate voltage carried from 0 V to −30 V with a step of –10 V. The inset
shows the low bias voltage zoom in of the main panel.

Experimental Section
Graphene growth using CVD: Single-layer graphene sheet was prepared
by thermal chemical vapor deposition (CVD) method. 0.05 inch thick
copper foil (99%) was used as a catalyst. The copper foil was placed in
a tube furnace and the system was purged with argon gas (200 SCCM,
ultra high purity, 99.999%) with roughing pumping to have 1.2 Torr of
pressure. Then the furnace was rapidly heated up to 1000 °C. When the
furnace reached 1000 °C, hydrogen gas (10 SCCM) was added to reduce
the copper foil surface for 10 min (64 mTorr). After the annealing step,
the growth was started by adding methane gas (170 SCCM, 1.7 Torr) for
18 min. When the growth was done, the system was purged with argon
gas and slowly cooled down to room temperature.
Fabrication of PDMS mold: An elastomeric PDMS mold was fabricated
by curing a PDMS precursor (Sylgard 184, Dow Corning Corp) on a
pre-patterned silicon master. We used a mixture of PDMS precursor
and curing agent (10: 1 by weight) that had been degassed under
vacuum. The pre-patterned photoresist masters were prepared by
standard photolithography, and the surface of a master was modified
with 1H,1H,2H,2H-perfluorodecyltrichlorosilane (Aldrich) SAM in the
vacuum before casting the PDMS precursor on the master.
Rubrene growth using PVD: Rubrene single crystal was grown in physical
vapor transport furnace. 2 mg of sublimed rubrene powder (>99.5%)
was weighed and placed in a hot zone of the furnace (330 °C). Then,
the substrate with patterned SLG was placed in a crystallization zone
(280 °C). 50 SCCM of ultra high purity argon gas (99.999%) was used as
a purging gas as well as a carrier gas. After 5 minutes of pre-purging, the
system was heated to 330 °C. The reaction was performed for 2 minutes
and the system was cooled down to the room temperature.
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Supporting Information is available from the Wiley Online Library or
from the author.
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Transistor characterization: OFET transfer and output characteristics
were recorded using semiconductor systems in ambient condition at
room temperature (Agilent Technologies, HP4284A).
Microstructure characterization: Optical microscope was used to
visualize the patterned SLG using stamping method with a Nikon
ME600 instrument. SEM images were obtained with a Hitach-4700 fieldemission-gun electron microscope. Atomic force microscopy (AFM) was
performed in height contrast by a PSIA XE100.
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