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 Transparent Flexible Organic Transistors Based on 
Monolayer Graphene Electrodes on Plastic 
 There has been much interest in graphene-based electronic 
devices because graphene provides excellent electrical, optical, 
and mechanical properties. [  1  ]  In this sense, organic electronic 
devices using graphene electrodes have attracted consider-
able attention, and several reports have described the use of 
graphene source/drain electrodes in organic fi eld-effect transis-
tors (OFETs). [  2  ]  One of the ultimate goals in the fabrication of 
OFETs using graphene electrodes lies in the fabrication of fl ex-
ible and transparent organic transistors, assembled on plastics 
substrates, that maintain their high performance under ambient 
conditions. However, no reports have described the fabrication 
of organic transistors assembled on plastic substrates because 
the synthesis of either graphene or reduced graphene oxide 
requires high-temperature fabrication processes. 

 Another important goal in the context of fabricating organic 
electronic devices with graphene electrodes lies in the fabri-
cation of highly transparent graphene electrodes that cover 
large areas. Graphene transmittance decreases linearly as the 
number of layers increases in n-layer graphene. [  3  ]  Thus, the 
use of monolayer graphene is necessary to achieve high trans-
parency in graphene electrodes, provided that the conductivity 
of the graphene is suffi cient for device electrode applications. 
Another merit of monolayer graphene is its extremely low 
thickness (3–4 Å). Source/drain electrodes in staggered bottom-
contact FET structures should be thin to ensure step coverage 
of the active layer during sequential transistor fabrication. [  4  ]  For 
this reason, one-atom-thick monolayer graphene provides ideal 
source/drain electrodes for effi cient charge injection. Recently, 
several groups succeeded in fabricating high-quality/large-
area graphene with preferential monolayer thickness using a 
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chemical vapor deposition (CVD) method. [  5  ,  6  ]  Thus, it may be pos-
sible to utilize monolayer graphene electrodes in fl exible trans-
parent OFETs with monolayer graphene source/drain electrodes. 

 Here, we have developed high-performance bottom-contact 
pentacene FETs with graphene source/drain electrodes by 
transferring and patterning CVD-grown monolayer graphene 
fi lms in a room-temperature process. The advantages of the 
transferred graphene electrodes relative to common metal elec-
trodes are discussed. Furthermore, carbon-based organic tran-
sistors using graphene electrodes were assembled on plastic 
substrates, and they showed excellent electrical properties with 
both fl exibility and transparency. 

 Graphene was synthesized on a copper foil following the 
CVD process (see Experimental Section for details). [  5  ]  Because 
CVD was conducted in a quartz tube with heating to 1000  ° C, 
appropriate transfer procedures were followed to successfully 
apply the graphene for fabrication of electronic devices. Here, 
we used a polymer-supported transfer method on an arbitrary 
substrate to use graphene as a transparent/conductive elec-
trode for organic transistors. [  7  ]   Figure  1  a shows a schematic 
of the fabrication steps for patterning source/drain electrodes 
using a polymer-supported transfer method. The UV absorp-
tion spectrum showed that the graphene electrode was highly 
transparent, with a transmittance of 97.6%, and Raman spec-
troscopy revealed that the graphene fi lm was high in quality 
and preferentially formed monolayers (Supporting Informa-
tion (SI), Figure S1). The sheet resistance of the graphene fi lm 
was measured to be  ≈ 0.5 k Ω  sq  − 1  using the four-point probe 
method. The merits of graphene electrodes are not confi ned 
to their high conductivity and transparency. Because graphene 
consists only of a planar honeycomb lattice that is one carbon 
atom in thickness, the fi lm may easily be patterned by conven-
tional photolithographic techniques combined with reactive 
ion etching (RIE). Furthermore, sheet resistance of patterned 
graphene electrode maintains the original value of  ≈ 0.5 k Ω  sq  − 1 , 
confi rming the utility of the suggested patterning process. 
Figure  1 b shows patterned monolayer graphene source/drain 
electrodes on a SiO 2 /Si substrate, exhibiting a clear patterned 
image of the graphene fi lms.  

 The feasibility of using monolayer graphene as source/drain 
electrodes in OFETs was demonstrated by depositing pentacene 
on a SiO 2 /Si substrate that had been patterned with graphene 
electrodes. Because the growth characteristics of pentacene 
fi lms on source/drain electrodes are important for optimizing 
the electrical properties of pentacene FETs, [  8  ]  atomic force 
microscopy (AFM) images of graphene and pentacene fi lms 
were obtained and are shown in Figure  1 c. The graphene sur-
faces presented many small areas of residue that may have 
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    Figure  1 .     a) Schematic of the fabrication of pentacene FETs with monolayer graphene electrodes on a SiO 2 /Si substrate. b) Optical microscopy image 
of patterned graphene electrodes. c) AFM images of graphene fi lms after photolithography and 3 nm, 50 nm-thick pentacene fi lms on graphene fi lms. 
d) 2D-GIXD pattern for pentacene fi lms (10 nm) on graphene fi lms. e) AFM images (2.5  μ m  ×  2.5  μ m) of the pentacene fi lms (50 nm) at the boundary 
between the hexamethyldisiloxane (HMDS)-treated SiO 2  surface and a graphene electrode. PMMA  =  polymethylmethacrylate; PR  =  photoresist.  
originated from the PMMA and photoresist (see AFM line scans 
in SI, Figure S2). [  9  ]  These residues remained on the surface of 
the graphene during our polymer-supported transfer method, 
although other methods using metal/polymer bilayer supports 
were known to reduce these residues. [  10  ]  Pentacene deposited 
on graphene electrodes with residues underwent 3D growth, as 
shown in the 3 nm, 50 nm-thick pentacene AFM images. This 
growth mode is commonly observed on dielectric substrates 
with a low surface energy, on which molecule–substrate inter-
actions are relatively weak. [  11  ]   

Figure  1 d shows 2D grazing incidence X-ray diffraction 
(2D-GIXD) patterns of 10 nm-thick pentacene fi lms deposited on 
a graphene electrode. Intense (00l) crystal refl ections along the 
© 2011 WILEY-VCH Verlag GAdv. Mater. 2011, 23, 1752–1756
 q  z  direction suggest that most pentacene molecules were ori-
ented with their long axes directed toward the surface normal 
(vertically aligned). Furthermore, three intense in-plane refl ec-
tions, {1,  ± 1}, {0, 2}, {1,  ± 2} in the thin fi lm phase refl ections, 
appearing vertically oriented at a given  q  xy , suggest that the pen-
tacene molecules were arranged in a herringbone packing struc-
ture that consisted of multilayered structures. This arrangement 
and packing geometry for pentacene molecules are common 
to dielectric substrates, including self-assembled monolayer-
modifi ed SiO 2  substrates. [  12  ]  It should be noted that pentacene 
molecules on highly oriented pyrolytic graphite (HOPG) surfaces 
adopt a lying-down orientation. [  13  ]  Because the surface proper-
ties of graphite are the same as those of graphene, pentacene 
mbH & Co. KGaA, Weinheim wileyonlinelibrary.com 1753
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molecules on a clean graphene surface are also assumed to 
adopt this orientation. However, the surface properties of the 
patterned graphene electrodes differed totally from those on 
clean graphene surfaces because the polymer residues were 
inevitably physisorbed on the graphene surface, as shown in 
Figure  1 c. This result suggests that the growth characteristics 
of pentacene on patterned graphene electrodes are determined 
by the residue that covers the graphene surface, rather than the 
 π – π  interactions with graphene. 

 In the bottom-contact device confi guration, the mor-
phology of the organic semiconductors at the interface 
between a channel and electrode is central to effi cient charge 
transport from the electrode to the channel. Figure  1 e 
shows AFM images of pentacene fi lms at the interface between 
an HMDS-treated SiO 2  and a graphene electrode. Although the 
grain size of the pentacene domains on the graphene electrode 
was smaller than that of the pentacene domains on the channel 
region, pentacene grains grew continuously at the interface 
between the channel and the electrode, and no discernable 
transition regime was observed between them. Continuous 
grain growth may originate from the orientational homogeneity 
of pentacene in the channel and electrode regions, as revealed 
by a structural analysis of pentacene fi lms on the patterned 
graphene electrodes. Notably, the growth of pentacene grains 
was not limited by the thickness of the electrode, because 
patterned monolayer graphene electrodes were signifi cantly 
thinner compared to common metal electrodes. Thus, effi cient 
charge transport from the graphene to the channel is guaran-
teed, provided that injection barrier from the graphene to the 
channel is suffi ciently low. 

 The electrical properties of pentacene FETs with monolayer 
graphene electrodes were characterized by measuring the 
output and transfer characteristics of these devices, as shown 
in  Figure  2  a,b. The output curve shows the desirable linear 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com

    Figure  2 .     Electrical properties of pentacene FETs with monolayer 
graphene electrodes on a SiO 2 /Si substrate. a) Output characteristics, 
b) transfer characteristics of FETs with graphene electrodes ( L   =  100  μ m, 
 W   =  1000  μ m). c) Calculation of the contact resistance values. d) Channel 
length-dependent fi eld-effect mobilities. Electrical properties of FETs with 
Au electrodes are shown for comparison.  
and saturation regimes with a clear gate–voltage dependence. 
The transfer curve showed a low off-current level of  ≈ 10  − 11  A 
and a high current on/off ratio exceeding 10 7 . The fi eld-effect 
mobility was calculated from measurements taken from 15–20 
devices in the saturation regime. The bottom-contact pentacene 
FETs based on graphene source/drain electrodes had an average 
fi eld-effect mobility of 0.54  ±  0.04 cm 2  V  − 1  s  − 1  (maximum 
fi eld-effect mobility of up to 0.6 cm 2  V  − 1  s  − 1 ). For comparison, 
thermally-evaporated Au electrodes were used as source/drain 
contacts for bottom-contact pentacene FETs, holding the other 
device fabrication steps constant. The fi eld-effect mobility of 
FETs using Au electrodes was 0.02 cm 2  V  − 1  s  − 1  (SI, Figure S3), 
which was much lower than the mobilities of FETs fabricated 
with graphene electrodes.  

 To assess the infl uence of the electrode material on the 
electrical contact between source/drain electrodes and the 
pentacene fi lms, the contact resistances of graphene and Au 
electrodes were calculated using the transfer line method (SI, 
Figure S4). [  14  ]  The contact resistance of the graphene elec-
trode, normalized by the channel width, decreased from 0.02 
to 0.008 M Ω cm as  V  G  varied from –40 to –100 V (Figure  2 c). 
In contrast, the contact resistance of the Au electrode at a given 
 V  G  exceeded that of the graphene electrode by more than two 
orders of magnitude. Therefore, charge injection and transport 
were much more effi cient in the graphene electrode than in 
the common metal electrode (see SI, Figure S5,6,7 and text). 
Because the contact resistance dominates the total resistance 
in devices with a short channel length, the fi eld-effect mobility 
was found to decrease as the channel length decreased. How-
ever, the magnitude of this decrease in fi eld-effect mobility 
was much higher for devices with Au electrodes because the 
contribution of the contact resistance at the Au electrode was 
much more signifi cant than that at the graphene electrode 
(Figure  2 d). The contact resistances of graphene electrodes are 
more or less similar to those of single-walled carbon nanotube 
(SWCNT) composite electrodes. [  15  ]  Although the sheet resist-
ance of monolayer graphene ( ≈ 0.5 k Ω  sq  − 1 ) is higher than that 
of SWCNTs ( ≈ 0.27 k Ω  sq  − 1 ), [  16  ]  graphene is signifi cantly thinner 
than SWCNTs, and thus the patterning process of graphene is 
much more convenient. 

 Because steps for fabricating graphene electrodes are com-
patible with plastic substrate processing, pentacene FETs were 
assembled on fl exible plastic substrates following transfer and 
patterning of the graphene electrodes (T–P process), as shown 
in Figure  1 a. Instead of using a SiO 2 /Si substrate, polyarylate, 
poly(3,4-ethylenedioxythiophene) doped with polystyrene sul-
fonic acid (PEDOT/PSS), and crosslinked poly-4-vinylphenol 
(PVP) were used as the plastic substrate, gate-electrode, and 
gate-dielectric, respectively. The fi eld-effect mobility of the 
resulting device fabricated by the T–P process was relatively low 
( ≈ 0.01 cm 2  V  − 1  s  − 1 , see  Figure 3   c). To investigate the cause of 
this undesirable behavior, the surface morphologies of PVP and 
pentacene fi lms grown on PVP were characterized by AFM, 
as shown in Figure  3 d. The surface of PVP had a high RMS 
roughness of 2.9 nm, and thus the grain size of the pentacene 
fi lm grown on the PVP surface was relatively small ( ≈ 100 nm). 
We surmised that RIE, applied to remove the graphene fi lm 
that was not covered by the photoresist, damaged the under-
lying PVP, resulting in a rough and hydrophilic PVP surface. 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 1752–1756
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    Figure  3 .     Characteristics of transparent fl exible pentacene FETs with monolayer graphene electrodes on a plastic substrate. a) Schematic of the pro-
cedure for fabricating patterned graphene electrodes on a plastic substrate. Digital camera images of fl exible/transparent FETs with graphene source/
drain electrodes before and after pentacene deposition are also shown. 120 FETs are in a 20 mm  ×  20 mm. b) Output characteristics, c) transfer 
characteristics of FETs with graphene electrodes ( L   =  100  μ m,  W   =  1000  μ m). Output curves and black lines in the transfer curves were obtained using 
the patterning and transfer process (P–T process), as shown in Figure 3a. The red lines in the transfer curves were obtained by following the transfer 
and patterning process (T–P process) in Figure 1a. Inset of (b) shows schematic diagram of a cross section of FETs. Inset of (c) shows digital camera 
image of pentacene FETs displaying the fl exibility and transparency. d) AFM image of PVP and a 50 nm-thick pentacene fi lm on PVP following the T–P 
process. e) AFM image of PVP and a 50 nm thick pentacene fi lm on PVP following the P–T process.  
For this reason, pentacene fi lms grown on PVP in the T–P 
process exhibited small grains with loosely packed inter-grain 
connectivity. To avoid these undesirable effects, we designed 
a new process in which graphene fi lms were patterned on a 
copper foil, and patterned graphene electrodes were subse-
quently transferred using a polymer supported transfer method 
(P–T process, Figure  3 a). In this process, RIE was performed 
on the Cu foil. Thus, the PVP surface, which is an impor-
tant interface for charge transport, remained undamaged and 
yielded an RMS roughness of 0.6 nm, as confi rmed by AFM 
(Figure  3 e). Consequently, pentacene grew well on this smooth 
PVP layer and exhibited a grain size of  ≈ 500 nm. Figure  3 b 
shows the output curves corresponding to fl exible pentacene 
FETs fabricated by the P–T process, which were well-behaved 
in the linear and saturation regimes. An average fi eld-effect 
© 2011 WILEY-VCH Verlag GmAdv. Mater. 2011, 23, 1752–1756
mobility of 0.12 cm 2  V  − 1  s  − 1  (over 15–20 devices) was obtained 
from the transfer curve, which exceeded that of FETs fabricated 
by the T–P process by more than an order of magnitude (Figure  3 c). 
Because the overall procedure, including patterning and 
transfer of the graphene fi lm, was performed at room tempera-
ture, carbon-based organic transistors with monolayer graphene 
electrodes were successfully fabricated on plastics substrates, 
and the devices exhibited excellent electrical properties with 
fl exibility and transparency, as shown in Figure  3 a,c, insets and 
SI, Figure S8.  

 In conclusion, we have successfully fabricated high-
performance pentacene FETs with graphene source/drain 
electrodes by transferring and patterning CVD-grown monol-
ayer graphene fi lms. Systematic studies of the contact charac-
teristics between source/drain electrodes and pentacene fi lms 
bH & Co. KGaA, Weinheim wileyonlinelibrary.com 1755
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revealed that our patterned graphene electrodes exhibited 
properties that were superior to those of common metal elec-
trodes. By designing a new process (patterning of graphene on 
a Cu foil) for the fabrication of patterned graphene electrodes, 
transparent/fl exible organic transistors employing graphene 
electrodes were successfully assembled on plastics substrates 
with excellent performance properties. Monolayer graphene, 
with a high transparency and good conductivity, provides an 
alternative electrode material for use in next-generation fl exible 
electronic devices assembled on plastic substrates.  

 Experimental Section  
 Materials and Device Fabrication : For the growth of graphene, copper 

foil was heated to 1000  ° C with fl owing 8 standard cubic centimeters 
per minute (sccm) H 2  at 90 mtorr (1 Torr  ≈  133 Pa) and subsequently 
CH 4 /H 2  gases were fl owed at 460 mtorr with rates of 24 and 8 sccm for 
30 min, respectively. Then, the quartz tube was rapidly cooled to room 
temperature under H 2  fl ow. CVD-grown monolayer graphene fi lms on a 
copper foil were covered with PMMA ( M  w   =  240 kg mol  − 1 ) and fl oated 
in an aqueous solution of 0.1  M  ammonium persulfate ((NH 4 ) 2 S 2 O 8 ) 
solution. After all copper layers had been etched away, the graphene fi lm 
with the PMMA support was transferred to a silicon substrate with a 
300 nm SiO 2  layer (capacitance  =  10.8 nF cm  − 2 ). The graphene fi lm 
remained on the silicon substrate after removing the PMMA support 
with acetone. UV lithography (using a AZ1512 photoresist from 
Micro Chemicals) was used to pattern the graphene electrodes with 
defi ned channel lengths and widths ( L   =  10, 20, 50, 100  μ m;  W   =  
1000  μ m). Etching of the graphene fi lm was performed by application 
of a RIE plasma (100 W) for 2 s. The SiO 2  surface was treated with 
hexamethyldisiloxane (HMDS), as described previously [17] and the 
lift-off technique was used to remove the photoresist. 

 Polyarylate (PAR, Ferrania Technologies) fi lms were used as fl exible 
plastic substrates for fabricating the carbon-based OFETs. A water-based 
ink of the conducting polymer, poly(3,4-ethylenedioxythiophene) doped 
with polystyrene sulfonic acid (PEDOT/PSS, Baytron P from Bayer AG), 
was spin-coated as a gate electrode onto each PAR fi lm. Then, a dielectric 
layer 316 nm thick (capacitance  =  11 nF cm  − 2 ) was deposited by spin-
coating (at  ≈ 5000 rpm) the dimethylformamide solution comprising 
8.8 wt% poly-4-vinylphenol (PVP,  M  w   =  20 000 g mol  − 1 ) and 6.2 wt% 
poly(melamine- co -formaldehyde), methylated (PMF,  M  w   =  511 g mol  − 1 ) 
onto the PAR sheet with subsequent cross-linking for 1 h at 180 ° C in 
a vacuum oven. The graphene source/drain contacts were prepared by 
one of two different procedures (T–P and P–T processes). Pentacene 
was deposited from a quartz crucible onto the substrates at a rate of 
0.2 Å s  − 1 . 

  Characterization : The fi lm morphologies were characterized by optical 
microscopy (Zeiss) and AFM (Digital Instruments Multimode). 2D-GIXD 
experiments were performed at the 4C2 beamline of the Pohang 
Accelerator Laboratory in Korea. The capacitance of the dielectric was 
determined using an Agilent 4284 precision LCR meter. Keithley 2636A 
semiconductor parameter analyzer was employed to study the current–
voltage characteristics of the devices at ambient condition.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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