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ABSTRACT

Flexible organic field-effect transistors (OFETs) using solution-processable functionalized graphene for all the
electrodes (source, drain, and gate) have been fabricated for the first time. These OFETs show performance
comparable to corresponding devices using Au electrodes as the source/drain electrodes on SiO,/Si substrates
with Si as the gate electrode. Also, these devices demonstrate excellent flexibility without performance
degradation over severe bending cycles. Furthermore, inverter circuits have been designed and fabricated
using these all-graphene-electrode OFETs. Our results demonstrate that the long-sought dream for all-carbon
and flexible electronics is now much closer to reality.
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1. Introduction generally exists between organic semiconductors and

metal electrodes [13]. Moreover, utilization of these

Organic field-effect transistors (OFETs) are envisioned
as the essential building blocks for state-of-the-art
and next-generation electronics including displays,
sensors, e-paper, and radiofrequency identification
tags [1-5]. OFETs allow large-area flexible electronic
devices to be fabricated at low cost [6-8], but to fully
exploit these advantages in practical applications,
solution fabrication processes are strongly desired
[8-12]. Currently, metals like gold (Au) are widely
used for the source/drain (S/D) electrodes in the
fabrication of OFETs on SiO,/Si substrates with Si as
the gate (G) electrode, although large contact resistance
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metal electrodes makes it rather difficult to have fully
flexible and solution-processed devices and electronics.
Thus, electrode materials with high carrier injection
efficiency, excellent interface compatibility with organic
semiconductors and, epecially, easy solution process-
ability and suitability for use in flexible electronics are
in high demand.

Graphene, a unique two-dimensional monolayer of
sp>-bonded carbon atoms, has been studied for many
device applications owing to its many remarkable
electronic [14-19] and mechanical [20, 21] properties.
In particular, its high carrier mobility, appropriate
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work function, good optical transparency, and high
chemical stability make it a very promising electrode
and active material in all-carbon electronic devices
and electronics [22-28]. Recently, several different
OFETs have been fabricated using graphene to replace
the conventional Au as S/D electrodes on SiO,/Si
substrates [13, 29-32]. Also, significant progress has
been made in the use of solution-processed organic
materials as the active layer in these devices [33, 34].
To date, there have been four major approaches to
prepare graphene materials, namely epitaxial growth
[35], chemical vapor deposition [36], mechanical peeling
[37] and chemical exfoliation of graphite based on the
early Hummers’ method [38]. Of these methods, the
chemical exfoliation method has advantages for large-
scale production and affords graphene with good
solution processability, which makes it an excellent
practical choice as the electrode material in solution-
processed and flexible electronic applications.

In this work, all-graphene-electrode (S/D/G electrodes)
OFETs and inverter circuits have been fabricated
using solution-processable functionalized graphene
(SPFGraphene) as illustrated in Fig. 1, and shown to

Source
graphene

Dielectric polyimide

Gate graphene

Figure 1 A schematic illustration of the structure of flexible
bottom-contact OFETs based on a pentacene film. Graphene was
used for all S/D/G electrodes, and polyimide was used as the
dielectric layer. In the device fabrication, the G electrode (graphene),
dielectric layer (polyimide), and S/D electrodes (graphene) were all
fabricated by solution processes on a flexible polyimide substrate

possess good electronic performance and mechanical
flexibility. Proof-of-concept flexible OFETs with all-
graphene-electrodes showed a mobility of 0.02 cm?/(V-s)
and on/off ratio of approximately 10°, when a vapor-
deposited pentacene film was used as the organic
semiconductor layer. Furthermore, these devices show
excellent mechanical flexibility, without any degradation
in performance even when bent with a radial angle
of ~30°. A basic building block for integrated circuits
(ICs), an inverter circuit, has also been designed and
fabricated using these OFETs.

2. Experimental

Patterned graphene electrodes and OFETs were fabri-
cated as outlined in Fig. 2 (see the Electronic Supple-
mentary Material (ESM) for a detailed description). A
dispersion of SPFGraphene was prepared from natural
graphite by a modified Hummers’ method [39].
Typically, 10 mg/mL of SPFGraphene dispersion was
sonicated for 3h and subsequently spin coated at
500 r/m for 6 s and then at 3000 r/m for 10 s on cleaned
polyimide substrates. After spin-coated deposition, the
insulating SPFGraphene films were reduced through
exposure to hydrazine vapor and then annealed in an
inert atmosphere at 400 °C for 3 h with a heating rate
of 5°C/min to render the graphene film electrically
conductive (a film with thickness of 40 nm had a
conductivity of 7 S/cm). The above graphene film, as
the G electrode, was then covered with a polymer
dielectric (~10 um) layer, prepared by spin-coating a
solution of polyimide precursor (polyamic acid solution
in N-methylpyrolidone (NMP) and dimethylacetamide
(DMACc), 15%-16% w/w, viscosity, 14 000-15 000 mPa-s).
To ensure that the polyimide precursors transformed
thermally to polyimide coating films, and that all the
solvent was removed from the polyimide film, the
coated substrate was pre-baked at 80 °C for 1 h, 120 °C
for 1h, and finally cured at 250 °C for 2 h. The resulting
dielectric layer had a capacitance (Ci) of 0.3 nF/cm.
An atomic force microscopy (AFM) image of the
polyimide dielectric surface is shown in Fig. S-1 (in
the ESM). Finally, 5 mg/mL of SPFGraphene dispersion
was drop-cast on the dielectric layer through a shadow
mask to form the S/D pre-electrodes [29] (see the ESM
for details). These S/D pre-electrodes were reduced
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Figure 2 A schematic representation of the fabrication of OFETs
with graphene S/D/G electrodes. (a)—-(f) Schematic illustration
of the fabrication of pentacene OFET devices. (i) Structure of
graphene; (ii) a schematic representation of the unfinished OFET
before adding the pentacene layer, showing its good flexibility;
(iii) the finished pentacene OFET on a flexible polyimide substrate
when bent under force. It should be noted that the electrode
thickness of the G and S/D electrodes using this solution-processable
functionalized graphene should in principle be controllable, which
should facilitate future device optimization

by annealing under an inert atmosphere at 200 °C for
30 min with a heating rate of 5 °C/min to render the
graphene films electrically conductive (the films had
a thickness of ~50 nm and conductivity of ~0.6 S/cm).
For bottom contact OFET device fabrication, pentacene
was vacuum-deposited onto substrates at a rate
of 0.2-0.3 A/s (room temperature, base vacuum of
5 x 10~ Pa, thickness ~800 nm). An SEM image of the
polycrystalline pentacene layer on the channel is
shown in Fig. S-2 (in the ESM).

3. Results and discussion

The S/D graphene electrode pattern is outlined in
Fig. 3(a) and an optical microscope image is shown
in Fig.3(b). The size of the graphene electrodes is
controlled by the mask containing a channel length (L)
of ~100 pm and width (W) of ~3 cm. The sharp and
regular contact edges can be clearly seen from the

AFM image in Fig. 3(c). The height profile (Fig. 3(d))
of the S/D electrodes in Fig. 3(c) indicates that the S/D
electrode is ~50 nm thick.

Typical output and transfer characteristics of the all-
graphene-electrode OFETs are illustrated in Figs. 4(a)
and 4(b), respectively. The inset in Fig. 4(a) is the
simplified equivalent circuit diagram for the all-
graphene-electrode OFETs. Note in our FET testing,
the gate is connected to the negative electrode and
the source is connected to the positive electrode, so
the value of Vgs (= Vs— Vi) is positive. These OFETs
yield an average hole mobility of ~0.02 cm?/(V's), an
on/off ratio of ~10° and a threshold voltage (V) of
~38 V over twenty devices. The gate leakage current
is ~10 nA at gate biases (Vsg) of ~100 V. As is evident
from the output curves illustrated in Fig. 4(a), there is
a clear linear S/D current (Isp)-voltage relationship in
the low S/D voltage (V¢p) region. This indicates the
presence of an ideal ohmic contact between the S/D
graphene electrodes and the pentacene layer [30]. This
optimized contact resistance has been theoretically
predicted for carbon-based materials [40], and pre-
viously observed for OFETs using graphene [30, 41]
and carbon nanotubes [31, 40, 42] as the S/D electrodes.
Compared with the OFET devices based on carbon

200 nm

Figure 3 (a) A representation of the S/D graphene electrode
pattern. (b) An optical microscopy image of the patterned graphene
electrodes that serve as the S/D electrodes with L of ~100 um. (c) An
AFM image of the edge of the patterned S/D graphene electrodes.
(d) The AFM height profile along the horizontal line in (c)
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Figure 4 (a) Typical output characteristics for various values
of Vsg. Inset: Simplified equivalent circuit diagram for the all-
graphene-electrode OFETs. (b) Transfer characteristics at a constant
Vsp of 150 V of all-graphene-electrode pentacene OFETs, with
channel L of ~100 pum, W of ~3 cm, giving a hole mobility of
0.02 cm?/(V-s), an on/off ratio of approximately ~10°, and V7 of
~38 V. Note in our FET tests, the gate is connected to the negative
electrode and the source is connected to the positive electrode, so
the value of Vg (= Vs — V) is positive

nanotubes [42], we believe that the truly solution
processing ability and high purity of graphene give it
huge advantages over carbon nanotubes, particularly
when flexible, large area and transparent devices are
required.

Since the important goal in this work was to replace
all conventional S/D (Au) electrodes and G (Si)
electrodes simultaneously, we fabricated similar
conventional pentacence OFETs with Au as the S/D
electrodes on SiO,/Si substrates as a comparison (see
the ESM for details). The typical output and transfer
characteristic curves for the devices are shown in

Fig. S-3 (in the ESM). An average hole mobility of
~0.014 cm?/(V-s) with on/off ratio of ~10° and V; of
~—20V was obtained over twenty devices. The all-
graphene-electrode OFETs showed good performance,
comparable to the OFETs using Au as S/D electrodes
on Si0O,/Si substrates, even under our unoptimized
conditions. Also, the all-graphene-electrode OFETs
show comparable performance to pentacene OFETs
with similar structure using polyimide as the dielectric
layer and Au as the material for all the electrodes [43,
44]. This indicates that flexible all-graphene-electrode
OFETs can indeed be fabricated using solution
processing, and give comparable—or even better—
performance than conventional metal electrode OFETs.

To test the device flexibility and its performance
when bent, transistor characteristic measurements were
taken before, during, and after bending the device
vertical/parallel to the channel over a radial angle of
~30° (as shown in the inset in Fig. 5). As expected, the
device performance is completely recovered after both
severe vertical and parallel bending (Fig. 5).

An important goal beyond the fabrication of these
flexible OFETs via solution processing is to apply
these all-graphene-electrode flexible OFETs in real IC
applications. Therefore, using these flexible OFETs we
have fabricated one of the most important building
blocks for ICs—an inverter circuit—based a recently
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Figure 5 Transistor characteristics of a flexible all-graphene-
electrode pentacene OFET, before bending, during bending at a

radial angle of ~30° and after bending. The measurements were
taken with an electrode bias Vspof 150 V, channel L of ~100 pm,
and W of ~3 cm. Inset: Photograph of a bent pentacene OFET with
a radial angle of ~30° on a glass cup
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reported design [45]. The circuits consisted of two
pentacene OFETs mounted in series, including a load
transistor (T3, Wi/L; =10 000 um/270 um) and a switching
transistor (T,, W,/T, =10 000 pm/70 pm), both of which
were integrated within one polyimide substrate and
had their respective G electrodes. The G electrode
of T; (G;) is connected to its drain (D;) through the
window on the polyimide dielectric layer. The input
voltage (Vi) is applied to the G electrode of T, (G,)
and the output signal (V) is measured at the common
node (Fig. 6).

The circuit was operated at various supply voltages
(Vop) from 100 to 200 V for V;, in the 50 to 200 V range
(the inset in Fig. 7(a) shows the simplified equivalent
circuit diagram for the inverter circuit). The voltage
transfer and gain characteristics of the inverter circuits
are shown in Fig. 7. The output voltage as a function
of the input voltage of the inverter is shown in Fig. 7(a).
The corresponding calculated gains (dV,./dV,) are
shown in Fig. 7(b). The inverter operated at a maximum
gain of 3 for Vpp =200 V. Furthermore, the flexibility
of the circuitry was also tested under tensile stress.
Performance and characteristic measurements were
taken before, during, and after bending the device
vertical/parallel to the channel over a radial angle
of ~30°. The changes to the transfer characteristics
and the gain of the inverters induced by the bending
are compared at Vpp=200V in Figs.7(c) and 7(d).
Although the performance of the inverter degrades
under a tensile stress, the inverter transfer performance
is recovered after each bending cycle.

It is important to note that although the all-graphene-
electrode OFETs and inverter circuits show good

PI substrate

Figure 6 A schematic illustration of the structure of a flexible
inverter circuit based on two all-graphene-electrode pentacene OFETs

performance, further efforts to improve their overall
device performance including better mobility and lower
operating voltage are still needed. A partial reason
for expecting such improvements to be feasible lies in
our current solution process. First, the work function
of perfect graphene is believed to be ~4.6 eV [23],
which should enable good ohmic hole injection into
most organic semiconductors [13]. But, obviously, the
work function should be optimized for each individual
organic semiconductor material (pentacene in this
case), and it is highly probable that this could be
achieved by tailoring the defect (type and density)
and edge shape of graphene [30, 46]. Second, the
performance of our OFETs depends strongly on the
Ci and thickness of the dielectric layer and the
conductivity of the graphene electrode. Due to the
solution process and the moderate temperature used
to anneal the SPFGraphene layer, the conductivity
of the graphene electrode is rather low compared
with the values achieved with the higher annealing
temperatures used for most reported graphene
electrodes/films [22, 30]. Another issue in our case is
that the polyimide dielectric layer we used has a
relatively small Ci and high thickness. This results in
a significant decrease in the device mobility [11, 47].
Furthermore, due to the limits of our fabrication facility,
in order to have a complete solution process for all
three electrodes, we could only reduce the channel
length down to 70 um using a drop cast technique; if
the channel length could be made even smaller or other
fabrication methods were used, the performance
should be even better. Therefore, it is highly likely
that with optimized graphene electrodes and dielectric
layer, the performance of these all-graphene-electrode
OFETs could be improved significantly [47, 48].

Most importantly, we want to point out that we
used pentacene to demonstrate our proof-of-concept
for all-graphene-electrodes OFETs and inverter circuits,
as pentacene is believed to be one of the best OFET
materials. Other organic semiconductor materials
including graphene itself (in fact, pentacene can be
considered as one of the smallest examples of
graphene [2, 3]) and solution-processable polymer
semiconductors (such as poly(3-hexylthiophene (P;HT))
can also be used as the OFET active layer. Thus, if
graphene materials with different electronic properties
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Figure 7 (a) Voltage transfer characteristics of the inverter fabricated using two flexible all-graphene-electrode pentacene OFETs
at various Vpp=100V, 150V, and 200 V. Inset: Simplified equivalent circuit diagram for the inverter circuit. (b) Calculated gain
corresponding to the voltage transfer characteristics. The inverter operates at a maximum gain of 3 for Vpp =200 V. (c) Inverter circuit
characteristics before the bending, during bending at a radial angle of ~30°and after the bending. Voltage transfer characteristics at
various Vpp =200 V. (d) Calculated gain corresponding to the voltage transfer characteristics in (c)

(band structure/doping) are used, it should be only a
matter of time before fully flexible all-carbon OFETs
and electronics—where all the electrodes, connecting
wires, as well as the active material are all graphene—
can be fabricated using a complete solution process [22].

4. Conclusions

We have demonstrated the first solution-processed,
all-graphene-electrode OFETs and inverter circuits

with good electronic performance. Furthermore, when
fabricated on flexible plastic substrates, the devices
show great mechanical flexibility without performance
degradation. Although further optimization is required
to improve the performance of these OFETs, our
work has demonstrated the exciting perspectives
for fabricating flexible all-carbon and all solution-
processed OFETs and other electronic devices with
comparable performance to Si-based devices. Based
on these results, we believe that the realization of

Springer




720

Nano Res. 2010, 3(10): 714-721

the long-sought goal of all-carbon flexible organic
electro- nics using solution processing is much closer
than previously thought.
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