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One of the major bottlenecks in fabricating high performance organic field effect transistors
(OFETs) is a large interfacial contact barrier between metal electrodes and organic
semiconductors (OSCs) which makes the charge injection inefficient. Recently, reduced graphene
oxide (RGO) has been suggested as an alternative electrode material for OFETs. RGO has
tunable electronic properties and its conductivity can be varied by several orders of magnitude by
varying the carbon sp’ fraction. However, whether the sp” fraction of RGO in the electrode
affects the performance of the fabricated OFETs is yet to be investigated. In this study, we
demonstrate that the performance of OFETs with pentacene as OSC and RGO as electrode can be
continuously improved by increasing the carbon sp” fraction of RGO. When compared to control
palladium electrodes, the mobility of the OFETs shows an improvement of ~200% for 61% sp*
fraction RGO, which further improves to ~500% for 80% RGO electrode. Similar improvements
were also observed in current on-off ratio, on-current, and transconductance. Our study suggests
that, in addition to 7-7m interaction at RGO/pentacene interface, the tunable electronic properties

of RGO electrode have a significant role in OFETs performance. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4902881]

Organic field-effect transistors (OFETs) have received
much attention due to their potential applications in low-cost,
light-weight, and large-area flexible electronic devices.'™ A
major challenge in improving OFET device performance is to
reduce the large interfacial barrier between metal and organic
semiconductors (OSCs), which results in a low charge
injection from the metal electrode to OSC and limits the per-
formance of OFETs.”!” The large interface barrier can be
originated from discontinuity in morphology, interfacial
dipole barrier, and Schottky barrier. In order to address the
challenge of low charge injection, reduced graphene oxide
(RGO) has been introduced as a promising electrode for
OFETs due to its high work function and strong n-7 interac-
tion with organic molecules which can reduce the injection
barrier at the electrode/organic interface.''™'® In addition, its
solution-processing method to produce graphene sheets in
large quantities at low cost and compatibility with various
substrates including plastics, makes them attractive for fabri-
cation of OFETs. It has been shown that RGO consists of sp2
graphene domains surrounded by a continuous matrix of sp’
networks, which contains oxygen functional groups such as
hydroxyl, epoxy, and carboxyl.'”'® Interestingly, the ratio of
sp’/sp® fractions, can be tuned by controlling the reduction
condition giving rise to tunable electronic and optical proper-
ties. Such sp2 fraction tuning can also lead to a variation of
work function and bandgap of RGO."®* However, how the
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variation of carbon sp2 fraction of RGO will affect the per-
formance of RGO-contacted OFETSs remains unexplored.

In this paper, we present a systematic study of the elec-
trical transport properties of pentacene field-effect transistors
(FETs) using RGO of various reduction efficiency as electro-
des. RGO sheets of different carbon sp® fraction varying
from 61% to 80% were synthesized by reducing the individ-
ual graphene oxide (GO) sheets via hydrazine hydrate
method and by varying the reduction time from 10min to
60 min. The RGO sheets were assembled between prefabri-
cated palladium (Pd) patterns via dielectrophoresis (DEP).
The RGO electrodes of 2 um x 25 um were defined by elec-
tron beam lithography (EBL) and subsequent oxygen plasma
etching. A control Pd contacted pentacene FETs was also
fabricated for comparison. From the electronic transport
measurements of 40 devices, we show that the average satu-
ration mobility (u) increased from 0.06 for Pd electrodes to
0.11, 0.20, and 0.31 cm?/V s for RGO electrodes with a sp2
fraction (reduction time) of 61% (10min), 66% (30 min),
and 80% (60 min), respectively. In addition, current on-off
ratio (In/Iogr), the magnitude of on-current (|L,y,|), and trans-
conductance (g,,) show similar improvements with increas-
ing the sp® fraction. This demonstrates that, although a few
minutes of reduction (10min, 61% sp2 fraction) of RGO
electrodes can improve the OFET device performance by
200% compared to bare Pd electrode, significant improve-
ments of up to 500% can be achieved by further increasing
the reduction efficiency (up to 60 min, 80% sp2 fraction) of
RGO electrode. We discuss the improvements from work
function and conductivity consideration of RGO. Our study

© 2014 AIP Publishing LLC
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suggests that the tunable electronic properties of RGO can
have significant impact on the performance of RGO con-
tacted OFETs.

The individual GO sheets were obtained from commer-
cial sources and the RGO sheets of different reduction effi-
ciency were produced via chemical reduction in hydrazine
hydrate for either 10, 30, or 60 min at 90 °C as described in
our previous publication.”’ The carbon sp2 fraction was cal-
culated as 61%, 66%, and 80% for 10, 30, and 60 min of
reduction time of RGO sheets, respectively. The carbon sp2
fraction was obtained by taking the ratio of the integrated
peak areas corresponding to the C-C peak, to the total area
under the C 1s spectrum from the X-ray photoelectron
spectroscopy (XPS) (Figure S1 in the supplementary
material).>!*°

Devices were fabricated on doped silicon (Si)/silicon diox-
ide (SiO,) substrates. The RGO sheets of different sp2 fractions
were assembled between Pd patterns of 5pum X 25 um via
DEP.?® In our previous study,”® we focused on a few RGO
flakes assembly in a short channel. Here, we optimized the
DEP assembly technique to obtain a thin RGO film in large
channel geometry. We used an AC voltage of 5V with a
1 MHz frequency for 30 s. Figure 1(a) shows a representative
scanning electron microscopy (SEM) image of RGO assembled
between Pd. The image was taken using a Zeiss Ultra 55 SEM
with an in-lens secondary electron detector at 1.2kV. The aver-
age thickness of the film is ~20 nm determined by the atomic
force microscopy (AFM) study (see supplementary material,
Figure $2).% The representative current-voltage (/,-V,)) charac-
teristics of the assembled RGO sheets with different reduction
efficiency are shown in Figure 1(b). The increase in carbon sp2
fraction resulted in a decrease of room-temperature resistance
(R). The average two-terminal R is 20.5 MQ, 702k(, and
165 kQ for RGO sheets with carbon sp? fraction of 61% (green
square), 66% (blue triangle), and 80% (red circle) (Figure
1(c)). The decrease of resistance with increasing sp2 fraction
demonstrates that the restoration of 7-7 bond improves charge
percolation pathways in the RGO sheets.”*'
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FIG. 1. (a) SEM images of DEP assembled RGO thin film and (b) Current-
voltage (I;,-V,;) characteristics of RGO thin films containing different carbon
sp® fraction. (c) Resistance of RGO films with different reduction time.
Carbon sp” fractions are 61% (green square), 66% (blue triangle), and 80%
(red circle) for 10, 30, and 60 min reduction time of RGO sheets. (d) SEM
image of RGO electrodes after oxidative cutting.
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The RGO electrodes of channel length (L)=2um
and channel width (W) =25 um were fabricated via spin
coating of poly(methyl methacrylate) (PMMA), defining a
2 um x 25 ypm window on RGO by EBL, and subsequent
oxygen plasma etching for 2 min. Finally, the devices were
kept into acetone for 3h to remove the residual PMMA on
the devices. The SEM image of the resulting RGO electrodes
is shown in the Figure 1(d), showing well-defined channel
dimension. A total of 30 devices using RGO electrodes were
made, 10 devices for each sp2 fraction. For control devices,
we also fabricated 10 devices using bare Pd electrodes with
the same dimension as RGO electrodes. All the samples
were then loaded into a thermal evaporator for pentacene
deposition. Pentacene (Sigma Aldrich, >99.9%) film with a
thickness of 30 nm was then thermally deposited under the
vacuum at a pressure of 2 x 10°° mbars. In order to mini-
mize the device-to-device fluctuation from the active materi-
als morphology, all of the pentacene films were deposited
under identical conditions. The morphological investigation
carried out by an AFM shows that all the films have similar
morphology with an average grain size of 350-500nm
(Figure SS»).25 The electrical measurements of all the devices
were carried out in a probe station placed inside a glove box
with an oxygen content of less than 0.5 ppm and the data was
recorded using a HP 4145B semiconductor parameter
analyzer.

Figures 2(a)-2(d) show the drain current (/) vs source-
drain bias voltage (V) curves (output characteristics) at dif-
ferent gate-voltages (V,) for our representative pentacene
FET devices with Pd electrodes, and RGO electrodes of
61%, 66%, and 80% carbon sp’ fraction, respectively. The
V, was varied from O to —20V in a step of —5V. All the
devices show p-type FET behavior with a good gate modula-
tion along with a linear behavior at low bias and a saturation
behavior at higher bias voltage. For a clear comparison, we
plotted all the curves in the same scale. From here, we
observe that the magnitude of the output current of the penta-
cene FET increases with increasing sp” fraction of the RGO
electrodes. The magnitude of the output current (at
Va=-50V and V,=-20V) for Pd contact is 1.06 puA,
while it is 2.62, 4.93, and 7.6 uA for the RGO electrode devi-
ces with 61%, 66%, and 80%, sp2 fraction, respectively. The
magnitude of the output current is more than 2 and 7 times
higher for RGO electrodes with 61% and 80% sp? fraction,
respectively, compared to the control Pd device. Since the
morphology of all the devices is similar, the increase of out-
put current with increasing RGO reduction efficiency clearly
shows that the carbon sp? fraction of RGO has a significant
impact on the output characteristics of the devices.

For further investigation of the effect of carbon sp® frac-
tion of RGO electrodes on the device performance, we also
measured the corresponding transfer curves (I, vs V,) of the
same devices at saturation regime (V,=—50V) (Figures
2(e)-2(h)) and calculated g, I,o/Iog, and |L,,| of the devices.
The mobility is calculated using the standard formula:
u= QLI 3.)|( WC{(V, — Vr)?), where 14, 1s saturation cur-
rent, C; is the gate capacitance (13.8 nF/cm?), and V7 is the
threshold voltage. The values of u for Pd, 61%, 66%, and
80% carbon sp2 fraction of RGO are 0.052, 0.144, 0.205,
and 0.319 cm?/V s, respectively. This demonstrates that the
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FIG. 2. Output characteristics (/,-V,) of pentacene transistors at V, =0, —5, —10, —15, and =20V (bottom to top) for (a) Pd, (b) 61%, (c) 66%, and (d) 80%
carbon sp fraction RGO in the electrodes. Transfer characterlstlcs (053 g) of pentacene transistors at V,; = —50V (left axis) and (/,;) 12 (right axis) of the devi-
ces with (a) Pd, (b) 61%, (c) 66%, and (d) 80% carbon sp fraction RGO in the electrodes.

mobility of the pentacene FETSs also increases with increas-
ing the carbon sp? fraction of RGO electrodes. The values of
w are 2.5 times higher for 61% RGO and 6 times higher for
80% RGO compared to the control Pd contacted device. The
transfer curves also show that the I,/Io and Lo, (; at
V,=—40V) increases with increasing carbon sp” fraction of
RGO electrodes. The I,/ and |Iy,| are 3.9 x 10° and
6.13 pA for the control Pd electrodes, 5.4 x 10° and 19.7 pA
for 61% RGO electrodes, 1.7 x 10* and 24.2 HA for 66%,
and 2.2 x 10" and 322 uA for 80% RGO electrodes. In
addition, we have also extracted the transconductance
(gm=dlldV,) in the linear regime (at V,=-10V and
Vo= —40V) of the transfer curve (Figure S4). 2 The gm Was
found to be 0.06 uS, 0.10 uS, 0.18 uS, and 0.23 uS for the
control Pd, 61%, 66%, and 80% RGO electrodes, respec-
tively. Therefore, g, Ion/Iogr, |Ton|, and g, are improved sig-
nificantly with increasing the carbon sp fraction of RGO
electrodes.

The characteristics measured from all the devices (10 in
each category) are summarized in Figure 3 (see also Table
S1),> where we plot the g, Lon/Log, |1 as a function
of the carbon sp2 fraction of RGO electrodes. Figure 3 shows

04 80% . 80%
» 03 66% é 100 o
Z / % rPd 61% *
NE 0.2F 61% = b
] Pd / _o sl
=0 - 103 |
(a) (b)
0.0 2w n 03 A\t s
% 80% 80%
e 66% -
i(:; 61% *O//. 0 0.2 66%/*
=20 P OTE 61%
= 10}8d ~ o 0.1 Pd/+/
L o .1 @
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60 70
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FIG. 3. Summary of OFET performance from 40 devices. (a) u, (b) Ion/Iots
(©) Ion|, and (d) g, for Pd electrode and RGO electrode of 61%, 66%, and
80% carbon sp” fraction.

that, similar to our representative devices, the average u is
increased from 0.06 for Pd to 0.11, 0.20, and 0.31cm?/V s
for 61%, 66%, and 80% of RGO electrodes, respectively.
The increase in the average u for our OFETS is more than 5
times higher for 80% compared to the Pd contacted control
devices. Similar significant increase can also be observed in
the average value of the Ion/Iog, |1 ¢,, with increased
reduction efficiency of RGO electrodes (Figures 3(b)-3(d)).
For the control Pd electrode devices, the average value of
Lon/Iott, |Ton|, and g, are 2.4 x 10°, 5.5 uA, and 0.05 uS,
respectively. These values increased to 3.5 x 10? (1.5 times),
14.9 uA (3 times), and 0.08 uS (1.5 times) for 61%, 1.1 x 10*
(4 times), 22.7 uA (4 times), and 0.14 uS (3 times) for 66%,
and 2.1 x 10* (10 times), 29.3 uA (6 times), and 0.22 uS (4
times), for 80% of carbon spz fraction in RGO electrodes.
From this study, it is clear that the different reduction effi-
ciency of RGO electrode, which controls the carbon sp2 frac-
tion, resistance, and work function of RGO, plays an
important role in determining the performance of OFETs.
Our study also demonstrates that, although a few minutes
(10 min, 61%) of reduction efficiency of RGO electrodes can
enhance the device performance compared to the control Pd
contacted devices, the maximum performance is achieved
using the highest reduction efficiency (60 min, 80%) of RGO
electrodes.

Since all the devices have the same organic semiconduc-
tor as channel materials deposited under identical conditions,
the variation in device performance should be related to the
electrode materials and electrode/pentacene interface. If the
interfacial Schottky barrier is ¢, the current flowing through
the device at a fixed bias voltage and temperature (T) can
be approximated as I, oo exp(—Dy/kT),?” where k is a
Boltzmann constant. A decrease in ®p will result in an
increased charge injection and higher device current.
However, ®p is related to the work function difference
between the pentacene and the electrode. The work function
of Pd is 5.1 eV which is close to the highest occupied molec-
ular orbital (HOMO) level of pentacene (5.0eV). On the
other hand, the typical work function of highly reduced RGO
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FIG. 4. Schematic of energy level diagrams of (a) Pd/pentacene, (b) 61%
RGO/pentacene, (c) 66% RGO/pentacene, and (d) 80% RGO/pentacene.
This figure shows Fermi level (Er), HOMO level of pentacene, and ¢p.

is reported to be in the range of 4.6-5.0eV,'*'*1%?* close to
the work function of conventional metal -electrodes.
Recently, Kumar ez al.?® reported that the work function of
RGO can be further tuned up to ~7 eV by varying the degree
of reduction (lower reduction has a higher work function).
This suggests that the work function of 80% sp° fraction
RGO is close to the HOMO level of pentacene, while the
work function of 66% and 61% carbon sp” fraction of RGO
should be higher than 5.0eV.

Figure 4 shows the schematic diagram of the energy
level for different reduction efficiency of RGO (with the car-
bon spZ fraction of 61%, 66%, and 80%), and Pd with penta-
cene. Even though the work function of Pd is very close to
the HOMO level of pentacene, in Figure 4(a) we show a sig-
nificant barrier between Pd and pentacene. This is due to the
fact that when Pd is contacted with pentacene, the effective
work function of Pd is significantly lowered due to large
dipole barrier formation at Pd/pentacene interface known as
the “push back effect.”® This gives rise to a large Schottky
barrier for hole injection at electrode/organic interface and
causes an inferior device performance. In contrast, due to a
strong 7-7 interaction existing at RGO/pentacene interface
(organic—organic interface), significant dipole formation
may not occur and the effective work function of RGO will
not be significantly modified. In Figures 4(b), 4(c), and 4(d),
we show the energy level diagrams for 61%, 66%, and 80%
RGO electrodes, respectively. Based on this diagram, there
are no hole injection barriers for 61% and 66% RGO, while
the barrier for 80% RGO is negligible. Therefore, consider-
ing only the work function, one would have expected that
the device performance for pentacene OFETSs should be in-
dependent of the carbon sp? fraction of RGO electrode. This
is in contrast to our experimental observation. Our results
suggest that the carbon sp” fraction of RGO in the electrode,
which tunes the conductivity of RGO, has a significant role
in the OFET device performance. This can be understood
from the charge carrier injection consideration. Even though
all the RGO have favorable interfacial barriers, if the elec-
trode does not have enough charge carriers to inject into the
organic semiconductor, it cannot do an efficient carrier injec-
tion.”® Since the conductivity of RGO depends upon the car-
bon sp” fraction and the conductivity of 61% RGO is two
orders of magnitude lower than that of 80% RGO (Figure
1(c)), the 61% RGO does not have enough carrier to inject
into pentacene, compared to 80% RGO. As a result, the 80%

Appl. Phys. Lett. 105, 223301 (2014)

RGO contacted pentacene devices show the best device
performance.

In conclusion, we investigated electron transport proper-
ties of pentacene FETs where RGO of different carbon sp2
fraction (reduction efficiency) was used as electrodes. We
found that, although the device performance such as mobil-
ity, current on-off ratio, on-current, and transconductance of
all the RGO contacted devices show improvement compared
to control Pd contacted devices, the best performance was
achieved from the highest reduction efficiency RGO elec-
trode. Since all the RGO electrodes have favorable work
function for hole injection into pentacene, our study suggests
that the tunable electronic properties of RGO is an important
parameter that needs to be considered in fabricating RGO
contacted organic devices.

This work was supported by U.S. National Science
Foundation (NSF) under Grant No. ECCS 1102228.
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