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G
raphene, a two-dimenstional atomic
crystal made of carbon, has at-
tracted significant interest for elec-

tronics applications due to its high intrinsic
carrier mobility, excellent mechanical flex-
ibility, optical transparency, and unique
ambipolar transport characteristic.1,2 Espe-
cially, ambipolarity implies that carriers can
be tuned continuously between holes and
electrons by supplying the requisite gate
biases and enables a wide array of applica-
tions including frequency multipliers, mem-
ory, fast switches, and high-frequency oscil-
lators up to the terahertz (THz) range.3�6

However, its gapless band structure gives
rise to low on/off ratio in a graphene-based
transistor2,7�9 whose implementation in real
applications has yet to occur.
High on/off ratio has been achieved by

introducing a barristor,1,2 that is a gated
graphene/semiconductor junction, because
its high junction resistance can provide
sufficiently low off-state current.10,11 How-
ever, such a barristor has usually lost the
benefits of graphene, such as mechanical

flexibility, optical transparency, and the am-
bipolar transport properties because rigid
and opaque unipolar semiconductor and
low-k dielectric have been used.3�6

Here, wemake a contact of graphene and
pentacene,12�17 which is a flexible and
transparent ambipolar semiconductor, and
employ a high-k ion-gel dielectric to imple-
ment a flexible ambipolar barristor.7,8,18�23

Thegraphene/pentacenebarristormaintains
its resistance valuewhenup to 4.0%bending
strain is applied. It exhibits high on/off ratio
of 104 and mobility 100 times higher than
that of pure pentacene device. The modula-
tion of graphene's Fermi level (EF) by apply-
ing gate voltage (Vg) is confirmed by the
change in Schottky barrier height (jb) at the
graphene/pentacene junction. Most strik-
ingly, we can observe ambipolar transfer
curves and negative differential resistance
(NDR) behaviors in the graphene-based bar-
ristor, which are unprecedented. The NDR
behaviors are well-fitted using a transport
model of a graphene channel with a p�n
junction caused by potential gradient.

* Address correspondence to
baehpark@konkuk.ac.kr.

Received for review May 1, 2015
and accepted June 17, 2015.

Published online
10.1021/acsnano.5b02616

ABSTRACT High-quality channel layer is required for next-generation flexible

electronic devices. Graphene is a good candidate due to its high carrier mobility

and unique ambipolar transport characteristics but typically shows a low on/off

ratio caused by gapless band structure. Popularly investigated organic semicon-

ductors, such as pentacene, suffer from poor carrier mobility. Here, we propose a

graphene/pentacene channel layer with high-k ion-gel gate dielectric. The

graphene/pentacene device shows both high on/off ratio and carrier mobility as well as excellent mechanical flexibility. Most importantly, it reveals

ambipolar behaviors and related negative differential resistance, which are controlled by external bias. Therefore, our graphene/pentacene barristor with

ion-gel gate dielectric can offer various flexible device applications with high performances.
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RESULTS AND DISCUSSION

Figure 1a,b shows a schematic diagram and an
optical microscope image, respectively, of the gra-
phene/pentacene barristor structure fabricated on
polyethylene terephthalate (PET) substrate. Ion-gel
was used as a gate dielectric because ion-gel was
known as an ideal dielectric material for field effect
devices.7,8,22,23 As a reference device, we also fabri-
cated a side-gate pure pentacene devicewith the same
dimension. We measured resistance value of gra-
phene/pentacene on PET between source and drain
electrodes at a reading voltage of 0.3 V by applying
external mechanical stress on it, as shown in the inset
of Figure 1c. Figure 1c shows the ratio of resistance
change to initial resistance value of a graphene/
pentacene barristor under bending strain. Bending
strain was applied to graphene/pentacene device on
PET (188 μm) and can be calculated from the following
equation24,25

ε ¼ δS þ δf
2RC

� �
(1þ 2ηþ χη2)

(1þ ηþ χηþ χη2)
(1)

where η = δf/δs, χ = Yf/Ys, and RC is the bending radius.
δ is thickness and Y is Young's modulus. The subscripts
s and f indicate, respectively, substrate (PET) and film
(graphene) which is in direct contact with the sub-
strate. The graphene/pentacene barristor reveals neg-
ligible change in resistance value at up to ∼4%
bending strain (corresponding to a bending radius of
4.0 mm). This result is comparable to those of pure

pentacene and graphene devices.24,26 It seems that the
graphene/pentacene barristor exhibits good optical
transparency and excellent mechanical flexibility (see
Supporting Information).
Wemeasured current�voltage (ISD�Vbias) character-

istics between source and drain to confirm formation
of the Schottky barrier at the graphene/pentacene
interface. While black line in Figure 1d shows a sym-
metric |ISD|�Vbias curve of a pure pentacene device, red
line reveals a rectifying curve of a graphene/pentacene
barristor device, which is a typical feature of a gra-
phene/p-type semiconductor barristor.11 It is notice-
able that ISD of a graphene/pentacene barristor device
is higher than that of a pure pentacene device bymore
than 1 order of magnitude even in the reverse bias
region of Figure 1d.
If we could electrostatically modulate the gra-

phene's EF by applying Vg, jb would be changed at
the graphene/pentacene junction. Because the injec-
tion of the majority carriers from graphene to penta-
cene is affected byjb, Vg is expected to directly control
the magnitude of ISD. Figure 2a shows ISD�Vbias curves
of a graphene/pentacene barristor device when Vg,
which varies from�2.0 to 0 Vwith a step size of 0.2 V, is
applied from a side gate. The large modulation of ISD is
indicative of a large variation in jb, caused by the
electric field effect derived from Vg. The most signi-
ficant feature of the Figure 2a is the repression of ISD
in the positive Vbias region as Vg increases from�2.0 to
0 V, which is usually observed for a graphene/p-type
semiconductor barristor.

Figure 1. Graphene/pentacene barristor characterization. (a) A schematic diagram and (b) an optical microscope image of a
graphene/pentacene barristor. (c) Ratio of resistance change to initial resistance value of a graphene/pentacene barristor
under bending strain. The inset shows the photograph of a strained barristor/PET structure. (d) |ISD|�Vbias characteristic of a
graphene/pentacene barristor (red) and a pure pentacene device (black) at Vg = 0 V.

A
RTIC

LE



OH ET AL. VOL. 9 ’ NO. 7 ’ 7515–7522 ’ 2015

www.acsnano.org

7517

Figure 2b,c shows schematic band diagrams of a
graphene/pentacene barristor where pentacene is as-
sumed to be a p-type semiconductor. This is reason-
able because pentacene is typically considered as a
p-type semiconductor and our graphene/pentacene
barristor device shows p-type characteristics without
Vg in Figure 1d. Positive Vg elevates EF of graphene,
leading to increase injb at graphene/pentacene inter-
face and thus decrease in charge carrier transport.
In contrast, negative Vg lowers EF of graphene, leading
to decrease injb at graphene/pentacene interface and
thus increase in charge carrier transport. As a result, the
forward current across the Schottky barrier decreases
as Vg increases from �2.0 to 0 V (Figure 2a).
To check transfer characteristics of the graphene/

pentacene barristor device, forward diode current was
measured as a function of Vg at a fixed Vbias = 0.3 V, as
shown in Figure 2d. Our graphene/pentacene barristor
device shows high on/off ratio of 104 which substan-
tially exceeds those in the range of 2�20 reported for
pure graphene transistors.21 In addition, field effect
mobility of our graphene/pentacene barristor is much
higher than that of our pure pentacene device by
3 orders of magnitude. It is reported that typical
pentacene devices have low mobility values ranging
from 0.21 to 2.20 cm2/(V s).14,15 Themost striking result
is that the ISD�Vg curve of our graphene/pentacene
barristor shows an ambipolar behavior involving both
positive and negative majority charge carriers. Up to
now, it has been reported that barristor consisting of
a graphene/semiconductor junction always shows a
unipolar behavior concerned with only one kind of

majority carrier.10,11 Although ambipolar electric field
effect of graphene underlies a large number of works
studying its electronic transport as well as sensing and
other device-related applications, unipolar behaviors
of graphene/semiconductor barristor devices have
limited their versatile applications. Therefore, ambi-
polar behavior of our graphene/pentacene barristor
can contribute to overcoming limitation and extending
application of barristor based on graphene.
In a pure organic semiconductor device with ion-gel

dielectric,6,33 typical ISD�Vg curve shows either sup-
pressed current region due to a considerable bandgap
of ambipolar organic semiconductor or negative trans-
conductance region by accumulation. Our pure gra-
phene device without pentacene junction showed
sublinear ISD�Vg curve whose minimum shifts to posi-
tive Vg due to local perturbations from substrate (PET),
gate dielectric material (ion-gel), and junction material
(pentacene).6,18,22 Because our barristor device con-
sists of graphene and pentacene in series, nonmono-
tonic current increase in the left branch (p-branch) of
the ISD�Vg curve can be observed in the suppressed
current or negative transconductance region of penta-
cene. In contrast, ISD�Vg curve of our barristor device
shows monotonic current increase outside the sup-
pressed current or negative transconductance region
of pentacene (in the p-branch under strongly negative
Vg or n-branch).
To further investigate ambipolar characteristics of

a graphene/pentacene barristor device, we apply
Vg with wider range from �2.0 to 2.0 V (0.2 V step)
when wemeasure |ISD|�Vbias curves. The right panel of

Figure 2. Field effect on a graphene/pentacene barristor. (a) ISD�Vbias curves of a graphene/pentacene barristor device when
Vg, which varies from�2.0 to 0 Vwith a step size of 0.2 V, is applied from a side gate. The blue arrow indicates the direction of
increasing Vg. Schematic band diagrams of a graphene/pentacene barristor when a (b) positive and (c) negative Vg is applied.
(d) Transfer characteristics of a graphene/pentacene barristor, which is measured as a function of Vg at a fixed Vbias = 0.3 V.
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Figure 3a shows the repression of |ISD| as Vg increases
from �2.0 to 0 V in the positive Vbias region, which is
typically observed in a p-type barristor. The left panel
of Figure 3a reveals the enhancement of |ISD| as Vg
increases from 1.0 to 2.0 V in the negative Vbias region,
which is manifested in an n-type barristor.10

The ambipolar behaviors of a graphene/pentacene
barristor are confirmed by measuring transfer charac-
teristics in the Vg sweeping from�2.5 to 2.5 V at a fixed
Vbias (�2.5 to 2.5 V with 0.5 V step), as shown in
Figure 3b. At negative Vg region, we can observe
p-type barristor features: |ISD| decreases as Vg increases
from�2.5 to 0 V, which is more distinct at positive Vbias
than at negative Vbias. At positive Vg > 1.0 V, we can
observe n-type barristor features: |ISD| increases as Vg
increases from 1.0 to 2.5 V, which is more obvious at
negative Vbias than at positive Vbias. It is noteworthy

that we can control the type of a graphene/pentacene
barristor device by changing applied Vg similarly to an
ambipolar graphene channel device.
The observed ambipolar characteristics controlled

by Vg can be explained using band diagrams in
Figure 3c�e. jb1 and jb2 indicate barrier heights
for electrons and holes, respectively, formed at a
graphene/pentacene interface. Given that our graphene/
pentacene barristor reveals p-type characteristics at
Vg = 0 V in Figure 3a, we can assume that jb1 > jb2

at Vg = 0 V as shown in Figure 3c. Hole becomes a
majority carrier because it can be more easily injected
to pentacene than electron. Applied positive Vg can
elevate the EF of graphene compared to that of penta-
cene due to small area of graphene Fermi surface.2

Therefore, we can obtain positive Vg values which
render jb1 = jb2 and further jb1 < jb2 as shown in

Figure 3. Ambipolarity of a graphene/pentacene barristor. (a) |ISD|�Vbias curves measured as Vg increases from�2.0 to 0 V
(right panel) and from 1.0 to 2.0 V (left panel), respectively, with 0.2 V step. (b) Transfer characteristics in the Vg sweeping
from �2.5 to 2.5 V at a fixed Vbias (�2.5 to 2.5 V with 0.5 V step). The red and blue arrows indicate directions of increasing
current magnitude in p-type and n-type regions, respectively. Schematic band diagram of a graphene/pentacene barristor
at (c)Vge 0, (d)Vg > 0, and (e)Vg. 0. (f) C�2 versus Vbias plots of a graphene/pentacene junction in reverse bias region under
various Vg values.
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Figure 3, panels d and e, respectively. When jb1 < jb2

at Vg . 0, electron becomes a majority carrier and the
graphene/pentacene barristor exhibits n-type charac-
teristics as shown in Figure 3a.
Such an ambipolar behavior has not been reported

in conventional graphene barristors, although it is one
of the most interesting features of graphene. Our
graphene/pentacene device is the first discovered
graphene-based barristor whichmaintains the promis-
ing ambipolar performance of graphene. It seems that
the observed ambipolar behavior of our graphene/
pentacene device may be caused by high capacitance
(∼20 μF/cm2) of ion-gel gate dielectric, small band gap
(∼1.9 eV) of pentacene, and ambipolar characteristics
of graphene and pentacene. Because ion-gel gate
dielectrics have usually 500 times higher capacitance
than those of conventional oxide gate dielectrics (SiO2:
∼0.035 μF/cm2),6 graphene's EF can be modulated to a
large extent when ion-gel gate dielectric is introduced.
Small values of jb1 and jb2 are caused by small band
gap of pentacene leading to facile control of inequality
sign between jb1 and jb2 through modulation of
graphene's EF. Theoretical and experimental studies
have reported that pentacene is an ambipolar material
with similarly high mobility values of holes and elec-
trons, which can become either p-type or n-type
channel by accumulating either holes or electrons,
respectively, depending on the sign of Vg.

3�6 In prac-
tice, two basic requirements must be met to achieve
the ambipolar characteristics of pentacene: first, use of
appropriate gate dielectrics with minimum density of
electron and hole traps; second, use of suitable source
and drain electrodes for both electron and hole injec-
tions at the interface between pentacene and electro-
des. We infer that the two requirements are satisfied
in our graphene/pentacene barristor by using both
ion-gel as a gate dielectric material and ambipolar
graphene as a contact to the source electrode.
We performed capacitance�voltage (C�V) mea-

surement for our graphene/pentacene barristor in
order to confirm the control of graphene's EF with
applied Vg. If reverse bias (VR) is applied to a Schottky
barrier, the solution to Poisson's equation in the deple-
tion region gives the relation,27

1
C2

¼ 2(Vbi þ VR)
(eNDEs)

(2)

where e, ND, and εs are the elementary charge, doping
concentration of donors (n-type) or acceptors (p-type),
and the dielectric constant of semiconductor, respec-
tively. The “built in” potential energy eVbi is a semi-
conductor band bending at a metal/semiconductor
interface compared to the flat band at neutral region in
the semiconductor. Figure 3f displays C�2 versus VR
plots of a graphene/pentacene junction under various
Vg values, which are measured at 1 MHz and room
temperature. Lower and upper panels reveal typical

linear relationships of C�2 versus VR for Schottky junc-
tions formed at metal/p-type and metal/n-type semi-
conductors, respectively. From the x-intercept of each
linear fitting line of the corresponding data, we can
determine Vbi of the graphene/pentacene junction
under a specific Vg: 0.64 and 1.46 eV under Vg of �2.0
and�1.0 V, respectively, in p-type region (lower panel);
�1.40 and �0.64 eV under Vg of 1.0 and 2.0 V,
respectively, in n-type region (upper panel). The posi-
tive and negative Vbi values, respectively, indicate the
downward and upward band bending of pentacene at
the graphene/pentacene interface.
Using the following equations, we can estimate

jb's at metal/n-type and metal/p-type semiconductor
junctions.

jb ¼ eVbi
n

þ (EC � EF) (3)

jb ¼ eVbi
n

þ (EF � EV) (4)

where n is the diode ideality factor. The difference
between the conduction band minimum (EC) and EF
is 1.33 eV and the difference between EF and the
valence band maximum (EV) is 0.57 eV for a neutral
pentacene.16,17,28,29 Therefore, we can determine jb at
our graphene/pentacene junction under a specific Vg:
0.74 and 0.97 eV under Vg of �2.0 and �1.0 V,
respectively, in p-type region; 1.71 and 1.50 eV under
Vg of 1.0 and 2.0 V, respectively, in n-type region. In
p-type region, barrier height for holes (jb2) increases
as Vg increases from �2.0 to �1.0 V. In n-type region,
barrier height for electrons (jb1) decreases as Vg
increases from 1.0 to 2.0 V. These results demonstrate
that EF of graphene is modulated by applied Vg leading
to ambipolar characteristics of a graphene/pentacene
barristor with a tunable jb.
Figure 4a shows ISD�Vbias curves of a graphene/

pentacene barristor device when Vg, which varies from
�2.5 to 1.0 V with step size of 0.2 V, is applied.
Surprisingly, NDR phenomena are observed in nega-
tive Vbias regions when applied Vg ranges from�2.0 to
�1.2 V (inset of Figure 4a). It was reported that NDR
effect was achieved in chemically modulated asym-
metric graphene diodes30 and ascribed to both ambi-
polar transport property of graphene and existence of
a minimum sheet carrier density at the second inflec-
tion voltage point (VP2) in graphene channel.31 First
inflection voltage point (VP1) is a starting voltage of
NDR phenomena. |VP1| and |VP2| of our graphene/
pentacene device decrease as Vg is elevated as shown
in the inset of Figure 4a.
Graphene transport model is applied to our gra-

phene/pentacene barristor device.32 We should note
that our graphene/pentacene device structure is dif-
ferent from that of a conventional graphene channel
device: graphene in contact with source metal;

A
RTIC

LE



OH ET AL. VOL. 9 ’ NO. 7 ’ 7515–7522 ’ 2015

www.acsnano.org

7520

pentacene in contact with drain metal; graphene/
pentacene junction inside channel covered by ion-
gel gate dielectric. Applied Vg changes carrier density
of both graphene and pentacene inevitably in our
device. Asymmetric carrier concentration inside the
graphene channel is caused by the graphene/
pentacene junction. The graphene channel current at
a finite Vbias is expressed as,

ISD ¼ W

L
KVbias

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(Vg � RVbias)2 þ σmin

K

� �2
s

(5)

where K = C 3 μ is the product of the gate capacitance
and carrier mobility, σmin is the conductanceminimum,
and R (0 < R < 1) is the coefficient of transport
asymmetry between electrons and holes. In this analy-
tic expression, the NDR effect is prominent when
σmin/K value is below 1.32 In our devices, K value is
obtained by calculating the field effect mobility using
following relation.

μ ¼ L

W
mlin

1
C

1
Vbias

(6)

whereW/L ratio is 1 andmlin is the slope of the linear fit
in ISD�Vg curve (see Supporting Information). Using
the measured value of σmin/K = 0.153 in conjunction
withR = 0.9, simulation results (Figure 4b) as a function
of Vg ranging from �1.8 to �1.2 V exhibit good
agreement with the experimental data.
At negative Vbias close to 0, the dominant carriers in

the channel are holes injected from the source with a
carrier density controlled by Vg. Therefore, the resis-
tance in graphene channel is nearly constant in posi-
tion and the graphene/pentacene device exhibits
Ohmic-like ISD�Vbias behavior. As Vbias decreases and
becomes equal to VP1 (inset of Figure 4b), the local
Fermi energy at the graphene/pentacene junction
coincides with the Dirac point of graphene. Since the
local channel resistivity is inversely proportional to the
local carrier density, it is highest at the junction where
most of the voltage drop occurs. If more negative Vg is

applied, larger |VP1| is required for elevating lower EF to
Dirac point at the junction as shown in the inset of
Figure 4b.
NDR behavior can be qualitatively understood from

the evolution of the carrier distribution in the graphene
channel as Vbias varies, as depicted in Figure 4c. The top
of Figure 4c illustrates the band diagram of the gra-
phene channel when negative Vbias lower than VP1 is
applied. It is noted that the majority carrier close to the
junction is changed to electrons injected from the
drain while that close to the source is still holes.
As shown in the middle of Figure 4c, n-type region in
graphene expands as Vbias decreases. Thus, the total
channel resistance increases until the distribution of
electron and hole carriers becomes symmetric along
the graphene when Vbias = VP2 because part of the
hole-dominated channel is replaced by an electron-
dominated region with a lower carrier density and
higher resistance. We can easily expect that |VP2|
increases as applied Vg decreases and EF of graphene
is lowered. The bottom of Figure 4c depicts the band
diagram when Vbias is less than VP2. In this case, the
total channel resistance is lower than that of the
middle of Figure 4c due to two factors: (1) the decrease
of electron-dominated channel resistance due to in-
creasing electron carrier density and (2) replacement of
part of the hole-dominated channel by the electron-
dominated region with lower resistance.32 We should
note that NDR phenomena are induced by extending
n-type region in an initially p-type doped graphene
with the aid of applied negative Vbias. However,
NDR phenomena are not observed at positive Vbias
which cannot generate n-type region in the p-type
graphene.

CONCLUSIONS

In conclusion, we fabricate a graphene/pentacene
barristor with a high-k ion-gel gate dielectric on a PET
substrate. It overcomes disadvantages of both gra-
phene and pentacene, which are low on/off ratio and
mobility, respectively. In contrast to a conventional

Figure 4. NDR phenomena of a graphene/pentacene barristor. (a) ISD�Vbias curves of a graphene/pentacene barristor device
when Vg, which varies from�2.5 to 1.0 V with step size of 0.2 V, is applied. The inset shows the magnified curves. VP1 and VP2
are the first and second inflection voltage, respectively. (b) ISD�Vbias simulation results obtained using graphene transport
model as a function of Vg ranging from �1.8 to �1.2 V. The inset shows band diagrams at Vbias = VP1. (c) Band diagrams at
Vbias < VP1 (top), Vbias = VP2 (middle), and Vbias < VP2 (bottom), when NDR phenomena come about.
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graphene/semiconductor barristor, the graphene/
pentacene barristor clearly shows ambipolar behaviors
andNDR controlled by external bias aswell as excellent

mechanical flexibility. Therefore, it can be a good
candidate for a flexible ambipolar transistor with high
mobility and on/off ratio.

METHODS
Single-layer graphene fabricated by chemical vapor deposi-

tion was transferred on PET and etched to a rectangular shape
by oxygen plasma using a metal shadow mask. To make
a graphene/pentacene junction, pentacene film (300 nm
thickness) with a rectangular shape was deposited through a
metal shadow mask by a thermal evaporator with a deposition
rate of 0.5 Å/s at a pressure of 10�6 Torr. Au(50 nm)/Cr(5 nm)
source, drain, and gate electrodes were, respectively, deposited
on graphene, pentacene, and PET through a metal shadow
mask by an e-beam evaporator.
The ion-gel was fabricated by the gelation of a triblock

copolymer in an ionic liquid. A UV cross-linkable polyelectro-
lyte ion-gel dielectric layer was deposited on the graphene/
pentacene structure as a gate dielectric. 1-Ethyl-3-methylimi-
dazolium bis(trifluoromethylsulfonyl)imide [EMIM][TFSI] ionic
liquid, poly(ethylene glycol) diacrylate (PEG-DA, Mw = 575)
monomer, and 2-hydroxy-2-methylpropiophenone (HOMPP,
UV cross-linking initiator) were mixed at a weight-ratio of
88:8:4, and the mixed solution was dropped and spread on
the graphene/pentacene structure. The dropped solution was
solidified by UV exposure (365 nm, 100 mW/cm2) for 10 s, and a
side-gate graphene/pentacene device with channel dimension
of 500 μm � 1000 μm was obtained.
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