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ABSTRACT: We report on the use of a polyanionic proton
conductor, poly(acrylic acid), to gate a poly[2,5-bis(3-
tetradecylthiophen-2-yl)thieno[3,2-b]thiophene]-based organic
field-effect transistor (OFET). A planar configuration of the
OFET is evaluated, and the electrical performance and
implementation on a flexible substrate are discussed.
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■ INTRODUCTION

Organic field-effect transistors (OFETs) have been widely
investigated in the last years because of their potential use in
low-cost, large-area, flexible electronic applications. OFETs
fabricated on flexible substrates are indeed devices that can
replace traditional “rigid” silicon-based electronics in areas
where electronic devices, being lightweight, mechanically
flexible, and fabricated by means of simple fabrication steps,
are required.1 Nowadays, several examples of OFETs holding
these properties can be found.2−6 Products such as electronic
paper7,8 and memory devices, including radio-frequency
identification tags9,10 and sensors,11−14 are just a few of the
high-impact OFET applications.
In an OFET structure, a dielectric between the thin organic

semiconductor (OSC) layer and the gate electrode is needed to
capacitively induce charges at the interface between the OSC
and dielectric itself, and different chemical systems, such as
inorganic oxides,15 polymers,16 or an ultrathin self-assembled
monolayer,17 have been proposed. Among the others,
polymeric dielectrics are promising candidates for the
fabrication of flexible electronic devices because they can
combine high-k and conformability. Because most of the
envisaged practical applications of organic electronics will
require devices able to operate at low voltages, approaches such
as increasing the effective capacitance of the gate dielectric
(Ci)

18 by using high-k materials19 and/or by decreasing its
thickness (as demonstrated, for instance, in metal oxide layers
such as TiO2

20) can be found.
An interesting alternative is the use of an electrolyte interface

to gate an OFET, exploiting the Debye−Helmholtz double-
layer high capacitance.21 This is not a new concept because
studies in which an electrolyte was employed to modulate the
surface potentials of a germanium semiconductor were already
proposed 60 years ago at Bell Labs.22 Unless exploited on
purpose and in controlled conditions, such as, for example, in

electrochemically gated transistors,23 one of the drawbacks of
this approach is the occurrence, upon gate biasing, of ion
penetration into the OSC layer.24−26 The presence of ions
inside the OSC can lead to undesired effects such as increases
of the gate leakage and off-current, very low switching speed,
and high hysteresis. This inconvenience can be overcome by
using polyelectrolyte films composed of large anions that are
almost immobile because of their steric hindrance. This
occurrence prevents OSC doping when the OFET is operated
in accumulation mode. In the case of polyelectrolyte-gated
transistors, the electrical double layer (EDL) is formed at the
semiconductor/polyelectrolyte interface27 with an associated
ion charge separation occurring upon application of a gate bias.
Polyelectrolyte films can exhibit very high capacitance values
(20−500 μF cm−2)28,29 because of the small distance of a few
angstroms existing between the charged sheets.30 The large
capacitance of these materials allows one to induce high carrier
densities (∼1015 charges cm−2)31 in the OSC that exhibits a
high current throughput at voltages lower than 1 V.28,32 Even
though the polarization mechanisms of electrolyte media under
the gating potential are not yet fully understood, electrolyte-
gated OFETs (EGOFETs) can exhibit very good performances
and hold promise for low-cost printed organic electronics also
because their fabrication procedures are compatible with
solution-processed printing techniques. Several research groups
have investigated and reported on the use of various polymer
electrolytes33,34 such as poly(ethylene oxide)-containing
lithium salts (PEO/LiClO4), cross-linked poly(acrylic acid)
(PAA), and polyelectrolytes28 such as poly(styrenesulfonic
acid) as gating layers in OFETs. These devices are all capable of
fulfilling the low-voltage operation requirement.
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OFET fabrication can involve spin coating of water-soluble
polyelectrolytes directly onto the OSC surface because OSCs
are usually insoluble in water. To reduce the ion mobility,
polyelectrolytes can be cross-linked or copolymerized. How-
ever, the actual degrees of free ionic charges, as well as the
whole polyelectrolyte bulk and interface capacitances, are
usually difficult to quantify. Typical electrical parameters for a
poly(3-hexylthiophene-2,5-diyl) (P3HT) OSC gated by a
vinylphosphonic acid and acrylic acid P(VPA−AA) random
copolymer have a threshold voltage (VT) of −0.29 V and a
field-effect mobility μ = 0.012 cm2 V−1 s−1.31 Also interesting
are the recently proposed electrolyte-gated OFETs for
biosensing applications.35−38

In the cases of the polyelectrolyte-gated OFETs reported so
far, both the OSC and gating layer were processed from
solution, but the gating layer required either copolymerization32

or a cross-linking34 step. These procedures were considered
necessary in order to minimize the cationic drift along with the
connected p-type OSC electrochemical doping. Conventional
PAA has already been identified as a performing gating
material,34 but a cross-linking step was considered necessary
in order to minimize the gate leakage current and enhance the
OFET on/off current ratio. On the other hand, the treatment
resulted in a lowering of the polyelectrolyte conductivity, and
good field-effect transistor I−V curves were obtained by only
biasing the device up to −20 V. A pristine, not annealed, PAA
film is indeed an interesting, printable material that holds an
ionic conductivity, at room temperature, in the range of 10−5 S
cm−1 22 and a high double-layer capacitance in the few
microfaraday per square centimeter range.39 This solid
polyelectrolyte has also been used as a biocompatible40

substrate for protein immobilization,41 with this being of
interest for future use in biosensing applications.
In this work, we reported the use of a polyanionic proton

conductor, the plain PAA (Figure 1a), to gate a poly[2,5-bis(3-

tetradecylthiophen-2-yl)thieno[3,2-b]thiophene], also known
as the pBTTT-C14 (Figure 1b) OFET. The polyelectrolyte
film and OSC are both deposited from solution. Compared to
other solution-processable OSCs such as P3HT, for instance,
pBTTT-C14 exhibits a higher field-effect mobility (with values
as high as 1 cm2 V−1 s−1)42 thanks to its backbone rigidity and
good crystalline order and is considered more stable.43

The PAA layer was processed from a water solution and
drop-casted on top of the pBTTT-C14 layer in its pristine form
without the need, for the first time to the best of our
knowledge, for any cross-linking, annealing,34 or blending
step.32

■ EXPERIMENTAL SECTION
Materials. Poly(acrylic acid) (PAA; 35% w/v in water) and 1,2-

dichlorobenzene were purchased from Sigma-Aldrich. The OSC
poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene]
(pBTTT-C14; electronic grade) was purchased from Ossila Ltd. and
used as received. The flexible Kapton polyimide films were purchased
from DuPont.

Device Fabrication. The PAA-gated transistors were fabricated by
spin coating a pBTTT-C14 solution. The 30 nm OSC layer was spin-
coated from a pBTTT-C14/1,2-dichlorobenzene (5 mg/mL) solution
at 3000 rpm for 1 min on a flexible Kapton substrate. The flexible
substrates was previously rinsed with acetone and deionized water;
gold source (S) and drain (D) electrodes, defining a channel length
(L) of 200 μm and a channel width (W) of 4000 μm, were patterned
afterward. The S and D contacts are realized by means of gold thermal
evaporation through a stainless steel shadow mask. The gate (G)
electrode is thermally evaporated in the same step, perpendicular to
the S and D electrodes as a gold strip (see Figure 2 for details).

To avoid an electrical shortcut between the OSC and gate contact,
the gate itself, as well as the area between this contact and the S and D
electrodes, was cleaned with 1,2-dichlorobenzene prior deposition of
the PAA layer. After this, the pBTTT-C14 film was annealed at 110 °C
for 1 min on a ceramic hot plate. The device was completed by drop-
casting with a customized Doctor Blade deposition technique the
proton conductor PAA viscous solution on top of the gate electrode
and OSC. A stainless steel mask was used to define the area to be
covered by the plain PAA. The device was left to dry at room
temperature afterward.

Electrical Characterization. The current−voltage (I−V) charac-
teristics were measured using a semiconductor parameter analyzer
(Agilent 4155 C). The transfer characteristics (ID vs VG) were
recorded, keeping the drain voltage (VD) constant at −0.4 V. The
transistor electrical parameters, namely, the field-effect mobility (μ),
threshold voltage (VT), and on/off current ratio (Ion/Ioff), were
extracted from the characteristic curves in the saturation regime. All
measurements were carried out in ambient air (relative humidity ca.
36%; T = 25 °C).

■ RESULTS AND DISCUSSION

Because the capacitance of the layer is determined by the EDL
confined at the polyelectrolyte/OSC interface, the polyelec-
trolyte layer thickness does not need to be strictly controlled.44

Besides, because the polyelectrolyte is conductive, also the
position of the gate is irrelevant.32 These allow for an extremely
simple fabrication procedure of a flexible OFET with a planar
gate architecture.45,46

Upon application of a negative voltage to the gate electrode,
the protons from the PAA layer accumulate to the negatively
charged gate and form a Helmholtz layer at the PAA/gate
electrode interface. A second double layer is formed at the
interface between the deprotonated PAA immobile anions and
the p-type pBTTT-C14 layer. The two-dimensional layer of
positive charges accumulated in the OSC acts as the electronic
channel of the transistor. Typical output and transfer
characteristic curves of the PAA-gated pBTTT-C14 OFET
are given in parts a and b of Figure 3, respectively.
The output characteristics show significant current modu-

lation at a source−drain voltage (VD) lower than −0.4 V, with
this being among the lowest source and drain bias reported so
far for an OFET. The maximum saturation current (ID

sat = −9.18
μA) was measured also for a low applied gate voltage (VG = −1
V) and can be directly associated with the large capacitance of
the EDL formed at the polarized PAA/OSC interface. The red
curve is the leakage current IG, showing that a slight
electrochemical doping is indeed present in the device.

Figure 1. (a) Chemical structure of PAA protonated (left) and
deprotonated (right). (b) Chemical structure of the pBTTT-C14 OSC
in both its neutral (left) and doped (right) forms.
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The current in the saturation regime (ID
sat) follows the well-

known equation47,48

μ= −I
W

L
C V V

2
( )iD

sat
G T

2
(1)

where Ci is the capacitance per unit area of the gate insulator, μ
is the charge-carrier field-effect mobility, and VT is the threshold
voltage. The transfer characteristics (Figure 3b) reveal the
actual linear trend of ID

1/2 versus VG, in agreement with eq 1
with a threshold voltage (VT) as low as −0.53 V. The best
measured on/off current ratio (Ion/Ioff) is 3100, while an
average of ca. 900 was computed over 10 different devices (data
reported in Table 1).
Compared to the values for other pBTTT-C14-based

transistors with different dielectrics,15,42 (see Table 2), the
on/off ratio measured in this work is lower. This can be
ascribed to a partial electrochemical doping of the OSC that has
an impact on the off-current and on IG, evaluated at zero
source−drain bias, being about 10% of ID

sat. Also, the hysteresis

observed in the transfer characteristics as well as in the ID off-
current can be associated with the electrochemical doping of
the OSC. Indeed, the hygroscopic nature of the PAA layer can
account for the fact that HO− anions penetrate into the
pBTTT-C14 matrix upon VD and VG negative bias. As a result,
a current decrease in the reverse run can be expected because of
the disorder induced at the interface caused by the ionic
movement.
As was already anticipated, it is not always straightforward to

measure the capacitance of the electrolyte systems. For this
reason, the field-effect mobility (μ) is, at first, estimated from
the slope (B) of the ID

1/2 versus VG plot (Figure 3b) using the
equation

μ
=B

C W
L2
i

(2)

A comparison of the B parameter for OFETs similar to the
pBTTT-C14/PAA-gated ones studied here is reported in Table
2. Data relevant to OFETs involving a pBTTT-C14 OSC and a
silicone dioxide15,42 or a polyelectrolyte as the gating material,49

can be found. For the sake of comparison, the data relevant to
P3HT32 and pentacene34 OFETs using a PAA-based gating
material are reported also.
It is well-known that pBTTT-C14 and pentacene OSCs can

exhibit field-effect transistor mobilities as high as 1 cm2 V−1 s−1,
while that of P3HT is at least 1 order of magnitude lower. As
can be seen, the value obtained for the B slope of the device
presented in this work is higher than that extracted for the
SiO2-based ones. It is also clear that the B value extracted in the
present study is higher than the one calculated for the
chemically cross-linked PAA OFETs.34

An estimate of the device field-effect mobility can also be
made by taking the polyelectrolyte double-layer capacitance as

Figure 2. Schematic illustration and cross-sectional view of a PAA-gated OFET (left). Picture of a flexible PAA/pBTTT-C14-based OFET (right).

Figure 3. (a) PAA-gated pBTTT-C14 OFET output characteristics
and (b) transfer curves. The black squares are the double-run plot of
ID versus VG, while the red circles indicate the gate leakage; the blue
squares are ID

1/2 versus VG. All data are taken at a fixed drain voltage of
VD = −0.4 V.

Table 1. Electronic Performance Parameters (Field-Effect
Mobility μ, Threshold Voltage VT, and on/off Current Ratio)
Extracted from the OFET I−V Curves

pBTTT-C14-based OFET average (n = 10)a best

μ (cm2 V−1 s−1) 0.55 ± 0.29 1.33
VT (V) −0.40 ± 0.05 −0.40
on/off 848 ± 889 3104

aValues are expressed as an average over 10 replicates, and errors are
the relevant standard deviation.
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Ci ∼ 5.8 μF cm−2.39 The highest mobility derived is μ ∼ 1.33
cm2 V−1 s−1, while the average over 10 replicates is 0.55 ± 0.29
cm2 V−1 s−1, which is comparable, within error, to that of the
pBTTT-C14 SiO2-gated devices.15,42 A comparison can also be
proposed with an electrochemical transistor using the same
OSC, namely, pBTTT-C14.49 Although the two devices rely on
different gating mechanisms, it is interesting to note that a
comparable mobility of 3.5 cm2 V−1 s−1 is reported for the
electrochemical one by assuming a double-layer capacitance of
100 μF cm−2 and extracting the mobility from a three-
dimensional charge-density model.

■ CONCLUSIONS
In conclusion, we report the use of a pristine, bare polyanionic
proton conductor to gate an OFET fabricated on flexible
Kapton substrates. The novelty of this work resides in the fact
that no polymerization or cross-linking steps were used before
casting of the polyelectrolyte and no annealing step was
necessary either. A planar configuration was used to fabricate
the devices, thus making the patterning of the source, drain, and
gate electrodes very simple and attractive because it requires
only one step. Low electrochemical doping of the OSC was
observed, and the electronic performances of the devices are
comparable to those reported for other pBTTT-C14-based
OFETs, with the difference being that the devices proposed
here can be operated at voltages lower than −0.4 V.
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