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Abstract
The organic electrochemical transistors (OECTs) are largely applied as bio- and
ion-sensor devices due to their performance in an aqueous environment with
electrochemical doping/dedoping (reversible redox reactions) of the semicon-
ducting layer through ion injection and also low (around 1 V) operation poten-
tials. Aiming for the complementary circuits’ development and improvement of
the sensors device, we report the application of spin coated polyaniline (PANI)
in ambipolar OECT. The OECT operation is based on electrochemical proto-
nation/deprotonation of PANI upon applied gate potential that was verified by
cyclic voltammograms (CV) of PANI sample. The device operates in accumula-
tion mode with on-currents on the milliampere range due to the use of inter-
digitated array (IDA)microelectrodes architecture with a larger active area. Acid
(HCl) doped PANIwere applied inOECT device for comparison, and it presented
improved performance with increasing drain-source current up to 38%, reach-
ing 4.8 mA for the n-type device. This current increase is due to the narrower
bandgap of doped PANI that affects the injection barrier. The HCl doped PANI
was evaluated by UV-Vis spectrophotometry and CV analysis. Using deionized
water as electrolyte defunctionalized the PANI-basedOECT (no currentmodula-
tion observed) because the absence of ions in the electrolyte interrupts the elec-
trochemical doping. This is the opposite for the poly(3-hexylthiophene) (P3HT)-
based electrolyte-gated organic field-effect transistor (EGOFET) due to the poly-
meric hydrophobicity nature that allows for field-effect modulation in the elec-
trolyte/semiconductor interface. The results presented may open new possibili-
ties for bio- and ion-sensors devices.
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1 INTRODUCTION

Transistors are semiconductor devices first proposed by
Lilienfeld in 1930.[1] Lilienfeld discussed the basis of a
field-effect transistor (FET) device. Basically, an FET oper-
ates as a parallel plate capacitor with one of the plates as
the conductive channel where current flows between two
contacts, drain (D) and source (S), the drain-source cur-
rent, IDS, due to the application of an electrical polarity,
the drain-source potential, VDS. The charge carrier density
is modulated by the potential applied to the other plate,
the gate (G), the gate-source potential, VGS. The first FET
structure with semiconducting silicon-based metal oxides
is the metal-oxide-semiconductor FET (MOSFET).[2]
Modern applications required the transistors devices to

be miniaturized, with low cost and presenting tailored
properties. The use of thin-film transistor (TFT) tech-
nology allows for overcoming these needs.[3] Not only
the cited properties but also the need for flexibility and
biointegration give rise to the area of organic materials
applied to electronics with the use of organic semicon-
ductors (OSC) in organic TFT (OTFT) devices.[4,5] The
now miniaturized device has to be able to operate with
high-density electronic carriers and low operational volt-
age that is achieved by the use of electrolyte as dielec-
tric in transistors giving rise to the electrolyte-gated tran-
sistors (EGT).[6] Such devices can operate with low volt-
ages and high-density charge accumulation due to the for-
mation of electric double layer capacitors (EDLC) in the
electrolyte/semiconductor interface and in the gate elec-
trode/electrolyte interface.[7]
An EGT based on an OTFT architecture consists of an

OSC layer in contact with an electrolyte, in which the
gate electrode is immersed and it works as a combination
of field-effect and doping process occurring mutually.[8]
However, with the correct applied potential range and
semiconducting layer, the device may operate as a FET
system or based on electrochemical doping.[9] The first
class of devices are the electrolyte-gated organic FET
(EGOFET),[10–13] which have presented stable operation in
aqueous environment.[14] Devices operating with electro-
chemical doping, that is, ion injection into the semicon-
ducting layer from the electrolyte, are the organic elec-
trochemical transistors (OECT) that work based on the
doping/dedoping of an electrically conducting polymer
(ECP), a class of OSC, which results in the modification
of its conductivity.[15–18] These devices operate in aque-
ous environment and can efficiently transduce ionic sig-
nals into electrical ones being applied as OFET[19–24] and
OECT[25–29] bio- and ion-sensors.
The model proposed for EGTs devices follow the clas-

sical derivation for the inorganic with solid dielectric
MOSFET[30] and is based on the drift of accumulated

charge in the channel obtained either by field-effect phe-
nomenon or by electrochemical doping for the EGOFET
and OECT, respectively. The current model for EGOFETs
is the same as for MOSFETs.[31] For OECT, the model was
proposed by Bernards and Malliaras in 2007,[32] by cou-
pling an electronic circuit, composed of drain-ECP-source,
with an ionic circuit, composed of gate-electrolyte-ECP.
The OECT current modulation model can be expressed as:

𝐼𝐷𝑆 =
𝑊 ⋅ 𝑇

𝐿
⋅ 𝜇 ⋅ 𝐶∗ ⋅

[
𝑉𝐺𝑆 − 𝑉𝑇ℎ −

𝑉𝐷𝑆
2

]
⋅ 𝑉𝐷𝑆 (1)

In Equation (1), 𝜇 is the charge mobility, 𝐶∗ is the capac-
itance per volume, L is the channel length, distance
between the drain and source electrodes,W is the channel
width, the size of the contacts perpendicular to the IDS, T
is the channel thickness, and VTh is the threshold voltage,
that is, the onset of the device. In OECT, the electrochem-
ical doping/dedoping of the channel material occurs at
any spatial position, that is, it is not limited to the channel
interface, justifying the capacitance per volume.[33]
Most OECT devices have a unipolar operation, that is,

only holes or electrons as charge carriers, being of p- or n-
type channel. Ambipolarity would be achieved with mate-
rials presenting high electron and hole mobility, 𝜇, to
sustain electronic currents as predicted by Equation (1).
Therefore, ambipolar OECTswould allow the complemen-
tary circuits development and improvement of the bio-
electronic devices. As for ambipolar OFETs,[34] ambipolar
OECTs is one with channel formation with both holes and
electrons. The achievement of ambipolar OECTs depends
on the development of appropriate semiconducting mate-
rials which has the need of presenting both stability in an
aqueous environment and reversible redox reaction, oxida-
tion and reduction, for electrochemical doping/dedoping
of the semiconducting layer in the appropriate potential
window.[35]
Among many organic materials used in organic elec-

tronics, polyaniline (PANI), a conjugated polymer, has
been applied in OFETs[36–38] and OECTs[39–41] devices.
Besides that, it is a first candidate for ambipolar OECT
once it is stable in an aqueous environment and also
presents reversible redox reaction in the electrochemical
window causing electrochemical doping/dedoping, that
is, injection of cations and anions from the electrolyte,
enabling its ionic conduction.[42–46] Solid-state ambipolar
PANI-based devices were reported. They work based on
gate voltage induced n- and p-type doping using positive
and negative mobile ions either using a polymeric elec-
trolyte, poly(ethyleneimine) (PEI), with excess of cations
deposited over PANI-camphor sulfonic acid (PANI-CSA)
layer[47] or a poly(vinyl alcohol) (PVA) layer deposited over
PANI-poly(styrene sulfonic acid) (PANI–PSS) layer,[48]
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both acting as channel layer in the transistor. In the EGT
architecture, the doping process changes and the PANI
layer undergoes ion injection from the electrolyte upon
application of an appropriate gate potential in an electro-
chemical doping/dedoping process. In thiswork, we report
an ambipolar PANI-based OECT fabricated with interdig-
itated array (IDA) microelectrodes substrate operating in
buffer solution through electrochemical doping/dedoping
process, comparing its performance to strong acid doped
PANI-based OECT and to poly(3-hexylthiophene) (P3HT)-
based EGOFET, opening new possibilities for bio- and ion-
sensors devices.

2 MATERIALS ANDMETHODS

2.1 Sample device preparation

The OECT devices were fabricated using IDA microelec-
trodes (Als. Co, Tokyo, Japan) fabricated by lithography
comprising a quartz glass substratewith gold source, drain,
and gate electrodes (electrode length of 10 μm, chan-
nel length L = 5 μm, channel width W = 2 mm, and
65 pairs). After cleaning by ultrasonication in deionized
(DI)-water, ethanol and acetone (5 min each), and drying
in air, emeraldine base PANI (PANI-EB) (Sigma Aldrich,
MW 50,000 g/mol) was deposited from a weight ratio
of 1:100 polymer:solvent N,N-Dimethylformamide (DMF)
(Synth) solution (PANI:DMF OECT).[49] For the doped
PANI, HCl (Sigma Aldrich) was added to the precursor
PANI solution in a polymer:solvent:dopant ratio 1:100:1.5
(PANI:DMF:HCl OECT). Both solutions were mixed by
stirring for 1 h and ultrasonicated for 1 h at room temper-
ature, that is, 298 K. The EGOFET device was fabricated
from a 5mg/mL ((0.5 wt.%) regioregular P3HT (RiekeMet-
als, MW = 37,000 g/mol, 98% regioregular) chlorobenzene
solutionmixed by stirring overnight (400 rpm). All devices
were deposited via spin-coating (1000 rpm, for 60 s) and the
samples were annealed on a hot plate for 20 min at 120◦C.

2.2 Device characterization

Electrical characterization was performed in air with the
devices connected to an Agilent system (34970A data
acquisition/switch unit and E3646A dual output DC
power supply) controlled via a home-written LabVIEW
program, measuring the output and transfer character-
istics of the devices by scanning the potential between
drain and source (VDS) and the potential between gate and
source (VGS), respectively, measuring the current between
drain and source (IDS). A platinum (Pt) rod (ø = 1.0 mm,
L = 25 mm) was used as the external gate electrode. For

the OECT device, a 0.5 mol/L sodium phosphate buffer
(PB) (composed of anhydrous dibasic sodium phosphate
(P.A.-A.C.S. Synth, 99.5%) and sodium phosphatemonoba-
sic (P.A.-A.C.S. Synth, 99.5%)) was used as electrolyte.
For device operation mode analysis and the EGOFET
device, DI-water (DI-W) was used as an electrolyte. All
experiments were performed at room temperature, that is,
298 K.

2.3 Electrochemical measurements

Cyclic voltammetry (CV) method was applied by using an
AUTOLAB potentiostat (Metrohm) with an FRA module
controlled by the software NOVA. A conventional three-
electrode system was used. The working electrode was
PANI thin film samples (PANI:DMF and PANI:DMF:HCl)
prepared as for the OECT devices over fluorine tin-oxide
(FTO) (Sigma-Aldrich) substrates cleaned by ultrasonica-
tion in DI-water, ethanol, and acetone (10 min each). The
reference electrode was an Ag|AgCl electrode and a plat-
inum foil was used as a counter electrode. All experiments
were performed at room temperature, that is, 298 K.H2SO4
aqueous solution (0.5 mol/L) was applied as a supporting
electrolyte with a scan rate of 50 mV/s from – 0.2 to 1.2 V
(vs. Ag|AgCl).

2.4 UV-Vis spectrophotometry
measurement

The UV-Vis optical spectra of the PANI deposition solu-
tion (PANI:DMF and PANI:DMF:HCl) were recorded
using a Ultrospec™ 2100 pro (Amersham Pharmacia) in
absorbance mode, from 270 to 900 nm with a wavelength
rate of 750 nm/min, in a 1 nm step. All experiments were
performed at room temperature, that is, 298 K.

3 RESULTS AND DISCUSSION

The bottom contact PANI-EB-based OECT device is illus-
trated in Figure 1a with the Pt rod gate electrodes biasing
the transistors in an aqueous environment (the same struc-
ture is valid for the EGOFET device with the P3HT as OSC
layer). The device’s array of microelectrodes is shown in
the optical microscopy image in Figure 1b. The OECT pos-
sess 65 pairs of drain-and-source channels, with a 5 μm
channel length and a 2 mm channel width each.
The IDA microelectrode based OECT performance is

presented in Figure 2. The output curves (IDS versus VDS)
for both drain-source applied polarity, positive and nega-
tive, of the PANI OECT device are presented in Figure 2a,
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F IGURE 1 Cross-section schematic of an organic
electrochemical transistor (OECT) using polyaniline (PANI) as the
organic semiconductor (OSC) layer based on a bottom contact
interdigitated array (IDA) microelectrode substrate in panel (a). A
platinum (Pt) rod was used as an external gate electrode. An optical
microscopy image of the IDA electrode in (b). The yellow printed
side is the electrode with length 10 μm. The intercalated electrodes
are the drain and source array

and c, respectively, and the transfer curves (IDS versusVGS)
are presented in Figure 2b and d, respectively. The output
curve shows an increase of IDS current with increasing in
positive (negative) VDS potential in Figure 2a,c. This is the
behavior of anOECT device based on the variation of PANI
conductivity through electrochemical doping/dedoping
caused by the application of the gate potential.[50] The
dependence of charge density or mobility, and conse-
quently ionic conduction, with the applied gate potential,
VGS, is responsible for the nonlinear increase of IDS with
VDS and the absence of saturation regime.[51,52] For the
transfer curves, the device’s current, IDS, increases with an
increase in negative (positive)VGS potential for a fixed pos-
itive (negative) VDS potential in Figure 2b,d.
The use of IDA microelectrodes for the PANI OECT

device presented here afforded currents in the mil-
liampere range that is higher than the current reported
for other PANI-based transistors. The work by Kuo and
co-workers[53] and the works by Li and co-workers in
2008[47] and 2013[48] showed solid-state PANI FETs with
current in the microampere range while the work by Kuo

and Chiou[36] and the work by He and co-workers[50]
presented the same kind of device with current in the
nanoampere range. Regarding EGT, the work by Paul and
co-workers[39] and the work by Alam and co-workers[40]
presented PANI-based devices with the current in the
microampere range. The intercalated drain and source
electrodes in 65 pairs of the IDA microelectrode is respon-
sible for the current amplification.
In the absence of a gate voltage, VGS = 0 V, current

flows through the transistor channel at high VDS poten-
tial, 3.0 V, in module, indicating that the device is in the
ON state. The PANI OECT presents an IDS of 1.9 mA at
VDS = 3.0 V (VGS = 0 V) (Figure 2a,b) and an IDS of –1.9mA
at VDS = –3.0 V (VGS = 0 V) (Figure 2c,d). Once a posi-
tive gate bias is applied, the current decreases to 1.1 mA at
VGS = 0.5 V, in Figure 2b, indicating a smooth depletion-
mode of operation. However, in Figure 2d, once a nega-
tive gate bias is applied, the current remains the same,
–1.9 mA at VGS = –3.0 V. Nevertheless, once a negative
(positive) gate bias is applied in the device in Figure 2b,d,
the current increases (on-current of 3.9 mA at VGS = –
0.5 V and –3.5 mA at VGS = 0.5 V, respectively), indicat-
ing an accumulation mode of operation with the injection
of anions (cations) into the channel and a corresponding
accumulation of holes (electrons).[17] For a lower drain-
source potential, VDS, (2.0 and –2.0 V, Figures 2b and d,
respectively) it is clear that the device works in accumula-
tion operation mode.
The accumulation operationmode upon the application

of both negative and positive gate voltages, with the con-
duction of both holes and electrons, indicates the ambipo-
lar behavior for the PANI OECT devices.[35] Thus, p-type
PANI OECT device is demonstrated in Figure 2a,b, and
n-type PANI OECT device in Figure 2c,d. The ambipolar
behavior of PANI, arising from its electrochemical dop-
ing/dedoping process that is evaluated as reversible redox
reaction, oxidation and reduction, was demonstrated by
CV curves.[54,55] The CV profile of PANI:DMF thin film is
shown in the inset of Figure 2c. From the CV graph, it is
possible to observe a reversible electrochemical switching
between the reduced and the oxidized states of PANI in the
electrochemical window of OECT operation (from –0.5 to
0.5 V).
To verify the doping/dedoping process as a consequence

of the injection of ions from the electrolyte into the OSC
layer of the transistor, the PANI-based device in sodium
phosphate buffer (PB) and DI-water (DI-W), without ions,
were compared. The transfer curves for VGS from –0.4 to
0.5 V, at VDS = 3.0 V, are shown in Figure 3. The device
operating with PB (PANI OECT PB) presents modulation
of its drain-source current, IDS, with increasing gate
voltage, VGS, while the device operating in DI-W (PANI
OECT DI-W) does not present modulation. These results
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F IGURE 2 Performance of the ambipolar PANI OECT. (a) p-type output characteristics, (b) p-type transfer curve at VDS = 3.0 V (black
dots) and at 2.0 V (hollow dots), (c) n-type output characteristics, and (d) n-type transfer curve at VDS = –0.3 V (black dots) and –2.0 V (hollow
dots), measured in 0.5 mol/L sodium phosphate buffer (PB). The VGS range is from –0.5 to 0.5 V in a 0.1 VGS step. The inset is the CV profile
for the PANI:DMF film

indicate that PANI OECT device is based on dop-
ing/dedoping by ion injection into the polymeric layer.[17]
As shown by Meijer and co-workers, the ambipolar

transport is observed on reduction of the injection barriers
for holes and electrons into the semiconductor, by applying
both a drain-source and a gate-source potential simultane-
ously, helping the modulation of the device, and by using
low bandgap semiconductors.[56] Besides the clear combi-
nation of VDS and VGS in the operation of the PANI-based
OECT shown, the bandgap energy for PANI-EB is esti-
mated around 0.90 eV,[57] which is approximately 0.65 eV
lower than the poly(3,9-di-t-butylindeno[1,2-b] fluorene)
(PIF) bandgap, around 1.55, reported as the OSC in an
organic ambipolar transistor by Meijer and co-workers.
The acid-doped PANI presents increased conductiv-

ity when compared to the undoped PANI due to proto-
nation of the polymeric structure.[58–61] An acid-doped
PANI OECT (PANI:DMF:HCl) was evaluated in the PB

electrolyte and compared to the undoped PANI OECT
(PANI:DMF). The transfer curves of the p-type and n-type
devices are shown in Figure 4a and b, respectively. The
PANI:DMF:HCl device presented increased IDS, compared
to the PANI:DMF device, around 17 %, for p-type, reaching
IDS = 3.9 mA (VGS = – 0.4 V), and around of 38%, for n-
type, reaching IDS= 4.8mA (VGS= 0.5 V). Enhanced drain-
source currents for HCl-doped PANI FET devices were
presented by Kuo and co-workers.[53] The higher current
for doped PANI OECT is related to its narrower bandgap,
estimated around 0.50 eV,[57] which is lower than that of
undoped PANI-EB and ensures a lower injection barrier
for ambipolar devices, as discussed. Thus, an acid doped
PANI facilitates the injection of ions from the electrolyte,
increasing the IDS current.
The UV-Vis absorption spectra of the deposition solu-

tion for PANI:DMF and PANI:DMF:HCl are shown in Fig-
ure 5a. The UV-Vis spectra are indicative of the doping
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F IGURE 3 Comparison of OECT performance as function of
electrolyte. The PANI OECT PB device (blue-square symbols)
operating in sodium phosphate buffer presented increasing IDS with
increasing negative VGS potential while the PANI OECT DI-W
device (brown-circle symbols) presented no significant change in
the IDS with VGS variation

F IGURE 4 Comparison of undoped and doped PANI OECT.
(a) p-type transfer curves for undoped (PANI:DMF) and doped
(PANI:DMF:HCl) OECT devices and (b) n-type transfer curves for
undoped and doped OECT devices. Acid doping of PANI causes a
decrease in bandgap and a consequent decrease in the injection
barrier, facilitating the ambipolar device performance

level of PANI samples and the acid doped PANI (pro-
tonated) can be distinguished from the undoped PANI
samples. The protonated PANI are green[62] and present
absorption band at longer wavelengths of the visible spec-
tra which reflects the presence of polarons on its struc-
ture, as can be seen for PANI:DMF:HCl spectra in Fig-
ure 5. This indicates a protonated and conductive PANI.[63]
The undoped PANI presents a peak around 600 nm that
shifts to approximately 800 nm (the absorption band at
longer wavelengths) after protonation, as observed in the
literature.[63] The UV-Vis spectrum of PANI:DMF:HCl
also presents a peak located between 350 and 500 nm
indicative of a π-π* transition.[35]
The facilitated electrochemical doping/dedoping of

the HCl-doped PANI when compared to the undoped
PANI can be seen by CV curves of PANI:DMF and
PANI:DMF:HCl, shown in Figure 5b. The CV indicates
a more pronounced reversible electrochemical switching
between the reduced and oxidized states of PANI, which
can be seen by an increase in the oxidation and reducing
peak currents, for the PANI:DMF:HCl in the electrochem-
ical window of OECT operation. The CV profile is simi-
lar for PANI samples but the current increased five times,
approximately, for the doped PANI. This increase in elec-
trochemical doping/dedoping by injection of ions from the
electrolyte causes an increase in PANI conductivity, chang-
ing the OECT modulation as shown in Figure 4.
To compare the OECT performance with the other EGT

described, the EGOFET, we evaluated the P3HT-based
EGOFET using IDAmicroelectrode. The output and trans-
fer curves for the P3HT-based EGOFET with DI-water
as electrolyte, gated via Pt rod, are shown in Figure 6.
The P3HT-based EGOFET present an opposite behavior
compared to the PANI-based OECT, that is, for negative
drain-source polarity, the IDS increases with increasing
negative gate, VGS, voltage, which is in agreement with
the field-effect modulation.[5,64] The device presented
on-current of about∼350 μA,withVDS = –0.4 V, saturation
regime, and VGS = –0.3 V. This is approximately 3 orders of
magnitude larger than single drain-source contact based
device, as presented in the literature.[65–68] P3HT-based
devices with IDA microelectrodes reported in literature
also presented the same current range.[69] The transfer
curve in linear regime, VDS = - 0.1 V, is also shown in
Figure 6b.
These results clearly demonstrate the difference in the

operation mode of a PANI-based OECT and a P3HT-based
EGOFET, both fabricated using an IDA microelectrode.
The PANI OECT operates based on the injection of ions
from the electrolyte into the OSC layer, responsible for
modulating the charges in the channel and the drain-
source current, as consequence. When the PANI EGT was
tested in DI-water, no modulation in current was noticed
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F IGURE 5 UV-Vis absorption spectra of deposition solution of PANI:DMF and PANI:DMF:HCl samples in panel (a). The shifted peaks
of absorption from PANI:DMF to PANI:DMF:HCl are observed upon protonation. Cyclic voltammetry of PANI doped and undoped thin films
in panel (b). The PANI:DMF and PANI:DMF:HCl were deposited by spin coating on FTO substrates and measured with a scan rate of 50 mV/s

F IGURE 6 Performance of the p-type P3HT EGOFET with Pt rod gate electrode. (a) The output characteristic, (b) the transfer curve at
linear, VDS = - 0.1 V, (black dots) and saturation, VDS = - 0.4 V, (hollow dots) regimes, measured in deionized water. The VGS range is from –0.3
to 0.7 V in a 0.1 VGS step

probably due to the low gate and drain voltages (lower than
1 V) (solid-state PANI-based FET devices were reported
for VDS and VGS in the range of tens of volts[36,37]) and
the impossibility of the formation of the conduction chan-
nel other than by electrochemical doping once PANI is
an electrically conducting polymer. To obtain an EGOFET
device operating in a range lower than 1 V, the need is for
polymeric layers able to form a conduction channel with-
out ion injection, and it was demonstrated with the use
of P3HT that is hydrophobic with negligible ion penetra-
tion and electrochemical reactions within a certain poten-
tial window.[70,71]

4 CONCLUSIONS

We demonstrated a functional ambipolar OECT fabricated
with spin-coated PANI thin films operating in a buffer elec-
trolyte and gated via Pt rods. The electrolyte-gated device
relies on the electrochemical doping/dedoping of the OSC
layer in the OTFT structure that is obtained with PANI
once it undergoes reversible redox reaction, oxidation and
reduction, in the electrochemical window of transistor
operation. The ambipolar PANI OECT exhibits a good
overall performance with on-currents up to IDS = 3.5 mA,
approximately. AnHCl-doped PANIwas used as OSC layer
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in the OECT architecture to evaluate the effect on the
device’s performance. The PANI:DMF:HCl transistor pre-
sented increased on-current around 17% (IDS = 3.9 mA)
for p-type and around 38% (IDS = 4.8 mA) for n-type
operations. This current increase can be justified by the
decrease in polymer bandgap that decreases the injection
barrier. Evaluation of device performancewithDI-water as
electrolyte was accomplished for PANI-based OECT and
P3HT-based EGOFET where the former did not present
current modulation, unlike the last. Device architecture,
the IDA microelectrode, allows for increased drain-source
current due to the larger active area for the device when
compared to single drain-source contact substrates. In
proper conditions, PANI is able to perform as ambipolar
OECT, which may open new possibilities for bio- and ion-
sensors devices.
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