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ABSTRACT: The characteristics of the gate electrode have Activated carbon gate
significant effects on the behavior of organic electrochemical

transistors (OECTs), which are intensively investigated for

applications in the booming field of organic bioelectronics. In . Glass well
this work, high specific surface area activated carbon (AC) was

used as gate electrode material in OECTs based on the

conducting polymer poly(3,4-ethylenedioxythiophene) S PEDOT:PSS
(PEDOT) doped with poly(styrenesulfonate) (PSS). We

found that the high specific capacitance of the AC gate Glasssubstrate

electrodes leads to high drain-source current modulation in

OECTsS, while their intrinsic quasi-reference characteristics make unnecessary the presence of an additional reference electrode to
monitor the OECT channel potential.

Drain
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H INTRODUCTION Activated carbon gate

The capability of certain organic electronic materials to “
transport both ionic and electronic charge carriers lays the Electrolyte

foundation of organic bioelectronics, where signals are !_.
exchanged between organic electronic devices and biological

systems." Organic electrochemical transistors (OECTs), first
demonstrated in the eighties,2 are a subclass of organic thin film
transistors particularly attractive for applications in bioelec-
tronics. OECTs can be operated at low voltages (below 1 V) in
aqueous environments. Simple processing and versatile Figure 1. Scheme of th_e architecture of OECTSs using an AC gate
geometry facilitate OECT fabrication by low-cost solution electrode and a conducting polymer channel made of PEDOT:PSS.

processin§ techniques® and their integration with microfluidic
channels.” These properties make OECTs primary candidates cm™', with good biocompatibility and stability in aqueous

Source PEDOT:PSS Drain

Glass substrate

for bioelectronic implants,® devices to control cell adhesion® environment,” are routinely deposited by spin coating of
and viability,” chemical and biological sensors,® and lab-on-a- commercially available aqueous suspensions. In the past decade,
chip systems. there has been extensive research on the effects of channel

OECTsS consist of source and drain electrodes and a channel material and electrolyte properties,'*”'> device geometry ™'
containing a conducting polymer in ionic contact with a gate and gate electrode materials' on the behavior of OECTs.
electrode via an electrolyte solution (Figure 1). The gate-source However, despite these important efforts, the role played by the
voltage (Vgs) modulates the current flowing in the channel gate electrode in determining OECT device performance has
between the drain and source electrodes (I4). A high current not been investigated deeply. Gate electrodes for OECTs are
modulation is essential for bioelectronic applications, which typically made of materials such as Pt, Au, Ag, Ag/AgCl and

require low-voltage operation and high sensitivity.” patterned PEDOT:PSS films. Lin et al. investigated the effect of

The majority of OECTs is currently based on thin films of

the conducting polymer poly(3,4-ethylenedioxythiophene) Received: November 5, 2014
(PEDOT) doped with poly(styrenesulfonate) (PSS). PE- Accepted: December 16, 2014
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Figure 2. Characteristics of PEDOT:PSS based OECTs using AC and PEDOT:PSS gate electrodes, employing an aqueous solution of NaCl (0.01
M) as the electrolyte. Typical output characteristics obtained with an AC (A) or a PEDOT:PSS gate electrode (B). The V scan rate is S mV s™' and
Vi is varied from —0.4 to +0.6 V in steps of 0.2 V. Transfer characteristics (C) of PEDOT:PSS OECTs using an AC (black line) and a PEDOT:PSS
gate electrode (red line) at V= —0.5 Vand —0.6 V < Vg £ 0.8 V. Transient (I vs time) responses (D) normalized with respect to the current at
V=0V of OECTs using AC (black solid line) and PEDOT:PSS (red dashed line) gate electrodes at Vg= —0.5 V. From left to right, Vi is pulsed
from 0 to —0.6, —0.4, —0.2, +0.2, +0.4, +0.6 and +0.8 V with a pulse duration of 100 s.

the geometric area of the gate electrode (a Pt wire) on the
characteristics of an OECT based on a polyacetylene ionomer,
and found that the transistor current modulation increases
upon increase of the capacitance of the gate electrode.”® Cicoira
et al. studied the response of PEDOT:PSS-based OECT's with
Pt and Ag gate electrodes in halide electrolytes and
demonstrated that Ag leads to larger current modulation than
Pt upon application of the same Vgs.19 This effect was attributed
to a Faradaic reaction between Ag and the halide electrolyte.

Activated carbon (AC) is a material of high interest for gate
electrodes in OECT's because of its very large specific surface
area (about 1000—2000 m* g~'),*' which results in a high
specific double-layer capacitance and a high electrostatic charge
storage capacity. These properties explain the wide use of AC in
double-layer supercapacitors.”' The use of high specific surface
area AC gate electrodes in OECTSs is expected to enable to
counterbalance the charge required to dedope/dope the
channel within a relatively narrow electrode potential excursion,
by a fast and highly reversible electrostatic process. This would
make possible the use of AC gates as quasi-reference electrodes,
dramatically simplifying the device structure. Moreover, the
absence of undesired Faradaic (redox) processes at the AC
electrode/electrolyte interface would be beneficial for device
stability.”* Along this line, Sayago et al. recently demonstrated
that an AC gate electrode enables low-voltage operation in
ionic liquid-gated organic transistors based on MEH-PPV
semiconducting polymer channels.”?
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In this letter, we investigate OECTs based on PEDOT:PSS
using AC gate electrodes. We demonstrate that OECTs with
AC gate electrodes show large current modulations and do not
require the presence of an additional reference electrode to
monitor the channel potential. This behavior is attributed to
the high double-layer capacitance of the AC electrode and to its
intrinsic property to act as a quasi-reference.

B EXPERIMENTAL SECTION

The OECT device architecture used in this work is shown in Figure 1.
OECTs based on PEDOT:PSS were patterned following a procedure
described in the literature (see the Supporting Information).'”**
Conducting polymer films (with a thickness of about 200 nm) were
deposited by spin coating of a mixture containing a PEDOT:PSS
suspension (Hareus Clevios PH 1000), ethylene glycol, dodecyl
benzensulfonic acid (DBSA) and (3-glycidyloxypropyl)-
trimethoxysilane (GOPS). The OECT channel (geometric area of
about 12 mm’) was defined by the contact region between the
PEDOT:PSS film and the electrolyte (0.01 M aqueous solution of
NaCl), confined into a glass well. AC gate electrodes were obtained by
drop casting about 80 uL of a suspension of AC (PICACHEM BP9, 28
mg mL™") and Nafion (2.4 mg mL™") in isopropanol, on stripes of
carbon fiber paper (Spectracorp 2050, 10 mils). The channels and gate
electrodes (both AC and PEDOT:PSS) of the OECTs studied in this
work have a similar geometric area of ~12 mm?

B RESULTS AND DISCUSSION

The typical output characteristics of PEDOT:PSS OECTs
using AC gate electrodes are shown in Figure 2A and compared
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to those of OECTs with planar PEDOT:PSS gate electrodes
(whose structure is shown in the Supporting Information,
Figure S1) in Figure 2B. At a given Vo OECTs using AC gate
electrodes exhibit a larger I3, modulation with respect to those
using PEDOT:PSS. As an example, at Vy= —0.4 V, upon
variation of Vi, from —0.4 to +0.6 V, the Iy, of OECTSs using
AC varies by about a factor of 10, while that of the devices
using PEDOT:PSS gate electrodes varies by about a factor of 3.
Furthermore, the use of AC gate electrodes permits the
saturation regime to be achieved at lower V. For instance, at
Vg = +0.6 'V, devices using AC gates saturate at Vy =~ —0.2 'V,
whereas devices using PEDOT:PSS gates do not show
saturation even at higher [Vy/. The transfer (Figure 2C) and
transient (I vs time, Figure 2D) characteristics further confirm
that a higher I, modulation is achieved by using AC gate
electrodes. In the transfer curves (Vi= —0.5 V and —0.6 < Vs
< 0.8 V), the decrease of I with Vg, is steeper for OECTs with
an AC gate electrode compared to those with a PEDOT:PSS
gate, which results in a higher ON/OFF ratio (~S00 for
OECTs with AC gate compared to ~15 for OECTs with
PEDOT:PSS). The transient characteristics reveal that, for a
given V,, the steady-state value of |I;| of OECTs with an AC
gate (Figure 2D, black solid line) is significantly lower than that
of OECTs with a PEDOT:PSS gate (Figure 2D, red dashed
line) featuring the same geometric area. We postulate that the
low current modulation and the fact that no current saturation
is achieved in the output curves in our devices with
PEDOT:PSS gates is likely due to the small gate/channel
geometric area ratio. Indeed, it has been shown that OECTs
with PEDOT:PSS gates can reach current modulations of 1000
and beyond and very efficient saturation, provided that the
geometric area of the gate electrode is at least ten times larger
than that of the channel.®® The use of AC gates permits to
circumvent such requirement. However, AC gates that feature
higher specific areas than PEDOT:PSS may result in relatively
high gate currents. Therefore, the AC gate area and mass
loading need to be properly optimized to reduce gate currents
(Figure S2, Supporting Information) keeping high current
modulations (Figure S3, Supporting Information).

The PEDOT:PSS channel of an OECT is dedoped/doped by
a Faradaic process, hence its doping level and electronic
properties (e.g., electrical conductivity) depend on its electro-
chemical potential, commonly expressed vs a reference
electrode (RE). To shed light onto the different behaviors of
devices using AC and PEDOT:PSS gate electrodes, we
performed a cyclic voltammetry (CV) study. In all our
experiments, a PEDOT:PSS film acted as the working electrode
(WE). Initially, a CV scan was carried out using a Pt wire as the
counter electrode (CE) and a saturated calomel electrode
(SCE) as the RE, to identify the oxidation and reduction peaks
of the PEDOT:PSS film. The voltammogram (Figure 3A, solid
black curve) shows that such redox peaks are located at about
—0.65 V vs SCE (reduction) and —0.35 V vs SCE (oxidation),
in agreement with previous publications.”®”” The CV also
reveals that (i) at 0.5 V vs RE, the PEDOT:PSS channel is in a
tully doped state, whereas it is dedoped at potentials lower than
—0.6 V vs RE; (ii) the WE potential should be kept below 0.6 V
vs RE, to prevent overoxidation of PEDOT:PSS. A similar
voltammetric response is obtained when the SCE RE is
replaced by an AC electrode (Figure 3, dashed red curve), thus
indicating that AC can be used as a quasi-reference, with a
potential close to that of the SCE.**** To mimic the Ly, vs Vg
electrochemical response of a PEDOT:PSS OECT channel
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Figure 3. Cyclic voltammograms of various electrochemical cells
where the electrolyte is a 0.01 M aqueous solution of NaCl, a doped
(pristine) PEDOT:PSS film acts as the working electrode (WE) and
different counter electrodes (CE) and reference electrodes (RE) are
compared. (A) Three-electrode configuration with a Pt wire CE and a
saturated calomel electrode (SCE) RE (black solid line), three-
electrode configuration with a Pt wire CE and an AC electrode RE
(red dashed curve), two-electrode configuration with an AC electrode
acting as CE and RE (blue dotted curve). (B) Two-electrode
configuration with an AC electrode (black solid curve) or a doped
(pristine) PEDOT:PSS film (red dashed curve) or a dedoped
PEDOT:PSS (blue dotted curve) acting simultaneously as CE and
RE. The CV scan rate is 50 mV s™'. The top x-axis indicates the
corresponding V,, in OECTs.

modulated by an AC gate electrode, we performed CVs in a
two-electrode configuration, with an AC electrode acting both
as the CE and the RE (Figure 3A, dotted blue curve).
Remarkably, also in this configuration, the voltammetric
response almost overlaps with that obtained in a three
electrode configuration using the Pt CE and the SCE RE.
This result can be understood taking into account that the
current measured during the CV is related to the total
capacitance of the two-electrode cell (C), which corresponds to
the capacitances of the PEDOT:PSS WE (Cyg) and the AC CE
(Ccp) connected in series, i.e., C™'= Cyp™ + Ccp™". Because
the AC CE has a high—s3peciﬁc surface area and a high-specific
capacitance (80 F g_l),2 in our cell Ccg > Cyyp, and C = Cyp.
This means that the cell current is mainly determined by the
response of the PEDOT:PSS WE. Furthermore, the high
specific capacitance of the AC CE also permits to keep the
potential excursion of the CE within a few tenths of mV during
PEDOT:PSS doping/dedoping (the capacitance, C, the charge,
Q and the electrode potential excursion, AV, are indeed related
by C = Q/AV). The overlap of the CV curves in Figure 3A
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indicates that the AC electrode is able to effectively dedope/
dope the PEDOT:PSS channel, while acting simultaneously as
a quasi-reference electrode. When the CV is performed in a
two-electrode configuration (Figure 34, dotted blue curve), the
potential applied between the WE (PEDOT:PSS) and the AC
quasi-RE corresponds to —V,, in PEDOT:PSS OECTs making
use of an AC gate electrode. Therefore, our results indicate that
a V,, range between —0.4 to +0.6 V enables to safely and
gradually switch the OECT from the ON to the OFF state.
The advantage of using AC gate electrodes in OECTs is
further highlighted in Figure 3B, which shows CVs carried out
in a two-electrode configuration using AC (black solid curve),
doped PEDOT:PSS (red dashed curve) and dedoped
PEDOT:PSS (blue dotted curve) as both CE and RE. The
most important features of these voltammograms are the
following: (i) when PEDOT:PSS films are used as CE and RE,
the CVs show no redox peaks within the applied potential
range and the current is much lower than that obtained with
AC; (ii) to achieve a good cycling efficiency, the cell voltage
potential range needs to be kept between —1 and 0 V for doped
PEDOT:PSS and between —1 and +0.5 V for dedoped
PEDOT:PSS. These results can be explained taking into
account that in symmetrical PEDOT:PSS two-electrode cells,
the WE and the CE are made of the same material and have a
similar geometric area, therefore Cyyg = Ccg. As a consequence
(as C'= Cyg™' + Cgp™'), the current is also significantly
affected by the response of the CE. According to C = Q/AV,
the potential excursion (AV) of the PEDOT:PSS CE (i.e., of
the gate in the OECT) is not negligible and the application of a
Vi, bias in OECTs with PEDOT:PSS gate electrodes results in
an almost equal variation of both the channel and gate
electrode potentials. This means that in OECTs where
PEDOT:PSS is used as the gate electrode, dedoping
(reduction) of the channel is inevitably accompanied by an
overdoping (overoxidation) of the gate electrode and Vs does
not correspond to the OECT channel potential vs a RE. In a
symmetrical two-electrode cell with PEDOT:PSS WE and CE,
both in the doped (pristine) state, the initial cell voltage is 0 V
(ie,, both the electrodes are at ~0.5 V vs SCE). Application of a
cell voltage of —1 V (corresponding to Vg = 1.0 Vin the
OECT) would result in a potential excursion of both electrodes
of +0.5 V, with the WE being dedoped down to ~0 V vs SCE
(calculated as ~0.5 V (vs SCE (initial potential) — 0.5 V
(potential excursion)) and the CE being further doped up to
1.0 V vs SCE (~0.5 V (vs SCE, initial potential) + 0.5 V
(potential excursion)), which is well beyond the anodic limit
potential for polymer doping. This explains why in Figure 3B
(red dashed curve) a good cycling efficiency is achieved only by
keeping the cell voltage within 0 and —1 V (corresponding to 0
< Vg < +1 Vin the OECT). In this case, Vg, does not give a
precise indication of the OECT channel potential vs a RE, and
the gate overdoping has a negative impact on the device
stability. In principle, overdoping of the PEDOT:PSS CE can
be avoided by dedoping it before use. In a two-electrode cell
assembled with doped (pristine) polymer WE (at ~0.5 V vs
SCE) and dedoped CE (at least —0.6 V vs SCE), application of
a cell voltage of —1.0 V would again shift the potentials of both
the WE and the CE by ~=+0.5 V, bringing the WE at ~0 V vs
SCE (see above) and the CE at ~—0.1 vs SCE (~—0.6 V (vs
SCE, initial potential) + 0.5 V (potential excursion)), which is
within a safe electrode potential window for both polymer
electroactivity and electrolyte stability. Indeed, the CV in Figure
3B (blue dotted curve) shows that a dedoped CE allows cycling
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in a wider cell voltage range with respect to a doped (pristine)
PEDOT:PSS CE (red dashed curve). However, the low
voltammetric currents indicate that, even in this case, the
polymer gate charge storage capability would limit the channel
doping/dedoping in an OECT with a PEDOT:PSS gate. The
polymer CE changes potential upon cycling and cannot be used
as RE. This means that even dedoped PEDOT:PSS gates
cannot lead to the same OECTs modulation as AC gates.
Furthermore, the dedoped PEDOT:PSS CE would have a
conductivity that changes upon the OECT operation, which in
turn would affect how the potential is distributed upon applying
the gate voltage.

B CONCLUSIONS

In conclusion, we investigated PEDOT:PSS OECTs using high
specific surface area AC gate electrodes. The use of AC gate
electrodes leads to higher current modulations, at low voltage,
compared to PEDOT:PSS gate electrodes of comparable
geometric area. Cyclic voltammetry studies, where PE-
DOT:PSS is used as the WE and AC is used as the RE and
CE, show that high double-layer capacitance and absence of
Faradaic processes permit the development of OECTs where
the channel potential is uniquely determined by the applied
gate bias. Processing and integratin§ AC electrodes into in-
plane, flexible device architectures® could represent a step
forward in the search of new electrode materials for OECTs to
be used in biosensors and other bioelectronics devices.

B ASSOCIATED CONTENT

© Supporting Information

Details for the fabrication of the OECT devices, preparation of
the AC electrodes and electrochemical measurements. Scheme
demonstrating the architecture of OECTs using PEDOT:PSS
gate electrodes. Gate/source current characteristics of OECT's
using AC and PEDOT:PSS gate electrodes and current
modulations with different AC electrode areas. This material
is available free of charge via the Internet at http://pubs.acs.org.
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