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ABSTRACT: Organic electrochemical transistors (OECTs) have
attracted great interest in the last few years as biochemical sensors
due to their outstanding analytical performance, versatility,
stability, and easiness of fabrication. While thin-film OECTs have
been studied extensively, their manufacturing still presents some
challenges. This report presents a simple approach for developing
OECT using a paper substrate and a thick-film approach that
shows outstanding performance. The channel is hand-made by dip
pen deposition of the conducting polymer poly(3,4-ethylenediox-
ythiophene) doped with polystyrene sulfonate (PEDOT:PSS).
This allows reproducible channel thickness in the order of 6 μm,
well above the conventionally used values. This device displays a
high transconductance that exceeds 40 mS and an on-to-off current ratio of 3.8 × 103 comparable or superior to the state-of-the-art
paper-based OECTs. The advantages of this approach are illustrated with the detection of H2O2 and glucose, obtaining sensitivities
above 1.5 mA/dec. This simplified approach and high sensitivity may help to extend the use of the OECT-based sensors, particularly
in the distributed and point-of need applications.
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1. INTRODUCTION

Ever since the pioneering work of White et al. more than three
decades ago,1 the use of organic electrochemical transistors
(OECT) has been growing at an increasing rate. Today,
OECTs play major roles in electrochromic displays,2 logic
gates,3 bioelectronics,4 and biochemical sensors,5 among
others. A major milestone for their development was the use
of aqueous-based conducting polymer (CP) solutions, such as
PEDOT:PSS.6 This material shows very good performance,
simplifies the manufacturing processes, and has allowed the
development of transistors on a wide variety of materials such
as paper,7,8 plastics,9 elastomers,10−12 fabrics,13 etc. This has
led to the fabrication of wearable and embedded electronic
components. Significant efforts to improve the OECT
performance,14 understand their mechanisms,15 and model
their behavior16 are being recently made. OECTs offer
significant advantages in chemical and biochemical sensing,
including a simple setup, power amplification of the signal,
versatility, and biocompatibility. As a result, during the last few
years, the number of communications using OECTs in
(bio)chemical sensing has outpaced other approaches, such
as field-effect devices. OECT sensors for the detection of ions,
small biomolecules (e.g., glucose),17 dopamine,18 uric acid,19

ascorbic acid,20 sarcosine,21 proteins,22 nucleic acids and living
cells,23 and even whole viruses24 have been reported.
Currently, the range of applications is also expanding toward

low-cost and wearable platforms for an increasing number of
targets.25

An OECT is typically made of three electrodes, source (S),
drain (D), and gate (G) (Figure 1). The S and D are
connected by a CP channel that, upon application of a voltage
(Vd), allows the flow of a current (Id). As in any transistor, the
principle of operation of an OECT is that an input voltage on
the gate produces a modulation of the current in the channel
(Id), which is the output signal. In both organic field-effect
transistors (OFETs) and OECTs, the gate and the channel are
separated by a dielectric layer. However, in OECTs, the
dielectric layer is formed by an ionically conductive electrolyte
solution that allows the free exchange of ions. This feature is
key for the unique mechanism of the OECTs. It has been
shown that the PEDOT:PSS films show an ionically modulated
electronic conductivity, i.e., the electronic charge carriers in the
PEDOT (holes) are stabilized by the electrostatic effect of the
sulfonate groups in the PSS. When ions migrate into the
channel driven by Vg, they alter the electrostatic effect of the
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sulfonate groups, which leads to changes in the hole
concentration and mobility in the PEDOT phase, thus
affecting Id. Because of this mechanism, Id becomes a function
of Vg, with a proportionality measured by the transconductance
of the system (gm)

=
∂
∂

g
I
Vm

d

g (1)

Transconductance is a critical parameter in chemical sensing,
because it is related to the amplification of the signal and,
ultimately, the sensitivity of the technique.26 While significant
work is currently focused on increasing the transconductance
through the modification of channel materials, a straightfor-
ward way to optimize gm is through the manipulation of the
channel geometry. Unlike field-effect transistors, which show a
two-dimensional (2D) surface-limited capacitance, the hydro-
philic and porous PEDOT:PSS channel creates a volumetric,
three-dimensional (3D) capacitance27 that allows OECTs to
display transconductances significantly higher than other
transistors.28 It is well known that the transconductance is
directly related to the channel dimensions

∝ ×
g

W d
Lm (2)

where W (width), L (length), and d (thickness) are the
channel characteristics as shown in Figure 1. Therefore, there

is a direct way to enhance the transconductance by increasing
the channel thickness.29 Nevertheless, the response time (τ) is
also affected by the channel thickness15

τ ∝ d WL (3)

As a result, optimization of the OECTs has been traditionally
characterized by a trade-off between transconductance and
response time. For this reason, thickness has been usually kept
below 1 μm. With channels ranging from tens to several
hundreds of nanometers, transconductances in the order of 5
mS and response times in the millisecond range have been
reported.30 Thus, transconductances are still significantly
higher than in other transistors, while response times are low
enough for many applications. Rivnay et al., for example,
successfully recorded human brain activity using two
PEDOT:PSS OECTs with channel thicknesses of 230 and
870 nm.29 Since the vast range of applications are based on
these types of devices, fundamental studies of the OECTs have
been traditionally kept within this range. There are significant
efforts to improve the response time by minimizing the effects
of diffusion, such as the modifications of the channel
composition,31 internal ion reservoirs,32 ionic liquids,33 etc.
In all cases, channel thickness has been kept under the
micrometer range, and applications of OECTs with channel
thickness above 1 μm are scarce.34

In chemical and biochemical sensing, the response time is
often controlled by the kinetics linked to the recognition

Figure 1. (A) Schematic of an OECT, whereW is the width, L is the length, and d is the thickness of the channel. (B) Source/drain electrodes and
PEDOT:PSS channel. (C) Platinum gate electrode. (D) Drawing of the PEDOT:PSS channel. (E) Construction of the platinum gate electrode.
(F) Schematic of the measurement cell.
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events. In these situations, the optimization is mostly based on
maximizing the transconductance, to enhance the sensitivity.
Therefore, it is worth questioning whether using thicker
channelsbeyond the traditional nanometer range limit
might be a valid approach to maximize the analytical response.
The answer is not straightforward, since phenomena linked to
ion migration, film hydration, swelling, etc. may be negatively
affecting the performance of the system.
In this work, we explore the characteristics of a thick-film

OECT when applied to the determination of hydrogen
peroxide, a molecule that is present in a plethora of
biochemical sensing schemes. In the last few years, we have
studied the use of a Pt electrode coated with a layer of Nafion
for the potentiometric determination of H2O2 and the
construction of biosensors.35 OECTs for the detection of
hydrogen peroxide and the generation of glucose sensors using
Pt and composite materials for the gate have also been
reported.36−39 Thus, this work will show the advantages of the
thick-film platforms, such as the simplicity of construction of
paper-based devices, to generate chemical sensors and
biosensors. Analytical characterization of the thick-film sensor
for hydrogen peroxide and proof of principle of a glucose
sensor are presented.
The results show that a film with a thickness of several

microns can be reproducibly made by a simple dip pen
approach, thus easing the manufacturing process of these
sensors. It is shown that using a Ag/AgCl gate electrode, a
value of transconductance of 35 mS can be reached, which is
close to the highest values reported up to date for this type of
devices. In addition, when using a Pt/Nafion gate electrode, a
highly sensitive detection of peroxide can be obtained, with
sensitivities of 2.1 mA/decade. Therefore, this work opens new
ways for the simple construction and operation of powerful,
low-cost, and highly sensitive OECT chemical sensors.

2. MATERIALS AND METHODS
2.1. Reagents and Materials. All chemicals used were of

analytical grade and were purchased from Sigma-Aldrich (Merck,
Spain). And a 3−4% aqueous solution of high-conductivity-grade
PEDOT:PSS was used for making the conductive films. Fresh H2O2
standard solutions were prepared daily from a commercial 30% (v/v)
stock. A solution of 5% wt Nafion in aliphatic alcohols and water
(15−20% water) was used to make the gate electrode. Glucose
oxidase (from Aspergillus Niger Type X-S) lyophilized powder, 100−
250 kU/g, was used to prepare a stock solution in deionized water (20
mg/mL). Phosphate-buffered saline (PBS 0.1 M at pH 7.4) was
prepared by dissolving 0.100 M Na2HPO4, 0.018 M KH2PO4, 0.1 M
NaCl, and 0.003 M KCl. All solutions were prepared using double
deionized water (Millipore Corporation, Bedford, MA).

2.2. Device Fabrication. Source and drain electrodes were made
with Au on a microporous luster photography-quality paper with a
weight of 200 g/m2 (Table S1), using an Orion RF magnetron
sputtering (AJA International, MA; see the Supporting Information
(SI) for experimental details). First, the photography paper was cut
into a circle of 10 cm diameter (Figure S1-a) and then cleaned with
ethanol and deionized water for 2 min successively, followed by
drying with air. Next, parallel lines separated by an 8 mm gap were
created on the paper by applying 0.5 mm wide strips of an adhesive
masking tape (Figure S1-b) (ABC Hobby Co., Osaka, Japan). After
sputtering 100 nm thick Au (Figure S1-c), the strips were removed,
leaving a 0.5 mm wide gap between the gold pads, which will be the
channel length, L. Finally, 0.8 cm × 1.5 cm gold pads were cut to
make the source and drain electrodes (Figure S1-d). An environ-
mental scanning electron microscope (ESEM) (FEI Quanta 600) was
used for characterization.

2.2.1. Drawing of the Channel by a Dip Pen Procedure. Different
approaches, such as drop casting, dip coating, and dip pen deposition,
were explored to apply PEDOT:PSS inks. The most reproducible
results were obtained using a dip pen method. To draw the channel,
we used standard tweezers (PELCO 5113 Carbofib Tip Tweezer)
equipped with a 0.5 mm × 0.6 mm (width × thickness) carbon fiber
tip (Figure S1-g). To this end, the tip was dipped into the pristine
PEDOT:PSS solution and used to draw a fine line connecting the Au
pads (Figure S1-e). The ink was dried in an oven at 100 °C for 20
min. Similarly, the second layer was made also by dipping the tip into

Figure 2. (A) Time plot of Id for a channel with one PEDOT:PSS layer as Vd changes from −0.2 to 0.2 V. (B) Id − Vd characteristics of three dry
channels with one, three, and six layers of PEDOT:PSS tested without gating and without electrolyte. (C) Transconductance and channel thickness
as a function of number of layers deposited by dip pen method. The error bars represent the standard deviation of the thickness measured at three
different positions. ESEM cross sections of three PEDOT:PSS channels having (D) one layer, (E) three layers, and (F) six layers.
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the PEDOT:PSS ink and then drawing a line over the previous one. In
this way, three and six layers were cast by repeating the same
procedure. Thereafter, adhesive tape was used to cover the gold
contacts, leaving only the PEDOT:PSS conductive channel exposed
(Figure S1-f).
2.2.2. Construction of the Gate Electrodes. For the initial

characterization of the system, a Ag/AgCl gate electrode (Warner
Instruments LLC, MA) was used. For the detection of peroxide, the
gate electrode was made by coating the paper Pt electrode with
Nafion (Figure 1E), as described elsewhere.40 In short, strips of the
platinized paper (0.4 cm × 2 cm) were sandwiched between two
adhesive masks, leaving exposed only an electrochemical active
window of 3 mm diameter. Then, 5 μL of the Nafion solution was
sequentially drop-cast on this window and then left to dry overnight.35

In the case of the detection of glucose, two drops of 5 μL of glucose
oxidase solution (20 mg/mL in deionized water) were cast and dried
at 4 °C for 6 h before drop-casting the Nafion.41

3. RESULTS AND DISCUSSION

3.1. Electrical Characterization of the Source/Drain
System. Figure 2A,B shows the time trace and Id−Vd plots for
channels made with one, three, and six layers of the CP ink
under dry conditions (i.e., before contact with an electrolyte
solution). The time traces show stable values of currents and
an ohmic behavior within the range tested (−0.2 to 0.2 V).
This voltage range was limited for practical purposes to avoid
currents higher than 20 mA. The dynamic resistance calculated
from the slope of these plots (Table S2) shows that with the
first layer, the system already shows a low resistance (in the
order of 22 Ω) that drops as more layers are added. For six
layers, the resistance reaches a value of 11.0 Ω. The overall
value or the resistance measured is the result of the CP
resistance and the contact resistance (Rtotal = Rchannel +
Rcontacts).

42 Gold pads are used to minimize the contact
resistance with the electrodes, although it should be noted that
some contact resistance might be also found between the

different layers of the CP, as reported by Pesavento et al. for
pentacene-based thin-film transistors.43

3.2. Characterization of Channel Thickness. Channel
geometry, in particular, thickness,29 is one of the main
parameters affecting OECT performance. The most popular
approaches to control the CP film thickness, spin coating and
inkjet printing,5 require dedicated equipment and are more
suitable for thin-film fabrication (below 1 μm).44 Ultrasimple
methods such as dip pen, on the other hand, have been
scarcely reported for fabrication of OECTs.45,46 In this work,
the channel geometry is controlled through a simple approach.
The length is set by the gap between the Au pad electrodes
(0.5 mm). The width is determined by the size of the metallic
tip used as a pen, which in this work creates a uniform width in
the order of 1.00 ± 0.04 mm. The channel thickness is mostly
controlled by the rheological characteristics of the ink, which
determines the pen loading, and also the interaction of the ink
with the paper substrate, which determines the delivery of the
CP ink. The cross-sectional images of the channel acquired
with an environmental scanning electron microscope (ESEM)
allow measuring the thickness of the PEDOT:PSS channel, as
shown in Figures 2D−F. For one, three, and six layers, the final
thicknesses of the channel were 2.55 ± 0.24, 5.63 ± 0.14, and
19.24 ± 0.84 μm, respectively. The error in the measurements
shows that the film is reasonably uniform across the channel.
Evidently, the thickness of the channel increases with the
number of layers deposited. This growth, however, is not
linear, since the thickness of the layer will depend on the
delivery and the way the film dries. On average, the thickness
has increased between 2 and 3 μm per applied layer. This is
similar to inkjet printing of successive layers, which has been
used in several works to control the thickness of thin films.47

Therefore, multiple dip pen procedures could serve as a quick,
simple, and low-cost alternative method to obtain thick-film
channels. The stability and dynamic response of the channel

Figure 3. (A) Transfer curve, (B) transconductance, and (C) output curve (fitted using the Bernard−Malliaras model (red line)) of an OECT with
a channel made of three PEDOT:PSS layers (5.6 μm channel). (D) Pinch-off voltage and conductance calculated from the model.
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were tested by monitoring the current profile upon application
of a square wave voltage at 0.05 Hz (50% duty cycle) during 40
cycles. In all cases, the rise and fall of the current is limited by
the reading device, and it is below 1 s, well within the required
performance (Figure S2).
3.3. Electrical Characterization of the OECT. Tran-

sistors were assembled by immersing the conducting channel
and the Ag/AgCl gate electrode in a 0.1 M NaCl electrolyte
solution. Once the voltage channel (Vd) was set, the current
(Id) was monitored as a function of time. The gate voltage bias
(Vg) was modified from 0 to 0.9 V in 0.1 V increment steps
that were applied each time Id was stabilized. At the end of
each run, the voltage was set back to zero to verify the return
to the baseline. This process was repeated for a different Vd,
and the transconductance (gm) was calculated using eq 1. We
have noted that our devices needed at least 100 s before Id
became stable. Therefore, the dwell time between points in the
transfer and output curves (Figure 3) was set to 120 s.
Figure 3A shows the transfer curves (Id vs Vg) for OECT

with a 5.6 μm channel thickness (see Figure S3 for 2.5 and
19.2 μm channel thicknesses). The plots show that the initial Id
decreases as the gate voltage is increased, meaning that the
transistor operates in depletion mode. This drop of Id is caused
by the injection of cations (Na+) from the electrolyte into the
PEDOT:PSS channel, which leads to a decrease in the
concentration of charge carriers (holes) and a drop of the
electrical conductivity of PEDOT. This processthe founda-
tion of an OECTis usually represented as48

+ + ↔ ° ++ − + − − +PEDOT : PSS M e PEDOT PSS M
(4)

where M+ is a cation injected from the electrolyte and
PEDOT+ and PEDOT° are the oxidized and reduced forms of
the polymer, respectively. Transconductance (gm) as a function
of Vg and Id vs Vd plots for different Vg can be seen in Figure
3B,C respectively. The results show that gm increases with Vd
and that it reaches a maximum at Vg approximately 0.2 V,
which is within the ranges usually reported. It has been shown
that this value depends on several factors, such as the nature of
the gate and the geometrical relationships of the system.49 In
this work, gm reaches a maximum value of 40.1 ± 3.6 mS (for
N = 4 devices, see Figure S9-a,b). The profile of the
normalized responses (Figure S9-c) indicates that the
OECTs tested have similar properties. It should be stressed
that the results shown correspond to a 5.6 μm channel, as it
will be discussed below.
The minimum value of Id, which represents the maximum

de-doping of the channel, is reached at Vg = 0.8 V, yielding an

on/off current ratio of 3.8 × 103 (Figure S2). Remarkably,
these two values are among the highest figures reported for
paper-based OECTs. Interestingly, good values of gm can be
obtained even at Vg = 0 V, which may be useful in several
applications.26

The influence of channel thickness on gm is shown in Figure
2C. Interestingly, channel thickness does not affect the
conditions at which the maximum is reached (Vg = 0.2 V).
It is also worth noting that with three layers of CP, gm reaches a
maximum value and then levels off. This suggests that
increasing the channel thickness beyond a certain critical
value may be detrimental for performance, since factors such as
response time and the on/off current ratio of the transistor
may be negatively affected.33 For instance, the time constants
of two channels with three and six layers determined by
applying a step gate voltage from 0 to 0.4 V at Vd = −0.3 V and
fitting the response to an exponential function were 3.72 and
5.48 s, respectively (Figure S10).
The reasons for this behavior are not yet totally clear,

although problems associated with film hydration, cation
migration, etc. may be playing an important role. In short, the
layers below 6 μm do not seem to effectively engage in the
ion−electron coupling required in OECTs. Therefore, the
following experiments were conducted using an OECT with a
channel thickness of approximately 6 μm, i.e., three layers of
PEDOT:PSS.
It should be stressed that the values of gm reported in this

work are among the highest values reported for this type of
devices. Table 1 compares the gm values of this work with other
state-of-the-art PEDOT:PSS OECTs, showing that, to the best
of our knowledge, this is the highest transconductance
reported for a paper-based OECT. Very recently, OECTs
with high transconductance values have been also re-
ported.50,51 It should be stressed that by tuning the film
composition, drying procedures, substrate, and system
geometry (e.g., gate to channel geometry), transconductances
can be manipulated, sometimes at the expense of a more
complex procedure. In the case of this work, a balance between
performance and simplicity of manufacturing has been
achieved. Satisfactory results have been obtained using the
unmodified CP ink (i.e., as provided by the manufacturer) on a
paper substrate with a simple construction approach.

3.4. Fundamental Parameters and the Volumetric
Capacitance of the Channel. Accurate models describing
the fundamental processes in OECTs are still a matter of
intense research.53 While the most evident difference with FET
is the volumetric capacitance of OECTs,54 Torsi and co-

Table 1. Comparison of OECTs Characteristics

substrate
channel

fabrication gate material channel material
W

(μm)
L

(μm)
T

(μm) gm (mS) voltages (V) ref

PLA 3D printing Ag/AgCl PEDOT:PSS 912 694 7.1 31.8 ± 6.3 Vd = −0.7 Vg = 0 34
PE printing Ag/AgCl PEDOT:PSS 1000 500 2.1 10 Vd = −0.4 Vg = 0 52
polyarylate spin coating Ag/AgCl PEDOT:PSS/EMIM-TCM 1000 200 0.8 28.7 Vd = −0.5 Vg = 0.42 33
paper dip pen Ag/AgCl PEDOT:PSS 1000 500 5.63 40.1 ± 3.6 Vd = −0.3 Vg = 0.2 This work
paper dip pen Pt/Nafion PEDOT:PSS 1000 500 6 24.5 Vd = −0.15 Vg = 0.2 This work
Si wafer spin coating Au/PEDOT PEDOT:PSS 500 5 6 32.3 Vd = −0.6 Vg= 0.5 4
glass spin coating Ag/AgCl PEDOT:PSS a 142 Vd = −0.6 Vg= 0.2 50
PET spin coating Ag/AgCl PEDOT:PSS b 139 Vd = −0.6 Vg = 0.2 51

aPE: polyethylene, PLA: polylactic acid, EMIM-TCM: 1-ethyl-3-methylimidazolium tricyanomethanide. Interdigitated electrodes with finger
number Nf = 5; finger width and channel length Wf = LCh = 5 μm; and polymer film thickness d = 115 nm. bInterdigitated electrodes (large comb)
with finger number Nf = 6, channel length LCh = 8 μm, and W/L ratio 230.
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workers have stressed that the fundamental physical phenom-
ena are similar in both systems, but the main difference is
where and how the electric double layer (EDL) is formed.55 In
an electrolyte-gated FET, the capacitance originates from the
EDL created on the surface of an insulator material that
separates the conducting polymer or/and the electrolyte. In
OECT, on the other hand, the lack of this insulator material
allows ions to move freely into the porous PEDOT:PSS
structure. Thus, the capacitance originates on the EDL
generated around the PEDOT domains. It has been shown
that PEDOT forms dispersed micro- and nanostructured
domains in a PSS−electrolyte matrix.27 Therefore, the EDL is
formed around these PEDOT domains, forming an extended
and dispersed structure through the whole channel volume. In
fact, the description of the OECT proposed by Bernards et
al.56 is originally derived from the FET models,57 providing
that the interfacial (2D) capacitance is replaced by a
volumetric (3D) capacitance. Therefore, the most commonly
used model for an OECT in the depletion mode within the
linear range, Id, relates with the device geometry and the
properties of the conducting polymer:
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p g

d
d

(5)

where G is the initial electrical conductance of the channel and
Vp is the transistor pinch-off voltage, i.e., the value of Vg at
which the system is almost fully de-doped. The fit of the
experimental data to eq 5 using a least-squares method is
shown in Figure 3D. The model provides a good fit to the data
providing thatas reported by Alcaćer et al.G and Vp are
used as variables. The channel conductance (G) shows an
initial value of 84.5 mS (for Vg = 0 V), which is close to the
initial value of resistance found for the channel (Figure 2C,
although in this figure, the resistance is lower, since the
channel is dry). The results of the models show that for Vg
above 0.2 V, G decreases sharply and reaches a value of 8.7 mS
for Vg = 0.6 V. Regarding the pinch-off voltage Vp, its value
increases with Vg from 0.51 to 0.81 V, which is within the
range of values that have been reported in the literature.
These results show that while thick-film OECTs present

similar behavior to thin-film devices, they show particular
features likely due to the deviations introduced by the
increased channel thickness. In fact, the Bernards−Malliaras
model (eq 5), derived for homogeneous thin-film devices with
uniform properties across the channel, has been under scrutiny
during the last few years. Lüssem and co-workers have recently
demonstrated that migration of ions toward the drain electrode
produces gradients of concentration that affect the pinch
voltage.58 McLeod and co-workers have demonstrated the
nonuniform mobility of holes in the PEDOT, a parameter that
is assumed constant in the Bernards−Malliaras model.59 In
summary, the generation of concentration and electrical field
gradients, together with variations in the CP properties make
the system more dependent on geometrical characteristics,
particularly on film thickness. Studies on adaptations of the
model to thicker films should be conducted in the future.
Rivnay et al. studied capacitance (C) as a function of

channel volume, arriving to the following expression29

= * ×C C WLd (6)

where C*, the volumetric capacitance of the PEDOT:PSS
channel, has a value of 40 F/cm3. Considering the volume of

the channel used in this work (with a volume of approximately
2.8 × 10−6 cm3), eq 6 predicts a capacitance of 112 μF.
Experimental measurements of the capacitance performed by
impedance spectroscopy yield a value of capacitance of 106 μF
(Figure S5), which is fairly close to this value. The product of
the charge carrier mobility and the volumetric capacitance (μ·
C*) has been proposed as a material’s figure of merit for
benchmarking OECTs.60 For instance, the product (μ·C*)
extracted from fitting the Bernards−Malliaras model to the
output (Figure 3A,B) at Vd = −0.3 V and Vg = 0 V gives a value
of 139.7 F/cm·V·s, which is in agreement with the
literature.16,60 Therefore, while models to accurately describe
the behavior of thick-film OECTs will be required, the general
properties of these devices match those of the thin-film
counterparts. The thick-film technology, however, provides a
simplified manufacturing approach and enhanced response.

3.5. Detection of H2O2. To illustrate the advantages of
thick-film transistors, a system for the detection of hydrogen
peroxide was built and optimized. This molecule is widely used
in biochemical sensing as an intermediary species for signal
generation. During the last few years, we reported the sensitive
and selective potentiometric determination of H2O2 using a Pt
electrode coated with Nafion. Interestingly, while often
referred to as a redox reaction of peroxide, however, the
response of the Pt electrode is due to a mixed potential
mechanism involving exchange currents from different surface
reactions, mainly the oxygen reduction reaction and the Pt
oxidation.61 Thus, the potentiometric measurement does not
follow a Nernstian regime, since the kinetically controlled
surface reactions create concentration gradients on the
electrode. Nafion enhances these surface reactions, preventing
the adsorption of interfering anions, providing reactive species,
and stabilizing the electrode response.35 Furthermore, its
biocompatibility is ideal for the development of biosensors.62

An OECT was built using a channel with three layers of
PEDOT:PSS (W = 1 mm and L = 0.5 mm) and a paper-based
Nafion-coated Pt electrode as a gate. Conditions were
optimized to maximize the sensitivity of the detection. Vd
was adjusted to −0.3 V to keep ISD below 20 mA. The use of Pt
electrode introduces a new variable in the system. Ag/AgCl
electrodes show a negligible capacitance, so the applied gate
potential is similar to the effective gate potential. In the case of
the Pt/Nafion electrode, however, the effective gate potential
(Vg

eff) is different from the applied gate potential, since the
electrode capacitance and the redox potential have to be also
considered. In fact, this is the working principle of the sensor:
alterations in the concentration of an electroactive species
(H2O2) that affect the effective gate potential will be registered
as changes in Id. In this case, eq 5 can be rewritten as
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where

= +V V Vg
eff

g offset

The term Voffset includes the capacitances at the interfaces and
the redox potential of the system. Initial tests (data not shown)
show that, in the absence of Pt, PEDOT shows a negligible
response to peroxide. When adding peroxide with a Pt gate,
however, the change in the potential of the Pt electrode is
registered as a drop in the channel current. The optimization
was performed by evaluating the sensitivity for the detection of
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peroxide at different gate potentials. Optimum conditions were
found for Vg = 0.2 V and Vd = −0.3 V (Figure S6). The time
trace of Id upon addition of peroxide is shown in Figure 4A,
and the corresponding calibration plot is shown in Figure 4B.
The sensor displays a linear response with the logarithm of

the concentration of peroxide in the range 10−6−10−4.4 M.
Under optimum conditions, an outstanding sensitivity of 2.1
mA/dec is reached. This value is several orders of magnitude
higher than the values reported for other similar sensors. For
comparison, selected examples of OECTs reported sensitivity
are shown in Table 2. In this work, the limit of detection is 3 ×
10−7 M. While this system has not been optimized to improve
the limit of detection, the value obtained is comparable to thin-
film OECTs36 and 1 order of magnitude higher than graphene-
based OECT.36

On the other hand, ascorbic acid (AA) is known to interfere
with the electrochemical detection of H2O2. Figure 4C shows
the limited response of the sensor to the addition of 10−5 M of
ascorbic acid, a concentration that is usually considered an
upper level in physiological samples. As can be observed, for
the same concentration added, the change in the drain current
caused by AA is significantly lower than the response to H2O2.
This low response toward AA is attributed to the presence of

the anionic groups on Nafion, which acts as a permselective
barrier repelling the negatively charged AA and enhancing the
detection of H2O2.

3.6. Detection of Glucose. As a way to illustrate the use
of the thick film for biosensing, glucose oxidase (GOx) enzyme
was added to the Pt-Nafion gate. GOx acts as a catalyst for the
oxidation of glucose according to

− ⎯ →⎯⎯ − − − +D glucose D glucono 1, 5 lactone H O
GOx

2 2
(8)

In this reaction, H2O2 is a byproduct that alters the potential of
the platinum electrode, causing a change in the channel
conductivity, as discussed above. The time trace with the
response of the sensor to increasing concentration of glucose is
shown in Figure 4D, and the corresponding calibration curve is
shown in Figure 4E. The sensitivity in this case is 1.72 mA/
dec, and the limit of detection is 1.10−4 M. The linear range
spans from 10−3.5 to 10−2 M. These values are acceptable to
cover, for example, the normal range of glucose in blood.
Optimization of these values can be achieved by modifying the
gate characteristics. Linear ranges, for example, can be adjusted
by replacing Nafion with other ionomeric materials.65 The

Figure 4. (A) Time trace of the OECT response for increasing concentrations of H2O2 (numbers indicate logarithmic concentrations of the
target). (B) Corresponding logarithmic calibration curve (the error bars correspond to standard deviation of three sensors). (C) Response of a
sensor to ascorbic acid (AA) and H2O2. (D) Time trace of an OECT response for increasing concentrations of glucose. (E) Corresponding
logarithmic calibration curve. (F) Calibration curve corresponding to a 100−160 μM range. In all cases, OECT is operated at Vd = −0.3 V and Vg =
0.2 V. The numbers on the time traces represent the logarithm of the concentration of the analyte.

Table 2. Comparison of the Analytical Performances of Different H2O2 and Glucose OECT-Based Sensorsa

channel analyte gate W (mm) L (mm) sensitivity LOD (μM) LR ref

PEDOT H2O2 PtNP/MWCNT /CPE 6 0.12 0.234 NCR 0.2 0.5 μM−0.1 mM 36
graphene H2O2 PtNP/graphene 3 0.2 91.7 mV/dec 0.03 3−300 μM 17
PEDOT H2O2 Pt/Nafion 1 0.5 2.1 mA/dec 0.3 1−40 μM this work
PEDOT glucose CHIT−graphene/GOx/Pt 6 0.2 370 mV/dec 0.01 10 nM−1 μM 63
graphene glucose GOx-CHIT/Nafion/PtNPs/graphene 3 0.2 173 mV/dec 0.5 ≈10 μM−8 mM 17
PEDOT glucose Au/PEDOT/PtNP/CHIT/GOx 0.4762 NCR 10−700 μM 64
PEDOT glucose Pt/GOx/Nafion 1 0.5 1.72 mA/dec 100 300 μM−10 mM this work

aLOD: limit of detection; LR: linear range.
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limit of detection can be further improved by optimizing the
area of the gate as well as the volume and concentration of the
Nafion/GOx deposited.41 Moreover, the integration of Pt
nanoparticles, CNT, and/or graphene in the gate electrode has
proven to enhance the limit of detection and shift the linear
range toward small concentrations of glucose (Table 2).17,66

All this will depend on the type of biological fluid that will be
target.
To validate the specificity of the response, the response to

glucose of an OECT without GOx was evaluated, and the
response is shown in Figure S7. The first part of this figure
shows the initial drop of current produced by setting the gate
at 0.2 V. This is a rather large potential step, and for that
reason, stabilization time is relatively long. After that, the GOx-
free sensor does not show any significant response to the
addition of three concentrations of glucose, 10−5, 10−4, and
10−3 M.
Clearly, with enhanced sensitivity and response time in the

order of tens of seconds, these thick-film transistors offer a
valuable approach for chemical and biochemical sensing. In
terms of detectability, they offer enhanced sensitivity due to
the power amplification provided by OECTs. In a very recent
work regarding this topic, Malliaras et al. discussed the issues
of thickness and noise level, concludingin line with this
workthat channel thickness should be increased as much as
allowed by the response time.67 In this work, currents in the
order of a few milliamperes show noise levels in the single μA
range (typically, a 10 mA current shows a standard deviation of
2 10−3 mA). Figures 4F and S8 show a calibration plot between
100 and 160 μM of glucose, illustrating the enhanced power of
detection provided by the high sensitivity of the OECT, i.e.,
4.27 μA/μM. These values can be improved considering that
the noise observed is heavily influenced by the ripple of the
commercial, low-cost power supplies used. In fact, using a
stabilized DC power supply, the standard deviation of Id can go
down below 8 × 10−5 mA. Considering sensitivities of 2 mA/
decade, this noise level provides a very attractive signal-to-
noise ratio. Alternatively, it has been shown that simple
approaches to signal amplification, such as the use of a load
resistor, can provide significant signal improvements. It should
be stressed that the traditional potentiometric methods
working under zero current conditions (i.e., currents well
below picoamperes), signals of a few hundreds of millivolts,
will result in signals well below nano- or picowatt power. The
significantly higher power of the OECT signals provides room
for signal enhancement.

4. CONCLUSIONS

This work has shown several advantages arising from the use of
thick-film OECT chemical sensors. First, the high trans-
conductance achieved by these devices provides enhanced
analytical figures, such as high sensitivity and signal-to-noise
ratio. Second, the practical advantages of a low-cost and simple
manufacturing approach. The possibility to build manually
reproducible paper-based OECT sensors facilitates their
adoption and further exploration. In summary, these paper-
based thick-film OECTs open new and attractive avenues for
the development of highly sensitive, powerful, simple, and low-
cost chemical and biochemical sensors.
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