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1. Introduction
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Organic electrochemical transistors (OECTs) are widely employed in several bioelectronic applications
such as biosensors, logic circuits, and neuromorphic engineering, providing a seamless link between the
realm of biology and electronics. More specifically, OECTs are endowed with remarkable signal
amplification, the ability to operate in an aqueous environment, and the effective transduction of ionic to
electrical signals. One main limiting factor preventing OECTs' wide use is the need for microfabrication
processes, typically requiring specialized equipment. From this perspective, a robust and cost-effective
production protocol to achieve high-performing OECT would be desirable. Herein, a straightforward stencil-
printed OECT fabrication procedure is proposed, where the electrical performance can be controlled by
adjusting the electronic channel fabrication conditions. An experimental design approach is undertaken to
optimize OECT figures of merit by varying key parameters such as the annealing temperature and time, as
well as the transistor active channel length. The resulting OECT devices, fabricated through a high-yield,
cost-effective, and fast stencil printing technique, feature large transconductance values at low operating
voltages. The experimental design allowed for minimizing the threshold voltage (Vy = 260 mV) while
keeping a high on/off ratio (7 x 10°). A signal-to-noise ratio as high as 40 dB was obtained, which is among
the highest for OECTs, operating in an aqueous electrolyte operated in a DC mode. An atomic force
microscopy (AFM) characterization has been undertaken to analyze the channel morphology in the OECTs,
correlating the annealing conditions with the charge transport properties.

the gate/electrolyte interface and at the electrolyte/organic
semiconductor interface are installed. At steady-state (quasi-

Organic electrochemical transistors (OECTs) have gained sig-
nificant attention in bioelectronics for their ability to provide a
smooth interface between biology and electronics. Based on the
ionic permeability of the electronic channel materials, organic
field effect transistors (OFET) working in an electrolyte can be
classified into two main categories." Typically, EG-OFET com-
prises an ion-impermeable channel material, such as poly
(3-hexylthiophene) (P3HT). In this case, 2D capacitances, at

@ Physics and Center for Functional Materials, Faculty of Science and Engineering,
Abo Akademi University, Turku, 20500, Finland.

E-mail: eleonora.macchia@uniba.it, ronald.osterbacka@abo.fi

b Dipartimento di Farmacia-Scienze del Farmaco, Universita degli Studi di Bari
“Aldo Moro”, Bari, 70125, Italy

¢ Physical Chemistry, Laboratory of Molecular Science and Engineering, Abo
Akademi University, Turku, 20500, Finland

4 CSGI (Centre for Colloid and Surface Science), Bari, 70125, Italy

¢ Dipartimento di Chimica, Universita degli Studi di Bari “Aldo Moro”, Bari, 70125,
Italy

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3ma00888f

6718 | Mater. Adv., 2023, 4, 6718-6729

static operation), nearly all the applied gate potential is dropped
across those two interfaces and there is little potential drop in the
bulk of the electrolyte. Therefore, the ionic current from the gate
to source electrodes is near zero ideally (rigorously, this will never
be the case due to impurities, for example).” On the other hand,
when the channel material is ion-permeable, the bioelectronic
device is commonly addressed as OECT. In the OECT structure,
the electrolyte/organic semiconductor capacitance extends
into the bulk of the channel resulting in a 3D capacitance.
Consequently, the operation mechanism of OECTs proceeds by
the reversible electrochemical doping and de-doping (reversible
oxidation or reduction, ie., faradaic processes) of the semicon-
ductor channel upon application and removal of a gate bias,
respectively.>* Thus, in OECT-based devices the semiconductor
channel is three-dimensional because of ion penetration and
associated electrochemical doping; this in turn means that drive
currents in OECTs can be enormous (the channel is thicker),
which may be an advantage in specific high current applications.
In particular, OECTs can efficiently transduce ionic to electronic
signals and operate in aqueous environments with remarkable

© 2023 The Author(s). Published by the Royal Society of Chemistry
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signal amplification, making them attractive also in biosensing
applications.”® Those features make OECTs also suitable for
implantable devices that interface with living tissues, thus making
them a highly sought-after technology in health care.>*°

Poly(3,4-ethylenedioxythiophene) doped with poly(styrene
sulfonate) (PEDOT:PSS) is a commonly used p-channel material
for OECT development, being particularly robust and stable in
an aqueous solution."* Applying a positive voltage to the gate
electrode of a PEDOT:PSS-based OECT results in the injection
of cations into the channel volume. This injection causes
de-doping (reduction) of the PEDOT+:PSS—, subsequently
reducing its electronic conductivity. Conversely, applying a
negative potential to the gate electrode removes cations from
the channel, resulting in the doping (oxidation) of PEDOT:PSS
and a corresponding increase in its electronic (hole) conductiv-
ity. Since the subsequent source-drain current is proportional
to the number of mobile holes in the channel, it can be used to
determine the doping level of the organic semiconductor
channel.”*'>"?

Several OECT fabrication methods have been investigated,'***
particularly for enhancing electrical performance and under-
standing the OECT-device physics."®>° This includes developing
novel organic semiconducting materials®*>® and optimizing
device geometry."**2° These efforts led to better-performing
OECTs with faster response times, larger dynamic range,
increased stability in an aqueous environment, and decreased
power consumption.”” However, one of the primary constraints
of OECTs is attributed to their fabrication process, typically
requiring clean rooms and the use of specialized equipment to
achieve optimal electronic performance levels. Although photo-
lithography and printing methods are high-throughput and
robust manufacturing processes for highly performing OECT
devices, their cost remains a significant obstacle.”® Moreover,
the ink formulation and the alighment of multilayer patterns
pose considerable challenges.?® Despite attempts to develop
simpler and cost-effective fabrication methods,*® the performance
levels of OECTs fabricated through conventional microelectronic
processing technologies still remain unmet. For instance, PEDOT:
PSS deposition through drop-casting leads to poorly controlled
channel thickness, resulting in a limited dynamic range.***
Moreover, screen printing is one of the commonly used techni-
ques where patterns are created by pressing ink through a screen
mask using a doctor blade. It can be adapted for roll-to-roll
processes, making it suitable for large-area production. Screen
printing is compatible with several organic inks and can be
performed under ambient conditions. However, it requires high
viscosity inks and low volatility solvents, which may limit its
resolution and control over film thickness and morphology.**
The gravure printing technique involves engraving patterns on a
rotating metallic cylinder, and ink is transferred from the cylinder
wells to the substrate using a doctor blade. While it offers high-
speed capabilities for large-area production, it is not suitable for
printing on rigid substrates due to the required conformity
between the cylinder and the substrate. Inkjet printing deposition
is a promising tool for mass production, known for its relatively
high production speed, low cost, selective patterning, and
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contactless printing capability. It also allows the use of small
volumes of ink, enabling the creation of fine structures. However,
the resolution of inkjet printing is influenced by ink viscosity,
nozzle diameter, wetting, and binding with the substrate.®*
In contrast, stencil printing offers a simpler and more cost-
effective alternative to the aforementioned techniques. It involves
using an open mask made from plastic adhesives to directly apply
ink onto the substrate. Stencil printing is particularly cost-effective
for immobilizing conductive inks on various substrates and is
among the fastest techniques with a high degree of repeatability.
Stencil printing’s versatility also extends to both rigid and flexible
substrates, making it suitable for a wide range of device designs
and applications. This capability enhances the potential utility of
stencil printing in various electronic and optoelectronic devices,
including OECTs.*> However, one drawback is the relatively
higher waste generation due to less precise control of ink applica-
tion compared to screen printing.

In an ideal scenario, the dynamic operating range for
PEDOT:PSS-based OECTs should span across a voltage window
where all the materials involved in the device, ie., organic
semiconductor and electrodes, are redox inert.'”*® In this
regard, optimizing the OECTs voltage operating window
was accomplished by refining the nanoscale morphology and
structure of channel materials.”® PEDOT:PSS solution has been
subjected to various additives to improve the stability and adhe-
sion of the film to the substrate,’” as well as its conductivity.**°
For instance, incorporating organic compounds such as ethylene
glycol or dimethyl sulfoxide, ionic liquids, or surfactants during
processing, and post-deposition treatments with acids, have been
used to enhance the electrical properties of the film."* PED-
OT:PSS, with a few commonly reported additives used, such as
4-dodecylbenzenesulfonic acid (DBSA) and ethylene glycol (EG)
for conductivity and film stability, and (3-glycidyloxypropyl)tri-
methoxysilane (GOPS) for adhesion of the channel to the
substrate and better film formation, is the most used channel
material in OECTs. These combinations have been widely
reported in the literature, with differences primarily related to
OECT geometry or film fabrication and processing. Notably,
processing temperature and time have been found to vary con-
siderably, ranging from 50 °C to 150 °C and 5 to 120 minutes,
respectively. Understanding how these variables impact electrical
performance and film morphology would be extremely beneficial.
Remarkably, the elicited studies typically focus on transconduc-
tance, on/off ratio, and switching speed as metrics for device
performance. In addition to these parameters, the transistor’s
threshold voltage (Vr), namely the voltage at which the transistor
switches on e.g., the electrochemical potential of the gate elec-
trode, is critical in the design of circuitry as it dictates the noise
margin of digital logic and the power consumption of circuits.*"
Despite its importance for OECTs, relatively little attention has
been paid to controlling their threshold voltage, to the OECT
operation with minimal power consumption while shifting
the operating range near zero gate voltages to improve their
stability.””*?

This study proposes a novel, cost-effective stencil printing
fabrication method to develop high-performance OECTs.*®

Mater. Adv,, 2023, 4, 6718-6729 | 6719
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This technique uses an adhesive vinyl mask, combined with the
stencil printing approach, to control the organic semiconductor
geometry, namely the stencil length (active channel length) and
active channel volume. Such a method offers many advantages
being cost-effective, easily scalable to mass production, fast,
and not requiring micro-electronics lab facilities. Contrary to
traditional printing techniques, which are strongly affected by
substrate surface energy and surface tension of the ink,****
stencil printing does not require particular optimization of the
active material ink formulation. Remarkably, the electrical per-
formance of the OECTs has been tuned by controlling the
channel fabrication process through an experimental design
approach. OECT devices were fabricated under the conditions
specified by a full factorial experimental design, encompassing
three variables: the annealing time, temperature, and active
channel length. The OECT fabricated in the experimental con-
dition settled by the experimental design was then electrically
characterized. The on/off ratio, transconductance, and Vi of the
OECTs were taken as the response of the experimental design
and used to determine the condition that yields the lowest
operating voltage while maintaining the best electrical perfor-
mance. The threshold voltage optimization has been herein
performed taking into account a further application of the OECT
devices as immunosensors operated in potentiometric regimes.
In this case, the OECT gate electrode can be biomodified with a
selected biorecognition element capable of selectively binding
the affinity antigen to be assayed. In this scenario, the biofunc-
tionalization of the gate electrode produces a decrease in the
gate work function, which reflects a shift of the threshold voltage
Vr towards more negative potentials.*>*® This trend is replicated
as the analyte standard solutions with increased concentrations
are progressively assayed until the saturation of the response is
reached.” Therefore, the OECT-based devices operated as a
potentiometric sensor, upon affinity binding show changes in
the I channel current, along Vi shifts towards more cathodic
values. Relevantly, while working with potentiometric sensors no
electronic-faradaic current should flow either; hence the opera-
tional gating potentials should span across ranges where all the
materials involved in the device (semiconductor, electrodes,
membrane biological recognition elements, etc.) are redox inert.
Therefore, the OECT operational gating window was optimized
in this study bearing those constraints in mind for further
operation of the OECT device as ultrasensitive potentiometric
sensors. Lastly, the morphology of the OECTs fabricated according
to the experimental plan was characterized with atomic force
microscopy (AFM). The morphological results and the electrical
characterizations provided the rationale to correlate the annealing
conditions to the microstructure of PEDOT:PSS.

2. Experimental
2.1. Materials

PEDOT:PSS (PH 1000) was purchased from Ossila. (3-Glycidyl-
oxypropyljtrimethoxysilane (98%) (GOPS), 4-dodecylbenzene-
sulfonic acid (DBSA), and ethylene glycol (1,2-ethanediol) were
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purchased from Sigma Aldrich. Sodium chloride (NaCl) was
purchased from VWR Chemicals. 2-Propanol (IPA) was pur-
chased from Merck. Cricut Smart Vinyl Removable sheet 33 x
91 cm (black) was purchased from Cricut.

2.2.

The fabrication of organic electrochemical transistors
(OECTs) on glass substrates required multiple steps, as shown
in Fig. 1(a)—~(d).

The glass substrate was rinsed with deionized water and
then sonicated for 10 minutes in 2-propanol (IPA) to remove
contaminants. As shown in Fig. 1(a), the source and drain
electrodes were fabricated by evaporating titanium and gold
onto a glass substrate using the shadow masking technique,
with a thin wire (25 pm) attached to the shadow mask to define
the channel area (the gap between the electrodes). The titanium
layer was 10 nm thick, and the gold layer was 50 nm. Next, a
vinyl adhesive sheet was cut using a laser cutter to delineate the
area for depositing the PEDOT:PSS layer. As illustrated in
Fig. 1(b), the mask serving for the stencil printing had a width
of 1 mm and a length of L, which was prepared in three
different sizes: 1.5 mm, 2 mm, and 2.5 mm. The PEDOT:PSS
solution was made by mixing 1% GOPS, 1% ethylene glycol,
0.25% DBSA, and 98.75% PEDOT:PSS by volume. The solution
was stirred for one hour. Then, as shown in Fig. 1(c), the
PEDOT:PSS solution was deposited on the desired area of the
gold electrodes, masked by the stencil. The ability to create a
custom mask on a Smart Vinyl adhesive sheet using a Cricut
Explore® 3 machine and Design Space Software v.7.3.95 allows
for easy customization and precise control over the shape and
dimensions of the printed PEDOT:PSS channel. The thickness
of the PEDOT:PSS film was kept fixed at 90-100 um, being
defined by the thickness of the Smart Vinyl adhesive mask used
for the organic semiconductor stencil printing. Indeed, the
thickness of the adhesive mask is limited by the low viscosity
of the PEDOT:PSS ink. Indeed, using a higher thickness of the
adhesive mask would result in a non-homogeneous film, thus
affecting the devices’ electronic performance levels. To increase
the adhesive mask thickness and control the printing resolu-
tion, it would be preferable to use other printing techniques,
such as 3D printing. Thus, this would require the use of a more
complex fabrication apparatus along with additional ink
optimization.*” The devices were annealed at various tempera-
tures (90 °C as the lowest to 140 °C as the highest) and times (10
minutes and 120 minutes), in accordance with the experi-
mental design, sketched in Fig. 1(e) (vide infra). All devices
were prepared and freshly electrically characterized. Following
the deposition of the PEDOT:PSS layer, the gold electrodes in
contact with the electrolyte were isolated using dielectric ink.
The devices were cleaned and placed in a sample holder filled
with 8 mL of NaCl solution (0.1 M) as the electrolyte, as shown
in Fig. 1(d). An Ag/AgCl lab-made wire served as the gate
electrode. A two-electrode chronopotentiometry setup was used
to prepare the wire, with a platinum coil as the counter
electrode and a silver wire as the working electrode. The Ag/
AgCl electrode was fabricated by applying a constant current of

OECT setup fabrication

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of fabrication and optimization of organic electrochemical devices. The fabrication process is depicted step-by-step, with
(a) gold evaporation on glass using the shadow masking technique. The width of the wire affixed to the mask determines the gap between the source—
drain electrodes. In (b) the gold electrodes are cleaned, and a vinyl adhesive mask is applied to define the PEDOT:PSS region. Subsequently, in (c) the
PEDOT solution is deposited, and the annealing procedure is performed. In the setup (d) the glass slide is inserted into a slide container, and the Ag/AgCl
wire is the gate of the OECT. The electrolyte used in this setup is 0.1 M NaCl. (e) A visual representation of a 2° factorial design is shown, (L) represents
active channel length, (T) as the temperature, and (t) as the time, and (f) shows the range of time and temperature of OECTSs reported in the literature, as

depicted on the hotplate adjustment menus. In (g) an optical image of a L = 2 mm device with and without the PEDOT:PSS.

0.1 mA for four hours in a 0.1 M NaCl solution. In the final step,
the Ag/AgCl electrode was placed in the sample holder hosting
the OECT device, and the electrolyte solution and the electrical
characterizations were conducted. Remarkably, as part of future
perspective, an alternative approach encompassing stencil
printing of source and drain electrodes could be cosuderend
using gold nanoparticle-based ink. This could potentially lead to
a reduction in device production costs. Notably, a recent study
has demonstrated the successful fabrication of stencil-printed
electrodes using water-based graphite inks.*

2.3 Electrical characterization of the OECT

All the OECT devices were characterized using an Agilent
Technologies 4142B semiconductor characterization system in
air at room temperature (20 °C) in a dark box. The transfer
characteristics were measured by acquiring the drain current
(Ip) while scanning the gate voltage (V) in the range —0.6 to
0.9 V, at a drain voltage (V) equal to —0.4 V. The voltage step
was 1 mV. The source is grounded as typical for common
source configuration measurements. The potential window
was defined to prevent any electrochemical processes, which
were monitored by recording the gate current (I;). The on/off
ratio for each device was evaluated as the ratio between the I,
registered at Vg = —0.6 V and the I, at Vg = 0.9 V. The OECTs
source-drain current ID current measured are of the orders of

© 2023 The Author(s). Published by the Royal Society of Chemistry

mA, with a resolution of 1 nA. The transconductance, defined
Ip 13

as (gm), was evaluated as 370

is regarded as the key figure of merit of OECTs. The threshold
voltage (V) is the gate voltage at which the conduction channel
starts to form.”® The latter was evaluated as the intercept to the
Vs abscissa of the following equation, correlating the square
root of the drain current as a function of the gate bias in the

The transconductance usually

saturation regime.*>>°
74 G .
Vo = \[FEEE g = ve) forvol > Vg ()

where W and L are the channel width and length, respectively,
while C; is the gating system capacitance per unit area, and ypgr
is the field effect mobility.

2.4 Experimental design

A replicated, three-factors full factorial design was developed to
optimize the stencil-printed OECT fabrication (Fig. 1(e)). The
factors examined were the PEDOT:PSS active channel length
(L), the annealing temperature (7), and the annealing time (¢)
coded with X;, X,, and X; variables, respectively. Following a
two-level design, these variables were set at a low and high
level, coded as —1 and +1, corresponding to the original values
of 1.5 mm and 2.5 mm for L, 90 °C and 140 °C for T, and
10 minutes and 120 minutes for ¢. Those low and high levels

Mater. Adv., 2023, 4, 6718-6729 | 6721
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Table 1 Experimental matrix, experimental plan, and responses of the 2°
full factorial design for stencil printed OECT optimization

X, X, X; L(mm) T(°C) t(min) On/off ratio gy, (mS) Vi (V)
-1 -1 -1 1.5 90 10 9296 22.27 0.35
-1 -1 -1 1.5 90 10 12093 25.63 0.34
1 -1 -1 2.5 90 10 7607 28.86 0.38
1 -1 -1 25 90 10 8503 29.41 0.37
-1 1 -1 15 140 10 3188 28.99 0.62
-1 1 -1 1.5 140 10 2498 30.67 0.63
1 1 -1 25 140 10 3364 34.45 0.65
1 1 -1 25 140 10 5562 22.69 0.48
-1 -1 1 1.5 90 120 6139 26.47 0.45
-1 -1 1 1.5 90 120 7570 32.77 0.48
1 -1 1 2.5 90 120 5429 26.89 0.45
1 -1 1 2.5 90 120 5837 26.89 0.47
-1 1 1 1.5 140 120 1444 27.73 0.62
-1 1 1 1.5 140 120 1104 21.85 0.69
1 1 1 2.5 140 120 2790 30.67 0.57
1 1 1 2.5 140 120 1153 23.11 0.51

were settled to explore the typical range of experimental con-
ditions for high-performance OECT fabrication.**" The result-
ing experimental matrix is provided in Table 1. The on/off ratio,
the transconductance, and the threshold voltage of the stencil
printed OECT device, fabricated according to the experimental
plan,*®”? were used to respond to the 2* full factorial design.
The responses for each condition of the experimental plan were
assessed in random order and in duplicate, leaving eight
degrees of freedom available to estimate the significance of
each coefficient of the model.”® In addition, the responses at
the center point, encompassing a 2 mm active channel length,
annealed at 115 °C for 65 minutes were evaluated in duplicate
and used to validate the linear model with interactions pro-
vided by the factorial design. The model was computed as
multilinear regression using CAT (Chemometric Agile Tool)
open-source software.’ Statistical significance was set as cus-
tomary at a confidence level p = 0.05. Indeed, each coefficient of
the model is provided with a confidence interval, computed as
(t-0)/\/N, where ¢ is the critical t-student value with a confidence
level of 0.05 and 8 degrees of freedom, ¢ is the experimental
pooled standard deviation for each response, and N is the
number of replicates that have been performed.

2.5 Morphological characterizations of PEDOT:PSS

The surface topography of the samples was measured with a
Bruker (US) Multimode 8 atomic force microscope (AFM) oper-
ated in PeakForce™ mode. The used silica cantilevers, ACLA by
AppNano (US), had a nominal spring constant of 58 N m ™" and a
radius of curvature of 6 nm, as reported by the manufacturer.
Images of 5 um x 5 pm with a resolution of 512 x 512 pixels
were taken and analyzed for roughness. Imaging was done at T'=
21 £ 1 °C and RH% = 23 £ 2. Image analysis was done with
MountainsSPIP v.9.3.10249 (Digitalsurf, France).

3. Results and discussion

In this study, OECTs are fabricated using the stencil printing
concept shown in Fig. 1. The channel material is PEDOT:PSS

6722 | Mater. Adv, 2023, 4, 6718-6729
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mixture deposited on top of the gold electrodes and annealed
according to the experimental design conditions in Table 1. The
channel material must exhibit good charge transport proper-
ties, such as high electrical conductivity and carrier mobility, to
enable the desired current flow through the device. Therefore,
three different stencil sizes are applied on the electrodes,
allowing for higher volumetric capacitance and lower resistance
in the entire 3D channel region, improving transistor perfor-
mance. The amount of channel material deposited in these
devices was measured to 2 pl, to ensure a constant volume of
PEDOT:PSS. The latter should be kept constant to prevent the
introduction of PEDOT:PSS parasitic capacitances, leading to
undesired charging and discharging of the OECT. Those para-
sitic capacitances might result in degrading the performance of
the OECTs over time.>’

Fig. 2 presents the electrical characteristics of 4 devices
encompassing L = 1.5 mm in size. The annealing conditions
are what set these devices apart from one another. The lowest L
size was chosen because it provides the maximum on/off ratio
(Table 1). From the analysis of the transfer curves of the OECTs
reported in Fig. 2(a), it is apparent that devices exposed to
longer annealing times and higher temperatures exhibit higher
currents than those exposed to shorter annealing times and
lower temperatures. Indeed, these factors mainly affect the
volumetric capacitance and the channel resistance. In other
words, increasing the annealing temperature may increase the
conductivity of the channel.

On the other hand, decreasing the annealing temperature
strongly affect the ion permeability. Therefore, higher gate
voltages are needed to switch off the device. Devices fabricated
at 90 °C for 10 and 120 minutes display off-state behavior at
0.8 V, which is not observed in devices fabricated at 140 °C.
Moreover, as the annealing temperature and time were
reduced, the transconductance peaks moved from positive to
negative gate voltages. The peak occurs around zero volts at
90 °C and 10 minutes, but an additional 0.4 V is required at
higher temperatures and longer times to observe the peak,
as illustrated in Fig. 2(b). The on/off ratio was defined at gate
voltages of —0.6 V for the on current and 0.9 V for the off
current. Table 1 shows a report of these data, and Fig. 2(c)
displays a selection of those results. The maximum on/off ratio
has been registered for OECTs annealed at lower T and ¢; for
those devices, the off state was accomplished at lower gate
voltages. Under those experimental conditions, the organic
semiconducting channel’s residual water content lowers the
OECT conductivity but promotes permeability and mobility
during the device operation.

Moreover, the variations registered in the devices’ transcon-
ductance are negligible due to our use of a thick channel and
analogous geometries. Transconductance values for these
devices are above 20 mS, comparable with those of OECT devices
fabricated with standard microelectronic processing.®*® In
Fig. 2(e), the threshold voltage Vi of the devices is plotted for
each experimental condition. It can be seen that Vr significantly
increases with increasing annealing temperature and time pro-
cessing conditions. Vr represents the gate voltage at which

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Performance of OECTs with stencil size of L = 1.5 mm under varying annealing conditions. (A) Transfer curves of devices annealed at 90 °C (blue)
and 140 °C (red) for 10 minutes (light) and 120 minutes (dark), Vp = —0.4 V. (b) Transconductance of devices, (c) on/off ratio with error bars (yellow lines),
(d) Maximum transconductance, and (e) Threshold voltage, demonstrating the effect of temperature and time on the electrical properties of OECTs.

conduction starts in the device, thus representing a transition
between the on and off states. It is self-evident that increased
time and temperature conditions always result in a larger value
for Vi due to the higher conductivity and channel structure in
these settings.

Optimizing the stencil-printed OECT device has been
accomplished through an experimental design approach, aim-
ing to achieve a tunable and high-performance OECT device,
i.e., maximizing the on/off ratio and the transconductance
while minimizing the V1.>” To this aim, the variables engaged
in the stencil printing of the OECT devices, namely the PEDOT:
PSS active channel length (L), the annealing temperature (7),
and time (¢), have been varied according to a 2* full factorial
design.>*® In this design, each quantitative variable has two
levels, coded as —1 and +1 (vide supra). The relevant experi-
mental matrix (Table 1) encompasses eight rows (2°, each row
corresponding to an experiment performed in duplicate) and
three columns (each column corresponding to a variable). From
a geometrical point of view, as reported in Fig. 1(a), the factorial
design explores the corners of a cube, thus changing contem-
porarily the values of all variables engaged in the design. While
the experimental matrix is built up from the coded values, the
experimental plan reports the real value of the variables used to
evaluate the OECT performances. Thus, the OECT devices were
fabricated according to the conditions settled by the experi-
mental plan and fully electrically characterized, recording the
responses, namely the on/off ratio, the threshold voltage, and
the transconductance. The experiments have been performed
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in duplicate and random order to avoid introducing unwanted
systematic effects. Based on those experiments, the following
models for the on/off ratio and the threshold voltage have been
obtained:

on/off = 5224 — 193X, — 2586X%™") — 1290x{"") 4 772X, X"

+61X1X5 + 275X, X5 + 10X, X2 X3
(2)

Vi = 0.50 — 0.02X; + 0.10X{"") 4 0.03X5 — 0.03X, X, .
3
—0.01X, X3 — 0.03X2 X3 — 0.01X, X, Xy

Since eight coefficients, namely a constant term, the three
linear terms, the three two-term interactions, and the three-
term interaction have been estimated with 16 experiments, 8
degrees of freedom were available to define the statistical
significance of the coefficients. The coefficients of the on/off
ratio and V; models are reported in Fig. 3(a) and (b) as bar
plots. The coefficients’ significance level is indicated according
to the usual convention, with *p < 0.05, **p < 0.01 and ***p <
0.001. The maximum leverage achieved for both designs is as
low as 0.43. Importantly, the leverage, multiplied by the experi-
mental variance, corresponds to the variance of the estimated
response at that point.”® Thus, leverage lower than one means
the response can be predicted with better precision than
the experimental data collected under the same conditions.
Consequently, it is possible to infer that the models hold an
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Fig. 3 Bar plot of the coefficients of the models of the three responses, namely (a) on/off ratio, (b) threshold voltage V7 (c) transconductance g, of the
23 full factorial design. The error bars correspond to the confidence intervals at p = 0.05; the stars indicate the significance of the coefficient (* = p <
0.05,** = p < 0.01, *** = p < 0.001). Isoresponse contour plot of (d) the on/off ratio and (e) V1. The responses registered at each annealing temperature
and time are reported for a stencil length of 2 mm. For each of them, the region of acceptability is highlighted in green. (f) Multicriteria decision-making
based on Pareto-front analysis for the on/off ratio and V. The table in the insight shows the experimental condition allowing to maximize the on/off ratio

while minimizing the V7.

excellent predictive ability, i.e., leverage <1 in the whole
experimental domain.

The first response is related to the on/off ratio, whose
coefficients are reported in Fig. 3(a), which shall be maximized.
The linear term of X, shows an absolute value larger than the
other ones, suggesting that the response decreases when
increasing the annealing temperature. Also, the linear terms
of X;, which is related to the annealing time, significantly
impact the on/off ratio, which decreases by increasing the
annealing time. The annealing temperature and the active
channel length are involved in a significant interaction, mean-
ing that the effect of the annealing temperature is higher at
lower lengths. The second response, the threshold voltage,
whose bar plot of the model coefficients is shown in Fig. 3(b),
shall be minimized to obtain a subthreshold swing as small as
possible.” In this case, the linear terms of X, is the only one
significantly affecting the threshold voltage. Increasing the
annealing temperature by 25 °C increases the threshold voltage
by 100 mV. Therefore, a variation of 25 °C in the annealing
temperature produces an increase in the V1 of about 20%. Since
X, is not involved in any relevant interaction, the effect of the
annealing temperature is present independently of the active

6724 | Mater. Adv., 2023, 4, 6718-6729

channel length and annealing time values. Both models have
been validated in the center point, namely the on/off ratio
and the threshold voltage of three OECT devices encompassing
an active channel length of 2 mm, annealed at 115 °C for
65 minutes, have been measured and compared with the
responses’ values predicted by the models (eqn (2) and (3)). In
the center point, an experimental on/off ratio of (6890 + 1615) has
been obtained, being not significantly different from the predicted
on/off ratio of (5224 + 392). On the other hand, an experimental Vi,
of (0.50 + 0.07) V has been achieved, in full agreement with the
predicted value of (0.50 =+ 0.03) V. The experimental values of the
responses have been evaluated as the average of three replicates,
while the errors on the experimental and predicted values have
been evaluated as confidence intervals based on a ¢-distribution
and significance level of p = 0.05. Moreover, as shown in the
coefficients bar plot in Fig. 3(c), the transconductance does not
significantly depend on the variables considered in this study in
the whole experimental domain. This means that the average
transconductance is (28.0 £ 3.4) mS regardless of the values of
the variables selected within the experimental domain.

In Fig. 3(d) and (e), the isoresponse curves are reported for
the on/off ratio and Vr, respectively, exploring the whole range

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of annealing temperature and time while fixing the stencil
length at 2 mm. The isoresponse curves connect all the points
having the same predicted response. Those curves in Fig. 3(d)
and (e) clearly show that decreasing both the annealing tem-
perature and time increases the on/off ratio and decreases the
threshold voltage. The acceptability regions for the on/off ratio
higher than 7 x 10 and Vg lower than 0.4 V, selected to make
the OECT suitable for high-performing bioelectronic applica-
tions, are highlighted in green.>®° Indeed, the on/off ratio
acceptability range has been settled to achieve at least 40 dB
as signal-to-noise ratio, typically requested for high power
amplification of bioelectronic devices, requiring operation in
an aqueous electrolyte in a DC mode.®" On the other hand, the
Vr acceptability range has been defined to allow an OECT
operational voltage window that spans across ranges where
all the materials involved in the device (semiconductor, elec-
trodes, membrane biological recognition elements, etc.) are
redox inert.'”” A multicriteria decision-making based on a
Pareto front analysis has been undertaken to determine the
optimal experimental conditions to fulfill the acceptability
ranges for both on/off ratio and threshold voltage.®* To this
aim, by using the fitted models for the on/off ratio in eqn (2)
and for Vi in eqn (3) on 216 experimental conditions within the
explored domain, the Pareto front analysis was computed in the
space of the responses, Vr vs. on/off ratio, shown in Fig. 3(f).
The experimental conditions satisfying the acceptability criteria
for both on/off ratio and Vi are highlighted with a green dashed
circle. This subset of three optimal experimental conditions
foresees (i) L = 1.5 mm, T = 90 °C for ¢ = 10 minutes, (ii) L =
2 mm, T =90 °C for ¢ = 10 minutes, (iii) L = 2 mm, T = 90 °C for
t = 20 minutes. The experimental condition encompassing stencil
length of 2 mm, annealing at 90 °C for 10 minutes was thus
selected due to the easier processable geometrical parameter and
faster annealing time, and was further characterized.

The transfer curve and output characteristics of this device
are shown in Fig. 4. The optimized device can be switched off
within the intended range, and the maximum g, of the device
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is near zero gate voltages (see Fig. 4(a)). The output character-
istics, namely the I, vs. Vp, at I ranging from 0.6 V to —0.6 V,
also demonstrated high negative gate voltages and low positive
gate voltages (inset, Fig. 4(b)). The annealing temperature of
90 °C and annealing time of 10 min with an L size of 2 mm, led
to devices with a maximum on/off ratio of 8700 and an average
gm of 22.5 + 4.3. The average maximum transconductance peak
was at —0.02 £ 0.08 V, and the average Vr was 0.26 £ 0.03 V.
The transfer curve with both sweeps is included in ESL¥
Fig. S1.The time response (time constant) of the optimized
device was measured and extracted using Bernards’ model®?
(r = 0.52 s), as shown in Fig. SI2 (ESIT), which is comparable
with reported PEDOT:PSS based OECTs.** In addition, EIS
measurement was performed’®® to estimate the channel capa-
citance (C = 0.5 mF) and volumetric capacitance (C* =4 F cm ?),
which is shown in Fig. SI3 (ESIt). This fabrication method,
along with the optimization techniques, enabled the tuning of
the OECTs operating range, reducing the gate voltages, which
will be beneficial in case of having two power sources (Vp and
Vi) in normal OECT setup or self-powered devices that ideally
aim to use single power source.

Lastly, atomic force microscopy (AFM) characterization has
been undertaken to analyze the channel morphology in the
OECTs. Fig. 5 displays AFM topography images of four devices
at different annealing conditions. Corresponding adhesion
maps are shown in ESI,{ Fig. S4. The topography images reveal
that annealing temperature and time influence the stencil-
printed PEDOT:PSS morphology. All topography in Fig. 5 shows
surfaces characterized by a phase-segregated material comprising
PEDOT:PSS grains surrounded by a shell formed by excess PSS.%°
The PEDOT grains are characterized by a much higher intrinsic
conductivity than the PEDOT-depleted grain boundary, being PSS
which is a weaker ionic conductor. Zabihi et al.®” explained the
change in nanograin morphology by that the thermal treatment of
PEDOT:PSS leads to a change in morphology from granular
to lamellar structures, increasing the electrical conductivity of
their films. Moreover, no explicit materials contrast in adhesion or
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Fig. 4 Electrical characterization of the optimized OECT device, fabricated with L =2 mm, T = 90 °C, and t = 10 minutes. (a) Transfer characteristic (/p vs.
Vs ranging from 0.9 Vto —0.6 V and Vp = —0.4 V) along with transconductance curves. (b) Output characteristics of the device, namely I vs. Vpp, ranging
from 0 V to —0.6 V, with Vg ranging from 0.6 V to —0.6 V. The results demonstrate the improved performance of the OECT under optimized fabrication

conditions.
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Fig. 5 Representative 5 um x 5 um topography images of the channel region of 4 devices with L = 1.5 mm, and in (a) T = 90 °C and t = 10 minutes, (b) T =
90 °C and t = 120 minutes, (c) T = 140 °C and t = 10 minutes, (d) T = 140 °C and t = 120 minutes.

stiffness of the channels was observed. However, the thickness of
the grain boundary has been found to depend on the annealing
parameters.

In addition, the measured tip-surface adhesion was influenced
by the heat treatment. The samples showed good materials homo-
geneity. However, on samples annealed at 90 °C, a lower adhesion
was measured than those annealed at 140 °C (Fig. SI5, ESIt). It also
indicated changes within the film, which drive the device’s elec-
trical performance, as seen in Fig. SI5 (ESIt). We observed that
devices with lower threshold voltages tended to exhibit lower tip—
surface adhesion, while devices with lower on/off ratios had higher
tip-surface adhesion (see Fig. SI5, ESIT). The tip-sample adhesion
results from interfacial, electrostatic, and capillary forces. Anneal-
ing conditions influence the size and density of PEDOT:PSS
aggregates, which lead to the alteration of mobility and packing
of the surface.®®*® Meanwhile, the electrical performance can be
driven by other factors, such as device fabrication and channel
thickness variations. Further investigation is needed to fully under-
stand these effects and study the channel’s bulk characteristics.

4. Conclusions

In conclusion, a simple and cost-effective fabrication and
optimization method for developing a high-performing OECT
is here reported. The OECT devices were fabricated and fully
characterized based on a full factorial experimental design

6726 | Mater. Adv,, 2023, 4, 6718-6729

encompassing three variables: the annealing temperature, the
annealing time, and the transistor channel length. The best
experimental conditions allowing to minimize Vr and maximize
the on/off ratio have been determined by a Pareto-front multi-
criteria decision making. Moreover, it was observed that the
transconductance of the devices is not significantly affected by
the OECT design. Then, the morphology of OECT devices was
investigated by AFM, which indicates the influence of annealing
temperature and time. The next step for OECTs optimization can
be implementing ultrasensitive biosensing applications. The
approach herein undertaken can pave the way toward tuning the
OECT electronic performance for the intended final application.
Indeed, application-tuned OECTs can benefit surface characteriza-
tion techniques reported earlier for switchable bio-surfaces.”
Lastly, tuning these devices will result in low-cost OECTs with
optimized working performance for bioelectronics and biosensors.
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