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Water-stable, flexible and micro-scale organic electrochemical transistors (OECTs) based on poly(3,4-
ethylenedioxythiophene) doped with poly(styrenesulfonate) (PEDOT:PSS) were fabricated on a plastic substrate
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using a new process based on a fluorinated photoresist. The PEDOT:PSS films, mixed solely with
a biocompatible conductivity enhancer, show robust adhesion on plastic substrates, and exhibit
unchanged electrical properties under extreme bending. This work simplifies the fabrication of high-

performance OECTs and places them in a highly competitive position for flexible electronics and

www.rsc.org/MaterialsC healthcare applications.

Introduction

Organic electronic devices present unique advantages with
respect to their inorganic counterparts, such as low tempera-
ture processing, possibility to tune electronic properties
via chemical synthesis, mixed electronic/ionic conduction
and compatibility with printing and patterning techniques on
flexible and lightweight substrates.™” In recent years, research
on organic conducting polymer devices, such as organic electro-
chemical transistors (OECTs) and microelectrodes, has gained
great momentum for applications in bioelectronics.>* OECTs,
being able to directly interface with aqueous electrolytes, can
sense chemical and biological signals originating from redox
processes.” OECTs based on poly(3,4-ethylenedioxythiophene)
doped with poly(styrenesulfonate) (PEDOT:PSS) have already been
used to detect biologically relevant species, such as glucose,®
neurotransmitters’ and DNA,® to monitor tissue integrity,” and
to record brain activity or local-field potentials in vivo.'>™" Organic
electronic ion pumps based on OECTs have been used as implan-
table devices for in vivo treatment of neuropathic pain.*

The development of organic bioelectronics calls for viable
processes to fabricate miniaturized devices on flexible sub-
strates with long-term stability in aqueous media. Miniaturized
OECT arrays are highly desired, e.g. to study the activity of
individual brain cells, whose typical size ranges between 1 and
20 um."*'* Flexible and conformable substrates allow to effectively
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place devices in contact with curvilinear and non-uniform
surfaces often encountered in biomedical applications."* Long-
term stability (i.e. no delamination) of conducting polymer films
in aqueous media is essential for bioelectronics, where applica-
tions such as implantable electrodes for chronic recording
and stimulation are envisaged.'> To date, a great deal of work
has been dedicated to the development of flexible OECTSs
and electrodes.'*™® Berggren et al. have reported lithographic
patterning of commercially available PEDOT:PSS coated plastic
sheets (Agfa Orgacon EL-350) with a lateral resolution above
100 um.'® However, the production of PEDOT:PSS coated plastic
sheets has been recently discontinued by Agfa. Malliaras et al.
have recently reported OECTs on ultrathin Parylene C films for
measurements of in vivo brain activity.”® However, the long-term
stability of OECTs in aqueous media has not been deeply
investigated so far. Moreover, high-throughput and environmen-
tally friendly fabrication processes of miniaturized conducting
polymer devices are highly demanded.

In this work we fabricated micro-scale OECTSs, based on
PEDOT:PSS, on flexible plastic substrates. Our PEDOT:PSS films
show robust adhesion on plastic, long-term stability in aqueous
media and no significant changes of their electrical properties
under extreme bending. OECT patterning was achieved with a
photolithographic process making use of photoresists, developers
and strippers based on fluorinated materials. These materials are
“orthogonal” to both polar and nonpolar solvents and, as such, are
completely non-interacting with PEDOT:PSS films, which therefore
are not damaged during the patterning process.”"?> Our OECTs
can be operated at low voltage (below 1V) and exhibit stable
electrical characteristics after multiple reduction/oxidation
voltammetric cycles. Our studies are of paramount importance

This journal is © The Royal Society of Chemistry 2016
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for the development of flexible and stable OECTs aiming at
biological and healthcare applications.

Results and discussion

The process we employed to fabricate flexible OECTs is illustrated in
Fig. 1 (see detailed procedure in ESIt). Pre-cleaned polyethylene
terephthalate (PET) sheets (thickness of about 180 pum) were
laminated on a glass wafer pre-covered with a Polydimethylsiloxane
(PDMS) layer, to ensure flatness and rigidity during the lithography
steps. Au source/drain contacts (40 nm thickness with 4 nm Cr
as adhesion layer), with distances ranging from 100 pm to 5 um,
were patterned by conventional photolithography, metal deposi-
tion and lift-off. The Au-patterned PET substrates were treated by
UV-ozone before PEDOT:PSS film deposition. PEDOT:PSS films
were deposited by spin coating from mixtures containing a
PEDOT:PSS aqueous suspension (Clevios™ PH1000, Haraeus),
the conductivity enhancer glycerol and occasionally dodecyl-
benzenesulfonic (DBSA) acid and 3-glycidoxypropyltrimethoxysilane
(GOPS). After spin coating, the films were dried on a hotplate at
100 °C for 20 min. PEDOT:PSS OECT channels were patterned using
a subtractive process consisting of sequential film deposition,
photolithography and etching. A negative-tone fluorinated
photoresist (OSCoR 4000, Orthogonal, Inc.) was spin-coated
on the PEDOT:PSS film, baked on a hotplate and exposed to the
UV light of the mask aligner through a photomask. After a post-
exposure baking, the unexposed photoresist was developed
using a puddle method. The unprotected PEDOT:PSS was then
etched by oxygen reactive ion etching (RIE) and the exposed
photoresist remaining on the patterned PEDOT:PSS film was
removed by immersing the samples in a fluorinated stripper.
A further photolithography step was performed to cover the Au
electrodes with photoresist in order to prevent their direct

PEDOT:PSS
OSCoR 4000

Fig. 1 Scheme of the fabrication process of flexible OECTs: (a) photo-
lithography patterning of gold electrodes on PET sheets laminated
on PDMS/glass; (b) PEDOT:PSS spin-coating; (c) spin coating and photo-
lithographic patterning of the fluorinated photoresist on PEDOT:PSS;
(d) oxygen reactive ion etching of PEDOT:PSS and photoresist removal;
(e) second photoresist pattern to protect the metal electrodes; (f) detach-
ment of PET from PDMS/glass; (g) digital photograph of devices on a
flexible PET foil and optical microscopy image showing the Au electrodes
and the patterned PEDOT:PSS channel (the channel length/width is 5 pm/
400 pum, the dark area between the two Au electrodes corresponds to the
patterned PEDOT:PSS channel).
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contact with the electrolyte. At the end of the fabrication
process, the devices were soaked in deionized water to remove
saline contaminants from the PEDOT:PSS film. This procedure
yielded transistors featuring channel lengths (L) ranging from
5 pum to 100 pm and widths (W) of 80 um and 400 pm. Finally, a
glass or PDMS well was attached on the channel area to confine
the electrolyte. A high surface area (1000-2000 m”> g~ ') activated
carbon was used as the gate electrode.

The long term stability of PEDOT:PSS films on PET in aqueous
media was benchmarked with respect to analogous films deposited
on glass. Three different formulations were used for the spin
coating mixtures, ie. PEDOT:PSS/glycerol, PEDOT:PSS/glycerol/
DBSA and PEDOT:PSS/glycerol/DBSA/GOPS. While glycerol acts as
a conductivity enhancer, DBSA is used to facilitate film processing
and GOPS as a crosslinker to improve film stability on glass
substrates.”>**** The effect of additives (DBSA and GOPS) has been
studies for PEDOT:PSS films deposited on glass, but it is still
unknown for films deposited on plastic substrates. We found that
films on glass delaminated within 1 day after water immersion
unless GOPS was introduced, as previously reported, whereas
films on plastic did not delaminate even in absence of GOPS.

Remarkably, PEDOT:PSS films on PET did not detach from
the substrate even after 3 month in water (Fig. 2) while films on
glass with GOPS showed detachment after 3 months water
immersion. Similar results were achieved upon immersion into
phosphate buffered saline (PBS). These results prove that the
crosslinking agent GOPS is not required for PEDOT:PSS film on
PET. This is an important point since GOPS has the drawback
to significantly decrease the electronic and ionic conductivity of
PEDOT:PSS films.>***> We also observed good film quality on
plastic without DBSA, although it facilitates film processing and
improves film conductivity on glass substrate.*® Film obtained

Fig. 2 PEDOT:PSS films on glass and PET substrates after solvent immersion.
(a) PEDOT:PSS/5% v/v glycerol/0.5% v/v DBSA on glass after 1 day in DI water;
(b) PEDOT:PSS/5% v/v glycerol/0.5% v/v DBSA/1% v/v GOPS on glass after
3-month in DI water; (c) PEDOT:PSS/5% v/v glycerol on PET after 3-month in
PBS; and (d) DI water. Films on glass that do not contain GOPS delaminate
after 1 day of immersion in water, whereas those containing GOPS delaminate

after about 3-month. Films on PET containing only PEDOT:PSS and glycerol
do not delaminate even after 3-month in DI water or PBS.
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from mixtures containing PEDOT:PSS and glycerol showed electrical
conductivities as high as ~600 S cm ™, similar to those obtained on
glass in the absence of GOPS.>* Immersion of these films in aqueous
media led to a thickness decrease accompanied by a sheet resistance
increase (see ESIt), likely due to the removal of PSS from the film
surface.>® However these changes did not significantly affect the
film conductivity. Overall, these findings point to an enhanced
water stability of PEDOT:PSS on plastic substrates with respect to
films on glass.

To gain insight into the flexibility of our PEDOT:PSS films, we
measured the change of the current flowing through them upon
increasing substrate bending (Fig. 3a). For this measurements we
used ~70 nm PEDOT:PSS films deposited on PET sheets with
electrodes made by copper tape covered by silver paste. The
current did not show any significant decrease upon increasing
substrate bending (Fig. 3a): a current loss of about 1% was
observed when bending the film from 0 to 100% for the first
100 bending cycles (see Fig. 3 for the definition of bending
percentage). After 500 bending cycles, the current loss was less
than 4%, which demonstrates a good bendability of the films,
in line with recent reports on flexible OECTs."” These results
prove that PEDOT:PSS containing only the conductivity enhancer
glycerol are excellent candidates for flexible devices on PET.

We subsequently studied the redox voltammetric stability of
PEDOT:PSS films (with 5% v/v glycerol) on PET using cyclic
voltammetry (CV). The amount of electrical charge Q (C) accumu-
lated in the PEDOT:PSS film during doping for each 10 cycles was
calculated by integrating the anodic current over time. Similarly
the pseudocapacitance was calculated from the slope of the
integrated charge (during doping) vs. electrode potential for every
10 cycles. Our results (Fig. 3b) show that stable charges and
capacitances were maintained for up to 100 scan cycles, which
indicates a good redox stability of PEDOT:PSS films on plastic.

Finally, we characterized micro-OECTs on PET (channel
width 80 pm and channel length 5 pm) employing a 0.01M
aqueous NaCl solution as the electrolyte and a high surface area
activated carbon (AC) as the gate electrode. AC gate electrodes
lead to large current modulations and do not require any
additional reference electrode to monitor the channel potential
due to their high double-layer capacitance.*® Fig. 4(a) and (b)
show the output and transfer characteristics of the OECTs. The
transistor shows linear output curves at Vs = 0, in agreement
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Fig. 3 (a) Normalized current versus film bending. The inset shows the
schematic of bending test methods of the PEDOT:PSS films on PET. The
bending percentage is defined as [(L — L’)/L] x 100%. (b) Capacitance (left
axis) and anodic charge (right axis) extracted from CV of films processed
from PEDOT:PSS and 5% v/v glycerol.
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Fig. 4 Electrical characteristics of OECT on PET. (a) Output character-
istics with Vg5 swept from 0 V to —0.6 V and Vg varying from O (top curve)
to 0.8 V (bottom curve) with a step of 0.2 V. (b) Transfer curve for
Vgs = —0.6 V and Vg sweeping from 0 to 0.8 V and the associated
transconductance. (c) Hysteresis curve for Vg varying from 0 to 0.8 V
at Vgs = —0.2 V with sweeping rate of 200 mV s™%. (d) Transient char-
acteristics (/4s versus time) measured at a fixed drain-source voltage (Vys)
while pulsing for 2 seconds the gate-source voltage (V4 from —0.2 to
0.8 Vin 0.2V steps.

with the high conductivity of PEDOT:PSS. Saturation behaviour
appears at a gate bias ranging from 0.2 V to 0.8 V. An ON/OFF
ratio of about 300 and a maximum transconductance of about
0.8 mS is extracted for the device with 5 pm length and 80 pm
width at Vg = —0.6 V from the transfer plot in Fig. 4b. The
transconductance is comparable with results (~0.1-1 mS)
obtained on glass substrates."®*” This transconductance can
be further improved by increasing the film thickness since a
higher film thickness leads to higher transconductance.?” In
addition, our devices show minor hysteresis (Fig. 4c) between
0 V and 0.8 V gate voltage, similarly to our recent studies
on glass substrates.”® These results indicate a relatively fast
dedoping/doping of the PEDOT:PSS films on PET substrates by
electrolyte ions due to the small film volume. Fig. 4d shows that
for transient OECT measurements the current at gate voltages
ranging from —0.2 V to 0.8 V remains stable for successive
cyclic measurements. We also measured the mobility of our
patterned PEDOT:PSS film on PET, and extracted a value of
ca. 107" em® V™' 57" (see ESIT), which is similar to results on
glass substrates.

Conclusions

In summary, we have demonstrated stable OECTs based on
PEDOT:PSS on plastic substrates. PEDOT:PSS films, processed
from a mixture containing only PEDOT:PSS and glycerol, remain
stable even after 3 months of immersion in water and PBS, which
demonstrates a robust film adhesion on plastic. Bending tests
show that the films can undergo extreme bending with negligible
effect on the current. Flexible OECTs arrays with channel lengths
as short as 5 pum were achieved by directly patterning PEDOT:PSS
films on PET with a fluorinated photoresist. OECT characterization
further proves that the devices have good performance on plastic.

This journal is © The Royal Society of Chemistry 2016
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Our results contribute to overcome some of the challenges faced
when developing large-scale processing of flexible and stable
devices.

Materials and methods

Polyethylene terephthalate (PET) sheets were purchased from
Policrom Inc (Bensalem, PA, USA). The PEDOT:PSS aqueous
suspension (Clevios™ PH1000) was purchased from Heraeus
Electronic Materials GmbH (Leverkusen, Germany). Glycerol
(99.5+% purity) was purchased from Caledon Laboratories
Ltd (Georgetown, ON). Dodecylbenzenesulfonic acid (DBSA,
95+% purity) and anhydrous 3-glycidoxypropyltrimethoxysilane
(GOPS, 98+% purity) were obtained from Sigma-Aldrich Canada
Ltd. (Oakville, ON). The Fluorinated photoresist kit, including a
negative-tone chemically amplified photoresist (OSCoR 4000), a
developer and a stripper, was supplied by Orthogonal Inc.
(Rochester, NY, USA). A Karl Suss MA-6/BA-6 mask aligner
(wavelength 365 nm, intensity of ~8 mW cm?) was used for
photolithography. Reactive ion etching was performed with an
ENI OEM-6 apparatus. Cyclic voltammetry measured was per-
formed with BioLogic Science Instruments VSP-300. Transistor
characterization and electrical measurements under bending were
performed using an Agilent B2902A source-measure unit controlled
by Labview software. The film thickness was measured with a
profilometer (Dektak 150) and the sheet resistance was obtained
by four point probe measurements.
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