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Fibrillary gelation and dedoping of PEDOT:PSS fibers for
interdigitated organic electrochemical transistors and circuits
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As one of conducting polymers, PEDOT:PSS, is commonly used in organic electronics, especially for bioelectronics due to its
advantages such as high electrical and ionic conductivity, solution-processability and biocompatibility. Creating bioelectronics with
the PEDOT:PSS requires advanced techniques to obtain physical/chemical modification of the PEDOT:PSS for improved
performance and various applications. To satisfy these demands, fibrillary gelation of PEDOT:PSS by injection to choline acetate, an
ionic liquid, with a constant flow rate was used in this study to make a conductive fiber and improve characteristics of PEDOT:PSS.
Conductive fibers by fibrillary gelation showed enhanced electrical conductivity of about 400 S cm~" and volumetric capacitance of
about 154 F cm—3 which would be strongly beneficial to be utilized for organic electrochemical transistors (OECTSs), resulting in a
high transconductance of 19 mS in a depletion-mode. Moreover, dedoping of the conductive fibers by PEI (polyethyleneimine)
enabled the creation of enhancement-mode OECTs. Interdigitated inverters were then fabricated by connecting depletion and
enhancement-mode OECTs. These results demonstrate that these conductive fibers and electronic-textiles are suitable candidates

for applications in bio-integrated electronics.
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INTRODUCTION

Organic electrochemical transistors (OECTs) are composed of a
three-electrode system of gate, source, and drain. Unlike
conventional organic field-effect transistors (OFETs), OECTs have
their own structures in which the electrolyte is in contact with the
active channel layer formed between the source and the drain
electrodes’. The gate voltage changes the flow of ions between
the gate/electrolyte interface. As, ions penetrate into the active
channel layer, the doping/dedoping state of active channel layer is
changed. Due to volumetric gating modulation, OECTs have high
volumetric capacitance. They can be operated even in low driving
voltage (~1V). They also have higher transconductance (~mS)
than of OFETs (~pS)2. Because of these characteristics, OECTs
could be strikingly useful for signal amplification. They are being
studied promisingly in the class of bioelectronics®=.

The most promising conductive polymer used as an active
channel layer is poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS). PEDOT:PSS is a conjugated polymer that
maintains an intrinsically doping state by using PSS as a dopant in
PEDOT®'* It has high electrical conductivity and biocompatible
properties. It is also stable in an aqueous environment'~"",
Conventional OECTs with the PEDOT:PSS can operate p-type
depletion-mode which has serious demerit on high energy-
consumption unlike enhancement-mode FETs. However, among
organic materials required to fabricate enhancement-mode
OECT'8°, there is no suitable material that is as highly conductive
and water stable as PEDOT:PSS. In addition, it takes too much
effort and cost to synthesize materials. Therefore, it is necessary to
chemically control the doping state of PEDOT:PSS to change the
(bi)polaron state to a neutral state to drive OECTs in an
enhancement-mode by effective methods. In addition, most
OECTs have liquid electrolyte or are constructed by multi-layers
of deposition on a planar substrate such as glass or silicon wafer,

making it difficult to be integrated in a textile due to a geometrical
mismatch between the substrate and the fabric?®2'. Therefore, it is
inevitable to study a fiber-shaped transistor to use conducting
polymers in textile electronics®2. There have been previous reports
PEDOT:PSS fibers with various coagulant such as sulfuric acid??,
acetone?®, DMSO?* and calcium chloride solutions®>. However,
these are mostly focused on other types of electronic devices like
sensors?®?’ and thermoelectric devices**?> and fiber-shaped
OECTs by using acetone show declined parameters (conductivity,
mobility and volumetric capacitance), related to the performance
of OECTs?3,

Here, we proposed OECTs of a fiber-type developed with a
dedoping process that could be used in textile electronics. Such
fiber-type OECTs were composed of microfibers prepared by
fibrillary gelation of conductive PEDOT:PSS with biocompatible
choline-based ionic liquid (Choline Acetate, [Ch][Ace])?. Fibrillary
gelation implies molecular alignment of PEDOT:PSS in linear
directions, resulting in the formation of dense fibers with constant
diameter by physical crosslinking from ionic interaction between
PEDOT:PSS and ionic liquids. Such process requires higher
concentration of PEDOT:PSS to induce fibrillary gelation with
increasing ionic strength?. As the ionic liquid ([Ch][Ace]) faces
concentrated PEDOT:PSS dispersion through a syringe, it enables
to align their molecular structures of PEDOT:PSS and eventually
with a transconductance (g_m) of OECTs up to 19 mS, which is
higher than previously reported transconductance of fiber-OECTs
(g_m =3.5mS)?3. The fibrillary conductive fiber showed a high
volumetric capacitance (154 F cm~3). In addition, the operation
mode of OECT was controlled by dedoping the conductive fiber
using various concentrations of linear PEl and branched PEI*°
operated in enhancement-mode. An integrated circuit was
fabricated using two types of PEDOT: PSS fiber, a conductive

'School of Chemical Engineering, Sungkyunkwan University (SKKU), Suwon 16419, Republic of Korea. 2Biomedical Institute for Convergence (BICS), Sungkyunkwan University

(SKKU), Suwon 16419, Korea. *email: taeilkim@skku.edu

Published in partnership with Nanjing Tech University

npj


http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00167-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00167-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00167-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-022-00167-7&domain=pdf
http://orcid.org/0000-0002-9259-2140
http://orcid.org/0000-0002-9259-2140
http://orcid.org/0000-0002-9259-2140
http://orcid.org/0000-0002-9259-2140
http://orcid.org/0000-0002-9259-2140
http://orcid.org/0000-0002-3390-5063
http://orcid.org/0000-0002-3390-5063
http://orcid.org/0000-0002-3390-5063
http://orcid.org/0000-0002-3390-5063
http://orcid.org/0000-0002-3390-5063
http://orcid.org/0000-0002-4205-5371
http://orcid.org/0000-0002-4205-5371
http://orcid.org/0000-0002-4205-5371
http://orcid.org/0000-0002-4205-5371
http://orcid.org/0000-0002-4205-5371
http://orcid.org/0000-0002-2445-5777
http://orcid.org/0000-0002-2445-5777
http://orcid.org/0000-0002-2445-5777
http://orcid.org/0000-0002-2445-5777
http://orcid.org/0000-0002-2445-5777
http://orcid.org/0000-0002-6667-5356
http://orcid.org/0000-0002-6667-5356
http://orcid.org/0000-0002-6667-5356
http://orcid.org/0000-0002-6667-5356
http://orcid.org/0000-0002-6667-5356
https://doi.org/10.1038/s41528-022-00167-7
mailto:taeilkim@skku.edu
www.nature.com/npjflexelectron

npj

YJ. Jo et al.

2

fiber, and a dedoping fiber. The possibility of application to textile
electronics capable of signal processing was then suggested.

RESULTS

Fibrillary gelation of conducting polymers

Fibrillary conductive fiber was fabricated by a wet-spinning
process. To increase the gelation efficiency of choline-based ionic
liquid and PEDOT:PSS, it is better to use viscous dispersion of
PEDOT:PSS. Therefore, we used 2.5 wt% PEDOT:PSS (commercia-
lized PEDOT:PSS, Clevios PH1000 with 1.1-1.3 wt%.). It was freeze-
dried at —80°C for a week. It was then dissolved in deionized
water (DI) and redispersed by ultrasonication. As shown in Fig. 1a,
concentrated PEDOT:PSS solution was injected into choline-based
jonic liquid ([Ch][Ace]) at a constant rate (0.1 mlmin~") using a
syringe pump to obtain fibrillary gelation of a PEDOT:PSS
microfiber. Gelated fibers were placed in [Ch][Ace] ionic liquid
overnight, followed by rinsing and annealing processes (middle,
see experimental section for details). When 2.5 wt% concentrated
PEDOT:PSS dispersion (left) was immerged into the interface with
an ionic liquid ([Ch][Ace]), water molecules in the PEDOT:PSS
solution were dehydrated in high ionic concentration and excess
PSS polymers were dissolved to the ionic liquid, leading to
gelation. During the fibrillary gelation, electrostatic interaction
between PEDOT and PSS weakens by phase separation and
PEDOT main chains are aligned through the injectional direction
(right), leading to improved electrical conductivity>'. In this
process, we are able to create fibrillary conductive fiber and
control diameters of fibers by using different syringes (Supple-
mentary Fig. 1a-d). We also conducted a dedoping process of
fibrillary gelated fibers with PEI (Polyethylenimine). When as-spun
fibers were placed in linear PEl and branched PEI overnight before
washing and annealing process, PEl molecules entered the fibers
and strong amine groups interacted with PSS™. At this time,
PEDOT was chemically reduced and dedoping occurred.

As shown in Fig. 1b, ¢, PEDOT:PSS injected into DI water (<1076
M) was dispersed by lower ionic strength. Otherwise, through
injection to choline based ionic liquid ([Ch][Ace]) (~5M) with
increasing ionic strength, it was confirmed that fibers were
created due to fibrillary gelation of PEDOT:PSS. Figure 1d shows
mechanical property variation in sol-gel transition of PEDOT:PSS
induced by the ionic liquid. It was investigated by plotting storage
modulus and loss modulus (tan &) from dynamic mechanical
analysis (DMA). At the injection point, increase of the storage
modulus and decrease of the tan & were found. This was the point
at which PEDOT:PSS in sol state changed to PEDOT:PSS in gel
state, which could be explained by the fact that when the tan 6
had value of 1, the storage modulus and the loss modulus became
the same and analyte became solid. Furthermore, we could
estimate linear relationship between the diameter of syringes and
the conductive fibers, respectively (Supplementary Fig. 1e) and
fibers are similar with the thickness of hair, clearly witnessing that
they could be used for textile electronics (Fig. 1e, f). Mechanical
properties of these fibers were characterized by tensile tests.
Results confirmed that when strain was applied to fibrillary
conductive fibers at a constant tensile rate of 10 mm min~', they
showed an elongation at break value of 29.5+0.016% and a
Young's modulus value of 1.62 + 0.186 GPa (Supplementary Fig. 2).
Mechanical properties of fibrillary conductive fibers are similar
with conventional materials and composites in previous reports
(Table 1). To verify electrical conductivity against deformation,
resistance changes of the fibrillary conductive fiber were
measured by bending the fiber in 50% (curvature, r—'=
0.6 mm™") for 10,000 cycles (Fig. 1g and Supplementary Fig. 2b,
). The trend of ratio (R/Rg) was maintained without significant
change even with 10,000 times of bending, although there were
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some noise signals near the end of cycles, proving the stability of
fibrillary conductive fibers.

Morphological analysis of conductive fibers

Results of surface analysis of PEDOT and PSS changes under the
influence of gelation by ionic strength are described in Fig. 2. X-ray
diffraction (XRD) was carried out to reveal the alignment of PEDOT
rod and PSS chain in the fibrillary conductive fiber (blue) and spin-
cast PEDOT:PSS (black). As shown in Fig. 2a, it was confirmed that
the intensity of the conductive fiber increased at g =184 A"
(d_m-m = 3.4 A), meaning that the degree of m-mr stacking of PEDOT
in fibrillary conductive fiber increased compared to that of spin-
cast PEDOT:PSS. The molecular packing structure is shown in Fig.
2b, with (010) direction meaning mi-m stacking of PEDOT. Also, in
the spin-cast PEDOT:PSS, a peak related to m-m stacking of PEDOT
appeared as g =1.79 A=" (d_m-m = 3.49 A). A slightly reduced n-m
stacking distance caused an impressive increase in conductivity
due to increasing interchain mobile carrier transport®2. This also
supports why the conductivity of the conductive gel fiber is 400 S
cm™', which is about 1600 times higher than that of a commercial
PEDOT:PSS (0.25-0.3Scm™").

Figure 2c-e and Supplementary Fig. 3 show topographic and
phase of spin-cast PEDOT:PSS film (c and d) and fibrillary
conductive fiber (e) images by non-tapping mode of atomic force
microscopic (AFM). In the case of PEDOT:PSS film, phase
separation between PEDOT core (bright) and PSS-rich region
(dark) was not observed333. However, in the case of the fibrillary
conductive fiber and the PEDOT:PSS/PEI fiber, as shown in Figs. 2e
and Supplementary Fig. 3b, it was confirmed that the PEDOT core
(bright) was obviously agglomerated and aligned molecular
structures along the shear direction, compared to those of spin-
cast film, even after swelling in ionic liquids, observed both in
topography and phase images. We found that PEDOT and PSS
phases were separated, and excess PSS was removed. When the
pristine PEDOT:PSS film was swollen with choline acetate and PE|,
respectively, PEDOT aggregation did not occur significantly (Fig.
2d and Supplementary Fig. 3a). Therefore, it was proved that the
alignment between PEDOT and PSS was formed by shear stress
during the fibrillary injection.

Electrical/ chemical/ electrochemical characterization of
fibrillary conductive fiber

Electrical, chemical, and electrochemical characteristics were
evaluated from a series of experiments to utilize fibrillary
conductive fibers as a main component in electronic devices as
shown in Fig. 3. In the process of dedoping conductive fibers, we
immersed fibrillary conductive fibers in PEIl solution for penetra-
tion into them. The interactions between PEl and other chemical
components are shown in Fig. 3a, b. We controlled the amount of
dedoping by varying the concentration of linear and branched PEI
polymers from 0.001 to 10gL~', leading to changes of
conductivity as shown in Fig. 3c. Varying the concentration of
PEI solution keeping swelling time 12 h showed that swelling in
the solution of lower concentration than 0.01 gL™" resulted in
dramatic changes of conductivity, while saturation of conductivity
was found at higher concentrations. We estimated the range of
dedoping by controlling the concentration of PEI solution. From
that, irreversible deformation of polythiophene rings in highly
concentrated PEl solution (>0.01gL™") decreased the perfor-
mance when fabricated for organic electrochemical transistors. We
also characterized electrical properties of fibers by measuring of
conductivity in PBS solution for 5 days for applications to
bioelectronics (Supplementary Fig. 4). Both fibrillary conductive
and dedoped fibers showed as constant electrical conductivity of
464+227Scm™" for conductive and 3.14+0.73Scm~! for
dedoped fibers as the maximum value without noticeable
changes in swelling in PBS solution.
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Fig. 1 Fibrillary gelation for a conductive fiber. a Scheme of fabrication of conductive fiber by fibrillary gelation at interface between PEDOT:
PSS solution and choline-based ionic liquid, and cross-sectional SEM image of the fiber (highlighted navy, scale bar: 100 pm). Photo images for
re-dispersed concentrated PEDOT:PSS solution in DI water (b) and fibrillary gelation in choline acetate (c), which proves that increasing ionic
strength can lead to gelation of PEDOT:PSS (scale bar: 1 cm). d Gelation process that occurs by injecting choline-based ionic liquid ([Ch][Ace])
into PEDOT:PSS. When the Tan & value becomes 1, sol changes to gel. e Image of the PEDOT:PSS conductive gel fiber collected on a Teflon bar.
f Conductive fiber after thermal annealing (scale bar: 1 mm) compared to a human hair. g Resistance change (R/Ry) of a single conductive fiber
during 10,000 cycles of bending (curvature, r~' = 0.6 mm™"). Insets shows schematic image of bending test and their signal comparisons with
initial and final ones.
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Table 1. Parameters of conductive fiber and commercial materials for fibers.
References Materials Fabrication Diameter (um) Elongation at break (%) Young’s modulus (GPa)
This work PEDOT:PSS/[Ch][Ace] Coagulation 100 29.5+0.016 1.62 £0.186
46 CNT? Twist-spun 100 ~10" 1.62-2.25
i Silk-PEDOT:PSS Immersion 250 8+1-13 %1 1.8+0.3-3.2+0.3
Cotton-PEDOT:PSS Immersion 180 6x1-7x1 53+£06-7+25
48 Cotton-MXene® Dip-coating 610 NA 50403
26 PA</lycra-PUY-PEDOT:PSS Immersion - 650-1400 3x1073-45%x1073
27 PU-PEDOT:PSS Wet spinning 80 ~10" 0.01
49 Silk-CNT Coating 60-100 NA® 43
50 Cotton 4-8 5-12
Wool 25-45 3.2-45
Polyester >50 13.5

“approximated.

2CNT Carbon Nano Tube.
PMXene TisCs.

“PA Polyamide.

dpU Polyurethane.

°NA Data not available.

X-ray photoelectron spectroscopy (XPS) of pristine PEDOT:PSS,
fibrillary conductive fiber, and PElI dedoped fiber was used to
confirm chemical interactions between choline based ionic liquid
([Ch1[Ace]) and PEL In the case of dedoped fibers swollen in PEl,
the amine group of PEl existed in the form of NHs;™, and the
strong NH3™ group of PEl interacted with the sulfonate group of
PSS (Fig. 3a, b). As shown in Fig. 3d and Supplementary Fig. 53, in
PEI dedoped fibers, the amine group of PEl was changed from NH,
to NHs;*. In addition, both a positively charged nitrogen peak
(=402 eV) and a neutral nitrogen peak (=400 eV) appeared. For the
fibrillary conductive fiber, the amine group of choline acetate ([Ch]
[Ace]) existed in an ionized state. Thus, only a positively charged
nitrogen peak (=402 eV) appeared. In XPS S 2p spectra, binding
energy of 166-172eV was the sulfonate peak of PSS and
162-166 eV was the thiophene peak of PEDOT (Fig. 3e and
Supplementary Fig. 5b)3>. Under the influence of PEI, as shown in
Fig. 3b, PSS~ bound to PEDOT™' in pristine PEDOT:PSS was
combined with an amine group. Thus, the binding energy of
electrons in sulfur of PSS~ was decreased from 168.5 eV to 167.64
eV3> (Fig. 3e). Under the influence of the amine group of choline
acetate, the sulfur peak of PSS shifted to the right in the fibrillary
conductive fiber as well. In addition, the PEDOT peak area to the
PSS peak area ratio was decreased in fibrillary conductive fibers
and dedoped fibers than in PEDOT:PSS, revealing that excess PSS
was removed during fibrillary gelation (Supplementary Fig. 5¢)°.

Raman spectroscopy was performed to confirm the chemical
doping state of PEDOT:PSS, the fibrillary conductive fiber, and the
dedoped fiber using 785 nm excitation laser source. As shown in
Fig. 3f and Supplementary Fig. 6, in the case of fibrillary
conductive fiber and dedoped fiber, a peak at 1135 cm™" related
to the PSS component and a peak at 1262 cm™" peak related to
C_a - C_a' stretching vibration were decreased significantly
compared to those of pristine PEDOT:PSS. It confirmed that the
excess PSS was removed by fibrillary gelation of PEDOT:PSS and
ionic liquid ([Ch][Ace]). In addition, in the fibrillary conductive fiber
to which choline acetate was added and the PElI dedoped fiber, it
was be observed that the 1434 cm~" peak corresponding to C_a
= C_f stretching vibration became left-shifted, confirming that
chemical dedoping occurred from quinoid to benzoid. To confirm
the degree of dedoping according to PEl concentration,
ultraviolet-visible-near-infrared (UV-VIS-NIR) absorption analysis
was performed for pristine PEDOT:PSS, fibrillary conductive gel
fiber, and PEI dedoped fibers with various concentrations of PEI
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(10-0.001gL~" of Linear PEl. As shown in Fig. 3g, as PEI
concentration increased, neutral (~600nm) and polaron chain
absorption intensity (~900 nm) increased while bipolaron chain
absorption intensity (~1200 nm) decreased. This trend was similar
to the fiber dedoped with branched PEI (Supplementary Fig. 7). It
was seen that as PEIl concentration increased, the main chemical
state of the PEDOT chain changed from bipolaron to polaron and
neutral. In addition, it showed good agreement with the decrease
in conductivity as the main charge carrier changed to polaron and
neutral when PEl concentration increased (Fig. 3c).

In addition to electrical characteristics of fibers, electrochemical
impedance spectroscopy (EIS) was conducted to reveal the
interaction between PEDOT:PSS and ions in the fiber matrix.
Impedance and phase angle were extracted with a three-electrode
setup from 10° Hz to 0.01 Hz as illustrated in Fig. 3h. In both cases
of fibrillary conductive and dedoped fibers, impedance dramati-
cally changed in a lower frequency region (0.01-1Hz) and
maintained at high frequency (>1 Hz), attributed to the formation
of capacitor in lower frequency range at the interface between
fiber and electrolyte, indicated by phase angle close to —90°'%37,
In contrast with electric conductivity, we used electrolyte solutions
(0.1 M of NaCl) for measurement of impedance to clarify both
electronic and ionic conduction at the interface, reflecting the
concept of formation of resistors and capacitors®®. Since it is a
result of both conductions, we should evaluate characteristics with
various parameters, including volumetric capacitance and current
variation by pulsed input voltage, especially for OECTs3°. There-
fore, impedance of conductive and dedoped fibers shows less
difference than that of conductivity, because of maintained
porosity, although electrical conductivity of fiber is decreased by
dedoping. Compared to field-effect transistors, OECTs are based
on penetration ions into the channel, facilitating volumetric gating
with high capacitance. In terms of volumetric capacitance, higher
transconductance can be produced by electrolyte-gated operation
with PEDOT:PSS as well-known materials for OECTs. Volumetric
capacitance of fibrillary conductive fiber was calculated with raw
data from EIS measurement by fitting in an equivalent circuit
model, R_s (R_p]|C), followed by dividing capacitance with the
volume of fiber (Fig. 3i). Fibrillary conductive fibers showed much
higher volumetric capacitance of about 154 Fcm™3 than pristine
PEDOT:PSS*° of about 40Fcm™ attributed to aligned micro-
structure of the fiber for improved charge distribution and
additional charge of ionic liquid in the fiber. By dedoping

Published in partnership with Nanjing Tech University
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Fig.2 Morphological characterization of PEDOT:PSS conductive gel fiber. Chemical and surface topological characterization of PEDOT:PSS
conductive gel fiber. a XRD (TR-WAXD) spectra for spin-cast pristine PEDOT:PSS film (black), PEDOT:PSS film swelled in IL (Red) and fibrillary
conductive gel fiber (blue). b Schematic diagram for molecular packing structure of semi-crystalline PEDOT:PSS. (010) direction means -
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conductive fibers, charge compensation of PEDOT:PSS by PEI
chains caused a decrease of volumetric capacitance as a function
of the concentration of PEI solution.

Organic electrochemical transistors based on fibrillary
conductive fiber

We investigated characteristics of fibrillary conductive fiber-based
organic electrochemical transistor to correlate electrical and
electrochemical properties and performances of OECTs. As shown
in Fig. 4a, we constructed fiber-based OECTs by crossing two
individual fibers and connecting with gelatin hydrogel for gating®'
in pre-patterned PDMS molds, followed by definition of channel

npj Flexible Electronics (2022) 31

on conductive fiber with photo-curable polymer to prevent
leakage current (Supplementary Fig. 8a). We can control the
channel geometry by partial curing and channel opening with
photomask (Supplementary Fig. 8b). To validate the change of
operation mode in OECTs, we utilized conductive and dedoped
fibers to fabrication of transistors with an identical geometry
(200 um of width and 2mm of length). In depletion-mode of
OECTs, we applied a drain-source voltage from 0V to —0.8 V with
a gate voltage from 0V to 0.8V in 0.1V steps for output
characteristics (Fig. 4b) and a gate voltage sweep from 0V to 0.8V
at —0.6V of drain-source voltage for transfer characteristics (Fig.
4c¢). Fibrillary conductive fiber showed 19 mS at V_GS = 0.1V from

Published in partnership with Nanjing Tech University
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Fig. 4 PEDOT:PSS conductive fibers based interdigitated organic electrochemical transistors. a Schematic illustration and photographs of
PEDOT:PSS conductive gel fiber-based OECTs (scale bar = 1 cm). b-e Characteristics of organic electrochemical transistors (OECTs) with PEDOT:
PSS conductive gel fiber. (Width of 200 pm and Length of 2 mm). b Output and c transfer (at V_DS = —0.6 V) characteristics of PEDOT:PSS
conductive gel fibers based OECTs operated in a depletion-mode. d Output and e transfer (at V_DS = —0.6 V) characteristics of PEDOT:PSS
conductive gel fiber with PEDOT:PSS/PEl-based OECTs in an enhancement-mode.

electrical characteristics which was much higher than those of
previous reported data with fiber-shaped OECTs?22342, This was
ascribed to aligned PEDOT:PSS chains and existence of choline
acetate as an ionic additive in the fiber. We also estimated the
effect of ratio between gate and channel area. As previously
reported®, the larger area of gate electrode than the channel is
ascribed to higher on/off current ratio and transconductance, as
shown in Supplementary Fig. 9. In case of enhancement-mode
operated OECTs with dedoped fibers, negative gate voltage was
applied to measure characteristics of devices from 0V to —0.9V in
—0.1V intervals with drain-source voltage from 0V to —0.8V for
output characteristics (Fig. 4d) and gate voltage was swept from
0Vto —0.9VatV_DS=—0.6V (Fig. 4e) of drain-source voltage for
transfer characteristics. Compared to the performance of
depletion-mode OECTs, we acquired an increase of current by
negative gate voltage from 0.15mA to 2.1 mA and 34 mS of
maximum transconductance at V_GS=-0.5V. Values of
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maximum current and transconductance of enhancement-mode
were lower than those of depletion-mode, due to the decrease of
conductivity and volumetric capacitance by PEl-based dedoping
of PEDOT:PSS. These characteristics are dependent on the
concentration of linear and branched PEI solutions as shown in
Supplementary Fig. 10. As mentioned, irreversible deformation of
polythiophene rings in PEDOT main chains leads to the decline of
current level and transconductance.

The charge transport characteristic of OECTs was investigated
because the active layer caused volumetric response, compared
with organic field-effect transistors (OFETs). Therefore, we plotted
the relationship between transconductance(g,,) and W D L'
(V_th-V_G) by examining the channel width (W), channel depth
(D), and channel length (L) from transfer curves of several devices
with various channel geometries. As shown in Supplementary Fig.
11, we acquired a plot with linearity (slope is uC"=455.75 Fcm™'
V~1s71), which had a good agreement with benchmarking of Inal
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et al.**. Based on 154 F cm™—3, we estimated the mobility of fiber-
OECTs as 296cm?V~"' s7'. It means that fibrillary gelation of
PEDOT:PSS leads to improved performance of OECTs, compared to
pristine PEDOT:PSS based OECTs'. To evaluate durability and
reliability under deformation, we characterized the performance
when fiber-OECTs are stretched by 30% (Supplementary Fig. 12).
Due to stretchability of the fibers in previous section, the
performance of fiber-OECTs indicated with on/off ratio and
maximum transconductance is maintained, even under 30% and
repeated stretching to 100 cycles. We also characterize responses
of both depletion and enhancement mode fiber-OECTs by pulse
with 1Hz on gate electrode (Supplementary Fig. 13). In the
responses, we observed sharp peaks at the switching moments
which are ascribed to the polarization/depolarization of the
electrolyte in the operation of fiber-OECTs and insufficient times
to escape for injected ions*. The current changes for 2 h in fiber-
OECTs are constant and response times are also around 200 ms,
regardless of operation modes.

Integrated circuits with OECTs based on fibrillary conductive
fiber

We fabricated fiber OECT-based inverter circuits to further
demonstrate the application of fibrillary conductive fibers. We
successfully integrated inverters fabricated with conductive fibers
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in the fabric of a sticking plaster by suturing in designed directions
(Fig. 5a). As shown in Fig. 5b, ¢, we designed inverter circuits for
depletion-mode and enhancement-mode OECTs. Inverters were
fabricated by defining driving and load parts by casting gelatin
hydrogels on two different points in a single fiber. For inverters
with depletion-mode OECTs, the ground was connected to a
source electrode of loaded OECT (Fig. 5¢). In case of enhancement-
mode OECTs, the ground was connected to a source electrode of
driving OECT. To evaluate characteristics of two inverters, we
swept gate voltage from 0V to £1V with +1.5V of drain voltage
(positive: depletion-mode (Fig. 5d) and negative: enhancement-
mode (Fig. 5e)). Each transfer characteristic was then demon-
strated. In depletion-mode inverters, output voltage was 19 mV as
‘0" signal by 1.0V of the input voltage and close to 0.56V as ‘1
signal by 0V as the input voltage, with 3 of maximum gain
(AV_out/AV_in) at 0.84V input. Otherwise, in case of
enhancement-mode inverters, output was —0.57 V by 0V of input
voltage and 4.7 mV by —1 V of input voltage with 1 of maximum
gain at —0.7V of input voltage. The reason why the value of
maximum gain in enhancement-mode inverters was lower than
that of depletion-mode in range of demonstrating each transistor
as described in previous sections was ascribed to the decline of
conductivity by dedoping of PEDOT:PSS. Moreover, each inverter
showed an opposite direction of driving, depending on the
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operation mode of OECTs. Both inverters successfully produced
converted output signals, corresponding to input signals, demon-
strating a huge potential of application to bioelectronics as a main
component in signal processing.

DISCUSSION

We demonstrated fibrillary gelation of conducting polymer,
PEDOT:PSS, by injection to biocompatible and biodegradable
ionic liquid, choline acetate with applying shear forces that
induced molecular arrangement. Conductive fibers have applica-
tion as high-performance organic electrochemical transistors and
integrated circuits. A comprehensive series of experimental results
and analysis of data for studying physical and electrical/
electrochemical properties enabled us to explore the relationship
in these materials. Well-aligned molecular structures and addition
of ionic liquid in fibrillary conductive fibers yield improved
characteristics, such as electric/ionic conductivity and volumetric
capacitance of electronics devices, especially for OECTs with
hydrogels. Furthermore, controlling operation mode of OECTs in
depletion and enhancement-mode by selective dedoping of
conductive fibers can fabricate of integrated circuits for signal
processing, including filtering and amplifying devices based on
OECTs for biological and biochemical signals of living organisms.
We believe that this work demonstrates many opportunities
where biocompatible materials and high aspect ratio of con-
ductive fibers can contribute to the creation of advanced e-textile
in stimulating and monitoring devices, with applications to
wearable and implantable electronics for biomedical fields.

METHODS

Preparation of fibrillary gelation of conductive fibers
PEDOT:PSS dispersion (Clevios PH1000, Heraeus Holding GmbH, Germany)
was freeze-dried at —80 °C for 7 days. Solid PEDOT:PSS was re-dispersed in
deionized water (DI water) to make concentrated dispersion (2.5 wt%)
mixed with polyethylene glycol (M_w = 2,000,000), ethylene glycol (5%, v
v™1), 4-dodecylbenzenesulfonic acid (0.1% w v~') (Sigma-Aldrich, Saint
Louis, MO, USA) and (3-glycidyloxypropyl)trimethoxysilane (1%, w v~').
After ultrasonication, concentrated PEDOT:PSS dispersion was injected into
choline-acetate ionic liquid with a constant flow of 0.1 mImin~' using a
syringe pump (NE-300, KF Technology) and 21 G needles after filtering
through 0.45 pm of PTFE syringe filters. For ionic liquid with 5M ionic
strength, choline bicarbonate (Sigma-Aldrich, Saint Louis, MO, USA) and
acetic acid (Samchun Chemical, Korea) were reacted at 1:1 mole ratio. the
ionic liquid was purified by removing carbon dioxide and water in a
vacuum chamber. The fiber was placed in bath containing ionic liquid ([Ch]
[Ace]) overnight, washed with DI water and annealed at 150 °C for one hour
to make fibrillary gelation of conductive fiber. Linear (M_n=2100) and
branched (M_w = 25,000)-polyethyleneimine (PEI, Sigma-Aldrich) dissolved
in [Chl[Acel/water (50%, w w~") were used. For fabricating dedoping fibers,
fibers were placed in linear PEl or branched PElI chamber at various
concentrations (10gL~'-0.001gL™1) in a vacuum chamber overnight,
followed by washing and annealing processes as described above.

XRD measurement

XRD analysis was conducted by X-ray Diffraction (D8 DISCOVER, Bruker)
with 4-39 degrees of 2 theta by transmission mode. All fiber samples were
directly loaded on the sample holder aligned in the same direction.

AFM measurement

AFM images and 3D morphology images were obtained with Atomic Force
Microscopes (XE150, PSIA) in non-tapping mode. Fibrillar conductive fibers
including PEDOT:PSS/PEI fibers were directly attached onto double-sided
carbon tape. All images were acquired at 1.5 um x 1.5 um and flattering to
remove topology variations.
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XPS measurement

XPS measurement was carried out with k, X-ray Photoelectron Spectro-
scopy (NEXSA, Thermo Fisher Scientific). All samples were prepared with
powder type of the fiber using a grinder. Spectra peaks were deconvoluted
with Spectra Data Processor (SDP) v8.0.

Raman spectroscopy

Raman spectra were measured by Raman spectroscopy (alpha 300, WiTec)
with a 532 nm excitation laser source and a scanning wavenumber of
700-1800 cm~". All fiber samples were prepared by fixing both ends with
polyimide (Pl) tape on a glass substrate.

UV-vis-NIR spectroscopy

UV-vis-NIR absorption spectra were acquired by ultraviolet-visible-near-
infrared spectroscopy (Cary 5000, Agilent Technologies, USA) with
300-1800 nm in 1 nm increment. Pristine PEDOT:PSS was spin-coated on
a glass substrate. Fibrillary conductive fibers and PEI dedoped fibers were
loaded on a glass substrate in abundance.

Mechanical and electrical/electrochemical characterization of
the fibrillary gelation of conductive fibers

Mechanical properties of fibrillary gelation of conductive fibers were
characterized with a universal tensile machine (UTM, 3342, Instron Co.).
These fibers were stretched in constant rate (10 mm min~"). moduli of
fibers were calculated with the value from average of samples. The
durability test was conducted by performing 50% bending of the fiber
(length =5 cm) 10,000 times at a speed of 3 s/cycle.

Impedance of the fiber was measured with a Potentiostat (ZIVE SP2,
WonATech, Korea) by applying 25mV of AC voltage in a range of
frequency from 10° to 0.01Hz. The fiber (as a working electrode) was
connected to a platinum (Pt) counter electrode and a Ag/AgCl reference
electrode. Electrochemical characterization was done in a 0.1 M of sodium
chloride (NaCl, Samchun Chemical, Korea) solution with these three
electrodes.

Conductivity (o) values of fibers were calculated with values of resistance
(R) by TLM (Transfer Length Method). Fibrillary conductive fibers were
connected to gold electrodes patterned by photolithography with various
channel lengths (10, 25, 50, 100, 250, and 500 um). Resistance of fibers in
each channel length was measured with a semiconductor parameter
analyzer (B1500A, Agilent, USA). Cross-sectional area (A) of the fiber was
calculated with ImageJ program (version 1.52p) using images of optical
microscopy (Leica DM2700M, Leica Microsystems Inc.) The length (/) of the
fiber was measured with vernier calipers. The conductivity was then
calculated with the following equation:

o=IRTATT 1M

Stability test was performed by measuring the change in conductivity
after soaking the fiber in PBS (0.1 M, pH 7.4) solution for 12, 24, 36, 48 h up
to 120 h.

Fabrication of OECTs and integrated circuits using the
conductive fiber

To define channel geometry, precursor for the photo-curable polymer
(polyurethane acrylate, CFM—110s, MCNet, Korea) was placed on
conductive fibers. Fibers were then aligned with a photomask having
patterns for OECTs and integrated circuits. After alignment, polymer was
pre-cured by UV in a short time (17mWcm™2 ~2s) and residual was
washed with IPA (isopropylalcohol). For full curing, samples were subjected
to UV flood exposure (MT-UV-A31, Minuta Tech, Korea) at 0.2 mW cm~2
overnight. Gelatin (Type A, Sigma-Aldrich, Saint Louis, MO, USA) hydrogel
as an electrolyte was then cast on the channel of OECTs and integrated
circuits.

Characterization of OECTs and integrated circuits with the
conductive fibers

Electrical characteristics of conductive fibers based OECTs were detem-
rined with a semiconductor parameter analyzer (B1500A, Keysight
Technology, USA). For transfer characteristics, gate-source voltage (V_GS)
and drain-source voltage (V_DS) were applied to each terminal according
to the operation mode of OECTs. Characterization of integrated circuits
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was done with a DC voltage supplier (B2912A, Keysight Technology, USA)
and an oscilloscope (DSOX2014A, Keysight Technology, USA). Input
voltage was applied to the gate electrode of driving OECTs. Output
electrodes of circuits were then connected to an oscilloscope. Transfer
curves were recorded in a constant period.

DATA AVAILABILITY

The data that support the finding of this study are available from the corresponding
author upon reasonable request.
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