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Fully Transparent, Ultrathin Flexible Organic
Electrochemical Transistors with Additive Integration for
Bioelectronic Applications

Ashuya Takemoto, Teppei Araki,* Kazuya Nishimura, Mihoko Akiyama,
Takafumi Uemura, Kazuki Kiriyama, Johan M. Koot, Yuko Kasai, Naoko Kurihira,
Shuto Osaki, Shin-ichi Wakida, Jaap M.J. den Toonder, and Tsuyoshi Sekitani*

Optical transparency is highly desirable in bioelectronic sensors because it
enables multimodal optical assessment during electronic sensing. Ultrathin
(<5 μm) organic electrochemical transistors (OECTs) can be potentially used
as a highly efficient bioelectronic transducer because they demonstrate high
transconductance during low-voltage operation and close conformability to
biological tissues. However, the fabrication of fully transparent ultrathin
OECTs remains a challenge owing to the harsh etching processes of
nanomaterials. In this study, fully transparent, ultrathin, and flexible OECTs
are developed using additive integration processes of selective-wetting
deposition and thermally bonded lamination. These processes are compatible
with Ag nanowire electrodes and conducting polymer channels and realize
unprecedented flexible OECTs with high visible transmittance (>90%) and
high transconductance (≈1 mS) in low-voltage operations (<0.6 V). Further,
electroencephalogram acquisition and nitrate ion sensing are demonstrated in
addition to the compatibility of simultaneous assessments of optical blood
flowmetry when the transparent OECTs are worn, owing to the transparency.
These feasibility demonstrations show promise in contributing to human
stress monitoring in bioelectronics.

1. Introduction

Optically transparent and mechanically flexible sensors are of
paramount importance in bioelectronics,[1] such as electronic
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skins,[2–4] neural interfaces,[5–8] user-
interactive displays,[9–12] and smart contact
lenses.[13,14] In contrast to conventional
opaque flexible electronics, their high
visible transmittance permits the optical
recording and manipulation of biological
activities during electrical assessment[5–8,15]

and shows the sensed data through dis-
plays or color-changing materials.[9–12,14,16]

Multimodal functionalities are essential
in bioelectronics for complex point-of-care
diagnoses. As a specific case, human stress
monitoring requires the identification of
various vital signals, such as electroen-
cephalogram, blood flow, and body fluid
analysis, simultaneously and/or at the
same location for accurate diagnosis.[17,18]

As these signals are obtained using a com-
bination of electrical, optical, and chemical
methods, transparent flexible sensors are
suitable for human stress monitoring
owing to their multimodal accessibility.

For the construction of transparent flex-
ible sensors, solution-processable nano-
materials, such as metal nanowires,[19]

carbon nanotubes (CNTs),[20] and graphene,[21] have garnered
significant attention owing to their mechanical flexibility, which
helps in reducing the mechanical mismatch with biological
tissues and high optoelectrical performance (sheet resistance

A. Takemoto, T. Araki, K. Nishimura, K. Kiriyama, S. Osaki, S.-ichi Wakida,
T. Sekitani
Department of Applied Physics
Graduate School of Engineering
Osaka University
Suita 565-0871, Japan
A. Takemoto, T. Araki, K. Nishimura, T. Uemura, K. Kiriyama, Y. Kasai,
S. Osaki, S.-ichi Wakida, T. Sekitani
Advanced Photonics and Biosensing Open Innovation Laboratory
AIST-Osaka University
Suita 565-0871, Japan
J. M. Koot, J. M. den Toonder
Department of Mechanical Engineering and Institute for Complex
Molecular Systems
Eindhoven University of Technology
Eindhoven 5600 MB, The Netherlands

Adv. Sci. 2023, 10, 2204746 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2204746 (1 of 11)

 21983844, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202204746 by T

echnical U
niversity E

indhoven, W
iley O

nline L
ibrary on [17/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadvs.202204746&domain=pdf&date_stamp=2022-11-14


www.advancedsciencenews.com www.advancedscience.com

Figure 1. Stress monitoring adaptation of OECTs. a) The flow from stress response to nitrate secretion; when the brain, the center of the autonomic
nervous system, responds to stress, blood flow decreases due to vasoconstrictive effects, followed by nitric oxide production and metabolite nitrate ion
secretion for vascular relaxation. b–e) Fully-transparent ultrathin OECTs (b) show measurement compatibility for EEG (c), blood flow (d), and nitrate
ion concentration (e), which are necessary for stress monitoring. In (b), the contact pads that are connected to the gate/source/drain electrodes of
fully-transparent ultrathin OECTs are located near the edge of the substrate and are fabricated using evaporated Au (thickness: 50 nm).

<30 Ω sq−1, visible transmittance >90%), which is comparable
to that of conventional transparent electrodes (i.e., brittle metal
oxides). For example, transparent electrodes based on these nano-
materials can be directly attached to biological tissues and acquire
electrophysiological signals simultaneously with optical observa-
tions and/or manipulation, resulting in a more accurate evalu-
ation of complex biological activities.[5–8] Furthermore, the solu-
tion processability of these nanomaterials enables large-area and
low-cost printing production for practical use in consumer elec-
tronics. Owing to these advantages, nanomaterial-based transpar-
ent electrodes are becoming powerful tools for improving the op-
toelectronic sensor performance.

Although passive sensors with transparent electrodes are
promising, transparent active components (i.e., transparent flex-
ible transistors) should also be integrated within the system to
ensure signal amplification and circuit applicability. To create
such transistors, transparent active channels are required in ad-
dition to transparent flexible electrodes. Organic electrochemi-
cal transistors (OECTs), whose active channels include transpar-
ent organic mixed ionic/electronic conductors, such as poly(3,4-
ethylenedioxythiophene) doped with poly(styrene sulfonate) (PE-
DOT:PSS), are a promising candidate because they can achieve
high transconductance at an order of millisiemens, even dur-
ing low-voltage operation (<0.6 V); thus, presenting their fa-
vorable properties for bioelectronic systems.[22] Remarkably, the
reported transconductance is higher than that of other trans-
parent channel materials such as semiconducting metal oxides
(ZnO, n-InAs, and GaN/InAlN), CNTs, and graphene.[23] Re-
cently, flexible OECTs were developed on ultrathin (<5 μm thick)
polymer films to optimize the fabrication process,[23–27] lead-
ing to conformable neural interfaces[25,26,28] and self-powered
flexible biosensors.[27,29] The favorable properties and developed
fabrication processes offer prominent opportunities for creat-

ing transparent flexible OECTs; however, they are incompatible
with solution-processable nanomaterials for transparent flexible
source/drain electrodes. This is because the etching procedures
that use reactive ions and photolithography can oxidize or de-
compose nanomaterials such as metal nanowires and nanocar-
bons. Therefore, the source/drain electrodes in ultrathin OECTs
are limited to Au (inactive metal), which exhibits lower transmit-
tance.

In this study, we developed fully transparent flexible OECTs for
future application in human stress monitoring and proposed ad-
ditive fabrication processes to integrate highly transparent silver
nanowire (AgNW) electrodes and conducting polymer channels
(Figure 1; Figure S1, Supporting Informatiob). In contrast to pre-
vious etching-based processes, our processes include a selective
wetting deposition technique and thermal lamination method,
enabling deposition and patterning simultaneously to ensure
high-performance maintenance of constituent materials (AgNW
electrodes, PEDOT:PSS channels, and 1 μm thick encapsulation
layers with hole patterns). As these processes do not use harsh
chemicals or reactive ions, the electrical properties of AgNW
source/drain electrodes with high visible transmittance (>90%)
can be preserved. Such high transparency is unprecedented for
OECTs so far; however, high transconductance was obtained at
an order of millisiemens (≈1 mS), comparable to that of typi-
cal OECTs using Au source/drain electrodes. The electrical per-
formance shows the effectiveness of the proposed processes in
achieving state-of-the-art performance for OECTs. Furthermore,
they exhibit high conformability to the skin owing to the ultra-
thinness (2 μm thick) of OECTs, which is favorable for wear-
able applications. To demonstrate the sensor application, ultra-
thin transparent OECTs were used for electroencephalography
(EEG) and nitrate ion sensing; additionally, simultaneous opti-
cal sensing was included for blood flow directly above the OECTs

Adv. Sci. 2023, 10, 2204746 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2204746 (2 of 11)
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Figure 2. Fully transparent ultrathin OECTs. a) Photograph of fully transparent ultrathin OECTs conformable to the skin. The scale bar corresponds to 1
cm. As shown in Figure 1b, the contact pads are fabricated using evaporated Au along the edge of the substrate to measure the fully transparent ultrathin
OECT. b) Transconductance as a function of optical transmittance (at a wavelength of 550 nm) of the developed OECTs and transparent transistors (see
the Experimental Section for details). The transmittance corresponds to the source/drain electrodes, excluding substrate and encapsulation. If not
apparent, the remarked values are plotted. c–e) Cross-sectional illustrations of OECTs via wiring diagram (c) and optical micrographs under dark (d)
and bright fields (e). Scale bars correspond to 100 μm. f,g) Transfer (f) and output (g) characteristics of representative OECTs with channel length
and width of 100 and 2000 μm, respectively. h) Optical transmittance spectrum of AgNWs-PEDOT:PSS in the visible wavelength. The shaded region
represents a standard deviation in six samples.

(Figure 1c–e). These sensing targets are correlated with psycho-
logical states for mental stress monitoring or human–machine
interfaces. These demonstrations suggest a novel possibility for
multimodal assessment using electrophysiological, optical, and
ionic methods, which have not yet been integrated into a single
device.

2. Structure of Fully Transparent Ultrathin OECTs

Figure 2 illustrates the fully transparent 2 μm thick OECT de-
vice. Such devices with a thickness of <5 μm have the advantage
of high conformability to biological tissues.[25,27,30] Figure 2d,e
shows the optical micrographs of OECTs under dark and bright
fields, respectively, presenting the high process accuracy (i.e.,
the holes are clearly aligned on the channels). This aligned en-
capsulation layer ensures the operation of OECTs, as explained
later. The fabrication processes of fully transparent ultrathin

OECTs are based on additive integration, as shown in Figure
S1, Supporting Information. The source/drain electrodes were
patterned as cross-aligned AgNW networks on 1 μm thick pary-
lene substrates via selective wetting deposition, according to pre-
vious studies.[31,32] The patterning process used a rod coating
suitable for large-area manufacturing; nevertheless, it enabled
the high-resolution deposition/separation of high-performance
AgNW electrodes down to a width of 20 μm. Here, the AgNW
electrodes were effectively separated with a spacing of 20 μm for
channel definition, which was useful for scaling the OECTs. The
patterned source/drain electrodes exhibited a high visible trans-
mittance of 97% and low sheet resistance of 25 Ω per sq. ow-
ing to the high optoelectrical performance of AgNWs. The chan-
nels comprised PEDOT:PSS patterned using the same process
as AgNW electrodes. In this channel formation, the AgNW elec-
trodes (source/drain) were overcoated with PEDOT:PSS (≈180
nm thick), which could improve the conductivity[33] with less

Adv. Sci. 2023, 10, 2204746 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2204746 (3 of 11)
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effect on the optical transparency (Figure 2h). For the electrical
insulation of the source/drain against electrolytes, the encapsu-
lation layer with openings on the channels was bonded via the
thermal lamination of 1 μm parylene films with hole patterns
(Figures S2–S4, Supporting Information). Various narrow open-
ing designs can be developed with a width of 20 μm. Moreover,
the adhesion performance on the lamination exhibited a shear
bonding strength of ≈0.3 MPa, which was sufficiently high for
the ultrathin parylene substrate in terms of mechanical integrity
(see Figures S5 and S6, Supporting Information). Saline solu-
tions and Ag/AgCl electrodes were used as the ion source (i.e.,
electrolyte) and gate electrodes, respectively.

3. Electrical and Optical Characteristics Under
Steady State

The representative electrical characteristics of fully transpar-
ent OECTs are shown in Figure 2f,g. The OECTs operated in
the depletion mode, similar to conventional OECTs based on
PEDOT:PSS;[22] the drain current (IDS) decreased when the gate
voltage was applied from −0.2 to 0.5 V. The champion data of
the transfer characteristics (Figure 2f) exhibited high transcon-
ductance, ≈1 mS, which peaked at a gate voltage (VGS) of 0.25
V. The high transconductance was comparable to that of opaque
OECTs prepared using Au electrodes.[23] The OECTs also exhib-
ited a visible transmittance of ≈90% in all regions of encapsu-
lation and substrate, source/drain, and channel (see Figure S7,
Supporting Information) because they were constructed using
highly transparent source/drain electrodes with ≈97% transmit-
tance owing to the proposed fabrication processes (Figure 2h;
Figure S7, Supporting Information). To the best of our knowl-
edge, these simultaneous functionalities have not yet been imple-
mented in previous OECTs (Figure 2b; Section 10.4 explains the
development of the figure and provides a detailed description).
This efficient current modulation and high transparency can be
attributed to the low sheet resistance of transparent AgNW elec-
trodes (source/drain) and their effective insulation by the encap-
sulation layer. If the encapsulation layer is excluded or partially
delaminated, the applied gate voltage activates electrochemical
reactions between the source/drain and electrolyte; subsequently,
current modulation in the channel becomes dysfunctional.

4. Scalability of OECTs and Electrical Performance

In the proposed fabrication processes, the size of OECTs can be
reduced to a channel length (L) and width (W) of 20 μm, as shown
in Figure 3a–c; Figure S8, Supporting Information. To confirm
the scaling effects on the electrical performance of OECTs, we
first plotted the maximum transconductance of OECTs with dif-
ferent channel dimensions, as shown in Figure 3d; the transcon-
ductance increases with the ratio of W/L; however, it becomes
saturated at larger W/L owing to the parasitic effects of contact
or electrode resistance. We also characterized the frequency re-
sponses of OECTs with different channel lengths (20–200 μm).
Figure 3e,f shows the frequency characterization of the current
gain (ΔIDS/ΔIGS; IGS is the gate current) of OECTs. The cutoff
frequency of OECTs is extracted at ΔIDS/ΔIGS = 1, which exhibits
the maximum frequency to enable signal amplification (see Fig-

ure S9, Supporting Information). The current gain over the en-
tire frequency range (0.5–500 Hz) increases as the channel length
decreases; Figure 3f shows that the cutoff frequency increases
from 64 to 560 Hz when the channel length decreases from
200 to 20 μm. These results indicate an improved frequency re-
sponse with a smaller channel length, which is a reasonable trend
for transistor scaling. It is noteworthy that the cutoff frequency
varies according to 1/L2, as stated in previous reports.[34,35] The
impedance, Z ( = vGS/iGS), also depends on 1/L at the same chan-
nel width (i.e., area dependence of the capacitance), as shown
in Figure 3g,h. These reasonably scaled parameters demonstrate
the high-dimensional accuracy of the proposed fabrication pro-
cesses.

5. Evaluation of Non-Responsiveness to Various
Environments

To evaluate the mechanical stability, we tested OECTs under me-
chanical deformations, as shown in Figure 4a–c. In the first defor-
mation into the bending state (diameter: 1.6 mm), the maximum
transconductance decreased by 25%; however, the subsequent
crumpling caused negligible changes (≈0%) in the transconduc-
tance (Figure 4c). The stability for subsequent deformation in-
dicates a suitable function for sensing applications against dy-
namically moving biological tissues. The first decrease can be at-
tributed to the relatively large deformation of PEDOT:PSS chan-
nels resulting from their position out of the neutral strain plane.
This decrease can be reduced by reducing the channel areas for
relatively small strain effects, filling the openings with solid-state
electrolytes, or engineering the device structures.

OECTs can be reused after rinsing the electrolytes with deion-
ized water, as shown in Figure 4d,e; such rinsing capability
is crucial for biosensing involving fluids. After rinsing for a
minute, the maximum transconductance changed by 8% (Fig-
ure 4e), and the encapsulated parylene layer remained intact
without delamination. These results indicate that the encapsula-
tion layer effectively protects AgNW electrodes from delamina-
tion and short-circuiting. Further, OECTs also leverage the ca-
pability of light-insensitive operation under illumination from
white light-emitting diodes (LEDs), as depicted in Figure 4f,g.
The gate voltage at peak transconductance was shifted by ≈0.01
V even under strong white light (irradiance of 2.3 mW cm−2), but
the values around the peaks were similar (almost 0% change)
at a certain gate voltage (≈0.06 V) in a dark environment and
strong white light. Such light insensitivity is difficult in the low-
voltage operation of transparent organic field-effect transistors,
where transparent light-insensitive organic semiconductors with
a wide bandgap and high voltage operation must be selected.[32]

These results demonstrate that the developed transparent OECTs
are useful for optoelectronic biological assessment with light ma-
nipulation and/or optical observations during electrical sensing.

6. EEG and Optical Assessments Using OECTs

For the first demonstration of bioelectronic applications, EEG
was performed with fully transparent ultrathin OECTs using
a wireless module. EEG is a useful tool for the electrophysio-
logical assessment of brain-related conditions, such as mental

Adv. Sci. 2023, 10, 2204746 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2204746 (4 of 11)
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Figure 3. Scaling of fully transparent ultrathin OECTs. a–c) Dark-field optical micrographs of OECTs with channel width/length (W/L) = 200/200 μm (a),
200/50 μm (b), and 100/50 μm (c). Scale bars correspond to 100 μm. d) Maximum transconductance as a function of channel geometries. The channel
thickness is ≈180 nm. The red dashed line illustrates the linear regression for eye guides. e) Current gain ( = ΔIDS/ΔIGS) of OECTs with different L as
a function of frequency. The measurements were conducted at VDS = −0.6 V and VGS = 10 mV amplitude sine wave. f) Cutoff frequency of OECTs with
W = 200 μm as a function of L. The red dashed line corresponds to ≈1/L2 fit (R2 ≈ 0.99). g) Frequency plots of impedance (ΔVGS/ΔIGS) of OECTs (W
= 200 μm) with different L = 20–200 μm. h) Impedance at 100 Hz as a function of L. The blue dashed line corresponds to ≈1/L fit (R2 ≈ 0.99).

stress, cognitive procedures, and neurological disorders, facili-
tating neurological applications, such as clinical diagnosis and
brain–machine interfaces.[36] Here, EEG signals were acquired
from the human forehead before and after opening the eyes, as
shown in Figure 5a. In the acquisition setup, EEG signals were
applied to the gate of OECTs, inducing drain-current modulation.
We used a serial resistor to translate the current modulation into
voltage signals and detected it using the wireless module. Fig-
ure 5b shows the acquired traces and spectrograms of EEG sig-
nals before and after opening the eyes. While closing the eyes,
alpha rhythms (8–10 Hz), which can be correlated with the re-
laxing state in humans,[37] were clearly indicated; however, this
indication weakened while opening the eyes owing to exiting the

relaxation state (Figure 5b; Figure S10, Supporting Information).
Alpha rhythm acquisition suggests that these OECTs can be used
for electrophysiological assessment, such as mental health re-
lated to the relaxing state.

Furthermore, the multimodal assessment of more informa-
tion about brain-related conditions could be feasible with elec-
trophysiological sensing using transparent OECTs. As shown
in Figure 5c, laser Doppler flowmetry (LDF) was performed di-
rectly above the OECTs attached to the forehead for monitor-
ing the blood flow; vertical placement directly above the electro-
physiological sensors can improve the spatial resolution with a
smaller footprint compared to the conventional in-plane place-
ment of EEG and LDF probes (Figure S11 and text, Supporting

Adv. Sci. 2023, 10, 2204746 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2204746 (5 of 11)
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Figure 4. Characterization of OECTs under various environments. a–c) Microscopic photographs of OECTs (a), transfer characteristics (b), and the
resulting transconductance (c) during mechanical deformation. The electrical characteristics are at VDS =−0.6 V. d,e) Schematic of the rinsing procedure
of OECTs (d) and the resulting transconductance before (black) and after (blue) rinsing (e). f,g) Schematic of OECT measurements under white-LED
illumination (f) and the resulting transconductance under dark environment (black) and white-LED illumination (red) (g).

Information). Figure 5d shows the time traces of the recorded
LDF signals before and after opening the eyes. As the OECTs
effectively transmitted the near-infrared laser (wavelength: 780
nm) owing to high transparency, LDF captured the decreased
blood flow in the relaxing state, as previously reported.[38] In ad-
dition, LDF data may be correlated with the aforementioned EEG
data related to the relaxing state. These results suggest the capa-
bility of ultrathin transparent OECTs for simultaneous LDF with
EEG, which can improve the accuracy of medical diagnosis[39,40]

and classification of motor imagery.[41]

7. Nitrate Ion Sensing With OECTs

OECTs demonstrated nitrate ion sensing capability, which can be
a mental stress marker in biofluids.[42,43] When the brain, the cen-
ter of the autonomic nervous system, responds to stress, blood
flow decreases owing to vasoconstriction, followed by NO pro-
duction and secretion of metabolite nitrate ions for vascular re-
laxation. In a previous report,[43] increased nitrate levels in saliva
suggested an acute stress state in humans, which may be corre-
lated with stress-induced gastric injury. Although EEG and LDF
can suggest the stress/relaxing state in humans, nitrate ion sens-
ing can offer further data for mental stress assessment, possibly
related to stress-induced organ diseases. Figure 6a,b shows the
measurement setup using OECTs for nitrate ion sensing. Nitrate
ion selective electrodes were used as the gate electrodes to en-
hance sensitivity.[44] As shown in Figure 6c,d, the source–drain
current (IDS) steadily decreased with a sensitivity of 2.2 μA dec−1

when the nitrate concentration increased from 10−5 to 10−2 m in
deionized water. Further, OECTs can detect the nitrate ion con-

centration (from 10−5 to 10−2 m) in electrolytes contaminated with
other ion species (15 mm sodium chloride in this study) (Figure
S12, Supporting Information). As the salivary nitrate level is 10−5

to10−2 m,[45] OECTs suggest suitable functionality for potential
stress monitoring.

8. Discussion

First, we discuss the reasons for the realization of fully trans-
parent ultrathin OECTs with high transconductance. The key
steps for this development include the additive layering fabrica-
tion processes, that is, selective wetting deposition and thermal
lamination. Owing to the inertness of additive layering, these
processes can avoid detrimental effects on functional materials
(i.e., nanometals or nanocarbons) in OECT constructions, un-
like conventional post-etching-based processes.[23–27] Thus, ul-
trathin and transparent OECTs were successfully prepared with
state-of-the-art transparent electrodes (AgNW electrodes), which
has not yet been achieved to the best of our knowledge (Fig-
ure 2b). The OECTs exhibited electrical characteristics compa-
rable to those of conventional OECTs, along with unprecedent-
edly high optical transparency because the thermally laminated
encapsulation layer effectively protected the high-performance
AgNW source/drain electrodes from corrosion, possibly caused
by electrochemical reactions with the electrolytes.

Furthermore, during thermal lamination, the high shear bond-
ing strength (≈0.3 MPa) ensured the mechanical integrity of
devices for flexibility. The hole patterns on the encapsulation
layer exhibited the same configuration before and after lamina-
tion (Figures S3 and S4, Supporting Information). This ideal

Adv. Sci. 2023, 10, 2204746 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2204746 (6 of 11)
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Figure 5. EEG acquisition and capability for simultaneous LDF. a) Schematic of measurement setup for EEG acquisition. The circuit diagram used
when the PEDOT:PSS based channel is attached to the forehead, as shown in Figure 1c. Measurement was performed during closed and open eyes. b)
Acquired traces in EEG during closed and open eyes (upper) and spectrogram analysis with Morlet wavelet (below). c) Cross-sectional schematic and
d) photograph of LDF sensing directly above the OECTs attached on the forehead, shown in Figure 1d. The scale bar corresponds to 1 cm. e) Acquired
trace of blood flow (black line) in LDF sensing during meditation and silent reading. The red line indicates low-pass-filtered traces at <0.05 Hz for
removing respiratory effects. f) Box plots of blood flow during meditation and silent reading in (e). The first and second meditation occurred during
0–30 s and 70–110 s, respectively. The blue-shaded region in (e) indicates the silent reading period. The boxplots indicate the median (center line) and
25/75 percentiles (lowest and highest lines); square symbols and error bars indicate the mean value and standard deviation, respectively.

lamination can be explained by the entanglement of polymer
chains of parylene between the surfaces of encapsulation and
substrate. A previous study[46] on parylene bonding demon-
strated that the bonding strength between thermally laminated
parylene layers could be enhanced by increasing the heating tem-
perature in the bonding process, which should be attributed to
more activated movements in the polymer chains during heat-
ing and their subsequent entanglement under the bonding pres-
sure. The parylene thermal expansion (≈3.5 × 10−5 °C−1)[46] was
small enough to conserve the configuration of hole patterns and
thickness.

With the aim of realizing optoelectronic bio-integrated sys-
tems, fully transparent ultrathin OECTs demonstrated sensing
applications via EEG and simultaneous LDF. The acquired traces
suggested a relaxing state in humans, presenting the possibil-
ity for the multimodal assessment of psychological signs[39] (Fig-
ure 1). OECTs are also useful for ion sensing, presenting the op-
portunity to investigate biofluids (e.g., saliva) for additional in-

formation about psychological states.[43] Such capability for mul-
timodal assessment is favorable for enhancing diagnostic accu-
racy in neurological diseases[39,40] and improving the classifica-
tion of motor imagery.[41] Moreover, LDF probes can be placed
directly above the OECTs owing to high transparency to improve
the spatial resolution in the simultaneous sensing of electrophys-
iological and optical signals, which is crucial for understanding
local biological activities (Figure S11, Supporting Information).

Furthermore, we verified the feasibility of simple circuits us-
ing the thin-film transparent OECT developed in this study. The
OECT was integrated into an inverter circuit that could be used
for a switch circuit for light detection and luminescence, a voltage
amplification to improve the signal-to-noise ratio, and a source
follower circuit that can convert input/output impedance, all of
which were successfully operated (Figures S13 and S14, Sup-
porting Information). The transparent OECTs, which constituted
these circuits, exhibited high bending durability down to a bend-
ing radius of 0.8 mm and under 1000 cyclic bending (Figure 4;

Adv. Sci. 2023, 10, 2204746 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2204746 (7 of 11)
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Figure 6. Nitrate ion sensing using OECTs. a) Schematic and b) photograph of the measurement setup for nitrate ions in electrolytes. Circuit diagram
in (a) used during the immersion shown in Figure 1e. The scale bar corresponds to 0.5 cm. c) Measured steady-state drain current (IDS) as a function
of nitrate ion (NO3

−) concentration in distilled water. d) Real-time traces of IDS in response to increased NO3
− concentration in distilled water at VGS

= 0 V and VDS = −0.8 V.

and Figure S15, Supporting Information). The transparent flexi-
ble OECT is expected to be applied as a sensor element for stress-
free biological signal measurement on a daily basis in the future.

The current challenge in developing fully transparent and flex-
ible electrochemical electronics is the connection points of the de-
vices. Evaporated Au or printed Ag paste was deposited on contact
pads of OECT, transparent AgNW electrodes, to evaluate OECT
characteristics through external connections. However, the rein-
forced contact pads were opaque and inflexible (Figure 1b; Fig-
ure S15, Supporting Information). Transparent, stretchable, and
printable adhesive electrode, recently reported, can become a can-
didate alternative material owing to a contact resistance of less
than 100 Ω with transparent AgNW electrode having a sparse
metal nanowire network.[47] The contact resistance was suffi-
ciently low compared with the electrode/skin contact impedance
(1–100 kΩ) and did not affect the noise during electrophysiolog-
ical recording. However, the high resistance at the connection
point can be a major barrier in several applications, such as in
improving the frequency characteristics for large transistor cir-
cuits. Further development of transparent and printable connec-
tion materials will be needed to achieve stable external connec-
tion terminals to realize fully transparent and flexible electronic
circuits.

Although transparent flexible OECTs have been realized
through conventional processes for bioelectronic sensors us-
ing microgrid-patterned Au transparent electrodes in a previous
study,[26] the transparency and spatial resolution of transparent
electrodes exhibit a trade-off relationship defined by the grid size
and Au-line width (few tens of micrometers), resulting in larger
(>100 μm width) total areas for the source/drain electrodes. In

contrast, the proposed processes integrated AgNW transparent
electrodes, which can be patterned down to a width of 20 μm or
less via printing technologies.[32] Furthermore, these processes
can be applied to other solution-processable nanomaterials for
transparent electrodes, such as CNTs and graphene. The versa-
tile options of the constituent materials can potentially improve
the performance through downscaling or unprecedented mate-
rial combinations in transparent flexible OECTs.

In this study, the OECT characteristics were evaluated using
Ag/AgCl (probe type) as the gate electrode, as shown in Fig-
ures 2c and 4f, which is not suitable for the device downscaling.
To enable the miniaturization of a fully transparent and flexible
OECT, the gate should be in a planar structure, as shown in Fig-
ure 1b. Figure S16, Supporting Information, shows that a high
transconductance of millisiemens (≈1 mS) was obtained with the
planar structure; the results were equivalent to those with the
Ag/AgCl gate electrode, as shown in Figure 2f. In the near fu-
ture, the planar structure, which is compatible with the printing
formation process, is expected to enable the integration of OECTs
for fully transparent and flexible electronics.

9. Conclusion

In summary, we demonstrated transparent flexible active com-
ponents for improving optoelectronic bio-integrated systems by
constructing ultrathin and transparent OECTs via the integra-
tion of additive layers. High transparency and favorable electri-
cal characteristics were achieved because the proposed processes
without harsh chemicals or post etching enabled the use of high-
performance transparent electrodes composed of AgNWs. These

Adv. Sci. 2023, 10, 2204746 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2204746 (8 of 11)
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features facilitated electrophysiological and ion sensing along
with the capability for simultaneous optical sensing. These re-
sults suggest that OECTs can detect psychological signs via elec-
trophysiological, optical, and ionic measures, which can be ap-
plied to multimodal assessments for enhanced accuracy in un-
derstanding or classifying mental stress, biological activity, and
motor imagery. These results will pave the way for more elabo-
rate optoelectronic bio-integrated systems.

10. Experimental Section
Preparation of Dispersive Solutions and Electronic Materials: AgNW

dispersion was acquired (Showa Denko K.K., JPN) and mixed with 50
wt% isopropanol for fine patterning the source and drain electrodes, as
previously reported.[31,32] PEDOT:PSS dispersion was purchased (Orga-
con N-1005; Sigma–Aldrich Co. LLC., USA) and mixed with 0.5 wt% 3-
glycidoxypropyltrimethoxysilane (GOPS), 10 wt% ethylene glycol (EG),
and 50 wt% isopropanol for fine patterning the active channels. Saline
solution (Otsuka Pharmaceutical Co. Ltd., JPN) and Ag/AgCl electrodes
(World Precision Instruments, USA) were purchased and used as the elec-
trolyte and gate electrodes, respectively.

Thermal Lamination of Parylene Films: Parylene films (diX-SR;
Daisankasei Co. Ltd., JPN) with a thickness of 1 μm were deposited on
supporting glasses (Eagle-XG; Corning Incorporated, USA) via chemical
vapor deposition (CVD). To facilitate peeling off parylene films, the sup-
porting glasses were pre-coated with a fluorine carbon layer (Cytop; AGC
Inc., JPN). Subsequently, a pair of parylene films was placed in contact
with each other and pressed with a pressure of 5 MPa at 150 °C using a
compact heating press (IMC-180C; IMOTO MACHINERY Co. Ltd., JPN).
After pressing for 20 min, the samples were released and cooled to room
temperature (25 °C). Finally, the parylene films were peeled from the sup-
porting glasses. When hole patterns were required in the parylene films,
the necessary areas were opened before the bonding process by oxygen
plasma etching with a 12 sccm oxygen flow at 300 W for 15 min (PC-
300; SAMCO Inc., JPN). The necessary areas were defined by polyimide
masks placed on parylene films during plasma etching. The polyimide
masks were prepared through laser cutting (T-Centric Laser Marker, MD-
T1000W; KEYENCE Co. Ltd., JPN). In the fabrication of OECTs, one pair of
parylene films contained AgNW-PEDOT:PSS composite electrodes for the
source and drain as well as PEDOT:PSS for the channel, whereas the other
endowed the hole patterns for ionic transport from the electrolyte to the
channel. The structure profiles of the parylene films and PEDOT:PSS layer
were measured using a stylus profilometer (DektakXT; Bruker corporation,
USA).

Fabrication of OECTs: The source, drain electrodes, and active
channels were patterned via a rod-coating process using hydrophilic-
/hydrophobic-patterned surfaces in accordance with previous
reports.[31,32] The hydrophilic-/hydrophobic-patterned surfaces were
prepared on 1 μm parylene substrates by fluorocarbon coating (WP-100;
DAIKIN INDUSTRIES, Ltd., JPN) and vacuum-ultraviolet (VUV) light
irradiation through a photomask for 1 min. The samples were placed at
a distance of 5 mm from the VUV lamp surface (Flat Excimer EX-mini;
Hamamatsu Photonics K.K., JPN). Then, for patterning the source and
drain electrodes, AgNW dispersion was swept over the hydrophilic-
/hydrophobic-patterned surfaces at 0.4 mm s−1 eight times in different
directions, that is, parallel and perpendicular to the channel four times
each, respectively, which enabled the patterning of cross-aligned AgNW
electrodes as the source and drain electrodes. For patterning the active
channels, VUV light was irradiated through another photomask on the
areas between the source and drain electrodes, that is, the prescribed
channel areas, in a lamp setup similar to the source and drain electrodes.
PEDOT:PSS dispersion was swept over the samples at 1.6 mm s−1 once
in a direction parallel to the channel. The samples were heated at 120
°C in near-vacuum condition (≈100 Pa) for 1 h. Finally, another parylene
film with hole patterns was bonded to the samples containing the AgNW-

PEDOT:PSS source, drain electrodes, and PEDOT:PSS channels using the
aforementioned bonding process.

Electrical and Optical Characterization: The electrical characterization
of OECTs was performed using a semiconductor parameter analyzer
(B1500A; Keysight Technologies, USA). A gate voltage was applied to an
Ag/AgCl electrode partially dipped into a droplet of saline solution placed
on the channel holes. The optical observations of the samples were exam-
ined with an optical microscope (DM4000; Leica Microsystems GmbH,
Germany) in a bright or dark field. The visible transmittance was measured
using a microscopic spectrophotometer (MSV-5000; JASCO Corporation,
JPN). The frequency response of OECTs was measured using a source
measurement unit system (B2962A; Keysight Technologies, USA). The op-
toelectronic performance of OECTs, that is, the transconductance and vis-
ible transmittance, was benchmarked against previously reported trans-
parent transistors, as shown in Figure 2b. The transparent transistors were
classified considering the channel materials, such as metal oxides (tin ox-
ide, indium tin oxide, and indium gallium zinc oxide),[48–53] graphene and
carbon nanotubes,[50,54–60] and conducting polymers.[26,28,61] In the litera-
ture related to normalized transconductance based on the measured volt-
age, the transconductance was calculated by multiplying the normalized
value with the drain or gate voltage. The transmittance of source/drain
electrodes at a wavelength of 550 nm was used as that of the plot. If the
transmittance spectra or measured points were not apparent, the trans-
mittance denoted in the manuscript was extracted.

Mechanical Characterization: All mechanical tests were performed us-
ing a compact tabletop tensile tester (EZ-SX; Shimadzu Corporation, JPN).
For the adhesion test of parylene bonding, the interfacial shear strength
was measured with an overlap area (≈1 × 2 cm2). A pair of polyethylene
terephthalate (PET) substrates coated with a 1 μm parylene layer was pre-
pared via CVD. The adhesion strength between PET and parylene was
strong enough for the adhesion test of parylene bonding. The pairs of
parylene films or parylene-coated PET substrates were bonded using the
aforementioned process. Both ends of the bonded samples, which were
unbonded single films, were gripped with pneumatic flat grips, and the
tests were performed at a tensile speed of 0.1 mm s−1.

EEG Acquisition and LDF: The acquisition setup is illustrated in Fig-
ure 5a. The source/drain electrodes were serially connected to registers to
translate the current modulation into voltage signals. A bias of 1.5 V was
applied using a commercial battery over the resistors and source/drain
electrodes. The voltage measurements were implemented at a sampling
rate of 250 Hz using a wireless module used in previous studies.[32,62] The
wireless module equipped with a pin connector for each channel was con-
nected to the terminal on a breadboard circuit based on Figure 5a via a
metallic wire of ≈0.5 mm in diameter. A contact pad for the OECT drain
was connected to a metallic wire (of the same diameter) using room tem-
perature curable silver paste (TK paste; Kaken Tech Co., Ltd., Japan). The
other end of the metal wire was connected to an Ag-based plate electrode
(1 cm in diameter) that was used with a conductive paste (with 12.5% NaCl
content, used as a wet electrode, TEN20; Weaver and Co., USA) to attach
near the mastoid process as a ground electrode. An OECT channel was
directly placed on the forehead.[47] The skin surface became a substan-
tial gate. As for the source electrode side, after processing both ends of a
metallic wire as described above, the contact pads of OECT and the bread-
board circuit were connected. The acquired signals were processed using
a band-pass filter of 1–50 Hz. The spectrograms were obtained through
wavelet transformation (Morlet wavelet) in a commercial software (Ori-
gin; OriginLab Corporation, USA). The blood flow was monitored using
a laser Doppler blood flowmeter (ATBF II-LC1; UNIQUE MEDICAL Co.,
Ltd., JPN). An optical probe was fixed on fully transparent ultrathin OECTs
by sealing with adhesion tape (Tegaderm; 3M Company, USA). All biolog-
ical signal measurement methods were approved by the Osaka University
Research Ethics Committee and complied with the research guidelines of
Osaka University (approval number: 31–2).

Nitrate Ion Sensing: Figure 6a illustrates the measurement setup. For
sensing with OECTs, a source measurement unit (B2912A; Keysight Tech-
nologies, USA) was used. The drain and gate voltages (VDS and VGS) were
constantly maintained at −0.8 and 0 V, respectively, while the drain cur-
rent (IDS) was measured by increasing the nitrate ion concentration in

Adv. Sci. 2023, 10, 2204746 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2204746 (9 of 11)
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deionized water or saline solution (15 mm NaCl aq.). A nitrate-selective
electrode[44] was used for gate voltage application.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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