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E N G I N E E R I N G

Addressing transconductance-bandwidth trade-off by 
three-dimensional electrolyte-surrounded organic 
electrochemical transistors
Yongwoo Lee1,2†, Seong Jun Park3†, Jimin Kwon2*, Kang-Il Song4*, Sungjune Jung1,3*

The performance of organic electrochemical transistors (OECTs) is fundamentally constrained by a trade-off be-
tween transconductance and temporal response. While increasing channel thickness enhances its capacitance 
and thereby amplifies transconductance, it simultaneously impedes ion transport kinetics, leading to slower 
switching speeds. Here, we present a three-dimensional electrolyte-surrounded OECT architecture that redefines 
ion transport dynamics by enabling multidirectional ion doping to the channel for efficient and rapid switching. 
Our proposed approach achieves a remarkable enhancement in the operational bandwidth of OECTs, reaching 
26 kHz while preserving their high transconductance, notably using a commercially available conductive polymer, 
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate). This is enabled by micro/nanostructured channel de-
sign that enhances ion accessibility and minimizes parasitic effects. This advancement allows for continuous, 
wide-frequency neural signal recording from peripheral nerves. This work offers a robust strategy for achieving 
both high transconductance and fast switching in OECTs, establishing a foundation for the development of next-
generation, high-speed bioelectronic interfaces.

INTRODUCTION
Organic bioelectronics has emerged as an innovative and promising 
field, exploring and leveraging the distinctive properties of organic 
semiconductors at the interface with cells, tissues, and biological sys-
tems (1–4). Central to the emerging organic bioelectronics para-
digm, organic electrochemical transistors (OECTs) are heralded for 
their unique advantages over conventional transistor technologies, 
particularly in the fields of biosensor (5–9), such as electrophysiology 
(10–13) and neuromorphic circuit (14–18). Their notable features 
include operation at subvolt voltages with high transconductance, a 
simplified device structure without a gate dielectric, mixed ionic and 
electronic conduction, and compatibility with aqueous electrolytes 
like biological media. Additionally, their fabrication on the biocom-
patible, flexible substrate via additive printing processes makes them 
ideal for integrating electronic and biological systems (19, 20). These 
characteristics highlight OECTs as a versatile tool for advancing bio-
electronic interfaces.

A crucial requirement for bioelectronic devices is to achieve high 
transconductance gm (defined as the derivative of the drain current, ID, 
with respect to the gate voltage, VG; i.e., ∂ID/∂VG), which must remain 
consistent across the broad frequency spectrum associated with the 
human body’s electrical activities. For example, while electroencepha-
lography captures signals below 40 Hz, recording single-neuron action 
potential requires devices that can accurately measure much higher 
frequencies, typically in the range of 1 to 5 kHz (21–27). Further 

enhancing the bandwidth of OECTs will improve their compatibility 
with diverse bioelectronic platforms, facilitating more accurate, real-
time detection and processing of high-frequency physiological signals. 
OECT devices operate by volumetric ion penetration into the channel, 
offering high transconductance through bulk doping. However, this 
volumetric operation imposes a kinetic bottleneck, where increased 
channel thickness enhances gain at the expense of response speed. In 
contrast to field-effect transistors, which exhibit lower transconduc-
tance (typically, in the microsiemens range) but can operate at higher 
frequencies (28–30), OECTs achieve high transconductance in the 
range of millisiemens, with their frequency response tapering off 
above a few hundred hertz (31). This fundamental transconductance-
bandwidth trade-off limits their application in high-speed bioelec-
tronics that require high-frequency operation.

Various strategies have been used to enhance the bandwidth of 
OECTs. A straightforward method is to reduce the channel thickness 
or decrease the concentration of secondary polar dopants, which can 
accelerate response times (32–34). While incorporating additives such 
as crown ethers into organic mixed ionic-electronic conductors 
(OMIECs) has led to improved bandwidth and transconductance 
(35), the biocompatibility and long-term stability of such modifica-
tions still require further validation. Applying a step input voltage has 
also proven effective in achieving millisecond-scale response times by 
producing a square step in the drain current without exponential re-
laxation (36). Furthermore, the development of vertical channel 
OECTs, which decrease channel lengths to submicron scales and in-
crease device density through stacked integration in the z direction, 
represents a notable advancement (37–40). Another approach is to 
expand the interface area between the electrolyte and the channel, us-
ing nanomesh (41, 42) or nanofiber (43, 44) architectures to promote 
efficient ion injection, thereby shortening the ion travel distance for 
doping and dedoping processes. However, these approaches generally 
result in a considerable reduction in volumetric capacitance, leading 
to decreased amplification, exhibiting uneven conductivity across the 
channel, or necessitating maintaining the drain voltage within a 
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narrow operational range (VD ≪ VT-VG). Recent progress in internal 
ion-gated OECTs has demonstrated microsecond-scale response 
times by embedding mobile ions directly within the channel and in-
corporating ion membranes on top (45–47). While this configuration 
enables rapid and spatially confined doping/dedoping dynamics, it 
requires additional fabrication steps and specialized materials that 
may limit integration with scalable or biocompatible platforms. These 
constraints demand a critical need for OECT designs that can address 
the trade-off between transconductance and bandwidth without in-
troducing architectural complexity, particularly for bioelectronic sys-
tems that demand both high signal amplification and fast response at 
frequencies exceeding the kHz range.

Here, we introduce the three-dimensional electrolyte-surrounded 
(3D ES) OECTs featuring micro/nanostructured channel architecture 
that can effectively mitigate the intrinsic transconductance-bandwidth 
trade-off inherent to conventional planar OECT. This ES OECT archi-
tecture markedly enhances the channel’s surface-to-volume ratio, sub-
stantially improving ionic penetration efficiency without compromising 
transconductance. To evaluate the impact of this architecture, we sys-
tematically fabricated and characterized ES OECTs with varying micro- 
and nanostructured channel patterns. We first performed static electrical 
measurements to confirm that the intrinsic electronic properties of the 
active channel remain unaffected by the structural modifications, ensur-
ing stable transconductance and uniform device performance. We then 
conducted dynamic response analyses, including transient and 
frequency-domain measurements, to assess the enhancement in switch-
ing speed and operational bandwidth. By comparing ES OECTs with 
conventional planar devices, we demonstrate that the modified 
architecture effectively reduces ionic transport delays, leading to a 

notable improvement in response time. Moreover, we validate the prac-
tical utility of ES OECTs through their integration into an active neural 
probe, where they enable high-fidelity recording of bioelectrical signals 
across a broad frequency range. These findings establish the ES architec-
ture as a scalable and high-performance solution for bioelectronic ap-
plications requiring both high sensitivity and rapid signal processing.

RESULTS
Mitigating transconductance-bandwidth trade-off by 
3D ES OECTs
We have developed an ES architecture for OECTs that substantially 
enhances the operational speed by reducing the effective ionic path 
required for channel doping and dedoping dynamics. Incorporating 
micro- or nanostructures into the channel architecture allows ions 
from the electrolytes to simultaneously penetrate from all directions 
around the entire channel, notably reducing ionic diffusion pathways 
and greatly expanding the channel-electrolyte interface area. As illus-
trated in  Fig.  1A, in planar OECTs, a gate voltage drives an ionic 
charge carrier from the electrolyte into the OMIEC channel, thereby 
modulating its conductivity. In this architecture, as channel volume 
increases to achieve higher transconductance, its operating speed in-
evitably slows down due to charge carriers moving unidirectionally 
along a prolonged ionic path, while the electrolyte-channel interface 
remains constant despite the volume changes. In contrast, the 3D ES 
structure enables ions to access the micro- or nanostructured channel 
in a manner that allows the surface area of the channel to increase 
proportionally with volume change. Unlike planar OECTs, which are 
limited by a trade-off between transconductance and bandwidth as 

Fig. 1. 3D ES OECTs. (A) Schematic of a planar OECTs structure with ion movement between the electrolyte and cuboid channel, and an ES OECTs structure with effective 
ion movement between the electrolyte and concave-convex channel. (B) Theoretical surface-to-volume ratio with various channel thicknesses. Black stars indicate our 
experimental values of ES OECTs with channel pattern sizes (20, 2, and 0.2 μm). (C) Comparison of the x-ray photoelectron spectroscopy spectra of S 2p and C 1s before 
and after channel structure patterning. A.U., arbitrary units. (D) Scanning electron microscopy (SEM) and atomic force microscopy (AFM) images for each channel pattern 
size (20, 2, and 0.2 μm). The scale bars represent 10 μm (left, middle) and 2 μm (right).
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channel volume increases, the ES OECTs maintain efficient all-around 
ionic diffusion regardless of channel volume. This unique feature en-
ables simultaneous achievement of high transconductance and wide 
operational bandwidth. Theoretical calculations suggest that the 
surface-to-volume ratio can be meaningfully enhanced with smaller 
channel pattern dimensions and thicker channels (Fig. 1B and fig. S1). 
Consequently, the shortened ionic paths and increased surface-to-
volume ratio of the channel structure not only facilitate efficient ion 
injection into the channel, thereby improving the transient re-
sponse of ES OECTs but also enable effective amplification of 
biological signals across a broad frequency spectrum, including high-
frequency neural signals (fig. S2). Micro- and nanostructured poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) 
channel created using maskless laser and electron (e)–beam lithography 
techniques (fig. S3). X-ray photoelectron spectroscopy was used to 
identify that channel structure patterning barely affects the elemental 

composition of the OMIEC channel (Fig.  1C). The conformational 
characteristics of the ES OECT geometry for each pattern size (20, 2, 
and 0.2 μm) were characterized using scanning electron microscopy 
(SEM) and atomic force microscopy (AFM), respectively (Fig. 1D).

Static electrical characterization of 3D ES OECTs
To investigate the impact of micro/nanostructures on the static elec-
trical characteristics, we fabricated OECT devices with channel pat-
terns sized at 0.2, 2, and 20 μm. The channel width/length (W/L) for 
0.2 μm pattern was designed as 50/25 μm and 400/40 μm for 2 and 
20 μm patterns, respectively. The maximum transconductance (gm,max) 
normalized with the channel dimension remained consistent across 
these different pattern sizes, which is in good agreement with values 
reported for PEDOT:PSS-based planar channel OECTs (Fig.  2A) 
(33, 48). This consistency confirms that the intrinsic properties of the 
channel remained unchanged during the patterning process. The ES 

Fig. 2. Electrical characteristics of 3D ES OECTs. (A) Comparison of the maximum transconductance normalized by channel for different pattern sizes (0.2, 2, and 20 μm). 
(B) Transfer characteristics of planar and ES OECTs (0.2-μm pattern) with W/L = 50/25 μm. (C) Transfer characteristics of planar and ES OECTs (2 μm, 20-μm pattern) with 
W/L = 400/40 μm. (D) Transfer characteristics with various drain voltages, (E) transconductance, (F) output characteristics of ES OECTs (0.2-μm pattern) with W/L = 50/25 μm. 
(G) Statistical dual-sweep transfer characteristics, (H) histogram of the on/off current, and (I) transconductance for 60 ES OECTs (0.2-μm pattern) with W/L = 50/25 μm.
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OECTs with patterns of 0.2 and 20 μm demonstrated reliable transfer 
characteristics, showing negligible deviation from planar OECTs with 
equivalent channel volume (Fig. 2, B and C). We also assessed the drain 
bias dependency and gate leakage current to evaluate the robustness of 
the device architecture. The 0.2-μm structured ES OECTs exhibited neg-
ligible gate leakage across the entire operating gate voltage range and un-
der various drain biases (Fig. 2D). The minimal variation in subthreshold 
slopes suggests stable operation and confirms that the 3D ES structure 
does not compromise electrostatic gate control over the channel. Trans-
fer characteristics for the 2- and 20-μm patterned ES OECTs are detailed 
in fig. S4. Negligible hysteresis was observed from dual-sweep transfer 
characteristics measured with varying sweep delay times for a 0.2-μm 
OECT (fig. S5). Transconductance as a function of gate voltage for differ-
ent drain voltages exhibited the typical nonmonotonic dependence ob-
served in planar PEDOT:PSS film-based OECTs, with gm,max shifting to 
the left as the drain voltage increased (Fig. 2E) (49, 50). Output charac-
teristics of the ES OECTs with gate voltages ranging from −0.8 to +0.6 V 
(in 0.2-V steps) demonstrated clear pinch-off and saturation regions 
(Fig. 2F). To verify the uniformity of ES OECT fabrication, we produced 
60 transistors with a 0.2-μm patterned channel. All devices exhibited 
consistent and reliable electrical characteristics without any nonfunc-
tioning units observed (Fig. 2G). Histograms of the statistical variation 
in the on/off ratio of drain current and transconductance are presented 
in Fig. 2 (H and I), with each Gaussian fit yielding a mean on/off ratio 
of 1.03 × 105, gm of 1.75 mS with a SD of 0.2 × 105 and 0.22 mS at VD = −0.6 V, 
respectively. These consistent transconductances, stable transfer characteris-
tics, negligible gate leakage, and uniform device performance across mul-
tiple fabrications highlight the robustness and scalability of the 3D 
ES architecture for high-performance OECT applications.

Dynamic electrical characterization of 3D ES OECTs
Following the confirmation of reliable and reproducible static char-
acteristics of ES OECTs, we investigated the enhancement in dy-
namic performance enabled by the 3D ES architecture, specifically 
examining both transient and frequency responses. Drain current 
transient responses for OECTs with different pattern sizes were 
measured by applying repeated square waveform pulses to the gate 
electrode, from which turn-on (τON) and turn-off (τOFF) time con-
stants were extracted. The changes in τON and τOFF normalized with 
nonpatterned planar OECTs show that the shortened ionic paths 
within the OMIEC enable markedly improved volumetric doping/
dedoping dynamics. A comprehensive comparison among devices 
with varying pattern sizes and a planar counterpart is presented 
in Fig. 3A, where ES OECTs consistently exhibited faster responses 
than their planar equivalents with matched channel volumes and 
transconductance. Detailed statistical data of the electrical perfor-
mance for each device type are summarized in table S1. Notably, as 
the structure dimensions scaled from the microscale to the na-
noscale, the improvement in response time was increasingly pro-
nounced. For example, a representative transient response from a 
0.2-μm patterned device demonstrated a marked reduction of τON 
from 68.8 to 21.7 μs and τOFF from 35.4 to 19.5 μs, compared to the 
planar OECT (Fig. 3B); the transient responses for the 2- and 20-μm 
patterned devices are presented in fig. S6. The findings indicate that 
the shortened ionic pathways in the 3D ES architecture enhance the 
efficiency of ion redistribution under gate voltage modulation. This 
is supported by electrochemical impedance spectroscopy (EIS) 
measurements and equivalent circuit modeling (fig. S7), which re-
veal comparable channel capacitance between ES and planar OECTs 

but substantially reduced ionic resistance in the ES channel, most 
notably in the 0.2-μm patterned device. Furthermore, the observed 
rightward phase shift in the Bode plot provides additional evidence 
of more efficient ionic doping and dedoping dynamics in ES devices. 
The ES OECTs achieved a notably higher cutoff frequency (fc = 
7.9 kHz), defined as a −3-dB roll-off point of the measured gm, com-
pared to 2.3 kHz for planar devices while maintaining a comparable 
transconductance (Fig. 3C). The agreement between the extracted 
time constants and the theoretical relationship 1/2πfc ≈ τON further 
validates the accuracy of our speed measurements. Figure S8 presents 
a comparative analysis of the frequency response characteristics be-
fore and after channel patterning, which modifies the channel volume 
through the etching process. While the patterned ES architecture yields 
a considerable enhancement in bandwidth, this comes at the cost of 
a moderate reduction in transconductance, attributable to the reduced 
volumetric capacitance. However, this trade-off can be effectively miti-
gated by increasing the channel thickness. As a result, the overall 
transconductance–bandwidth product (gmBP) of the ES OECTs sub-
stantially surpasses that of their planar counterparts, highlighting 
their potential for high-speed bioelectronic applications.

To assess the device stability under repetitive switching, we ap-
plied 150 square pulses with a 100-μs width to the gate over a 30-ms 
period. As shown in Fig. 3D, the device reliably exhibited consistent 
switching behavior with stable transient responses. Notably, we 
achieved the fastest response time among external ion-gated OECTs 
using common PEDOT:PSS formulations, such as ethylene glycol 
addition. Our 3D ES device, with a channel width and length of 20 
and 10 μm, respectively, attained τON of 4.1 μs and τOFF of 3.2 μs, 
representing ~2× to 3× improvement in response speed over planar 
counterparts (τON of 13.6 μs and τOFF of 10.2 μs) while maintaining 
comparable transconductance (Fig.  3E). The corresponding fc was 
determined to ~26 kHz, resulting in a record gmBP of slightly above 
104 Hz·mS, a crucial figure of merit calculated as the product of 
bandwidth and the transconductance (Fig. 3F). To provide deeper 
insight into performance trade-offs between different PEDOT:PSS-
based OECT architectures, we plotted the operating cutoff frequency 
fc against the maximum of transconductance gm,max. As illustrated 
in Fig. 3G and summarized in table S2, our ES OECTs clearly outper-
formed previously reported PEDOT:PSS-based transistor architec-
tures, including nanomesh, nanofiber, and vertical channel designs 
(33–35, 37, 40, 41, 43, 45–47, 51–53). The exceptional gmBP achieved 
here indicates that further structural development and optimization, 
such as increasing the aspect ratio of the 3D ES pillar structures or 
using thicker channel films, could further enhance the surface-to-
volume ratio at the electrolyte-channel interface and shorten ionic 
diffusion pathways, ultimately maximizing the achievable gmBP.

In vivo demonstration of high-frequency neural 
signal recording
To validate practical applicability, 3D ES OECT-based active neural 
probes were implanted in rat sciatic nerves, and neural signal activi-
ties were recorded during mechanical stimuli on mechanoreceptors 
in the foot (Fig. 4A). The implanted OECT neural probe was confor-
mally positioned to wrap around the sciatic nerve. Owing to the low 
modulus of nerves, the neural probe was provided with strategies to 
ensure biocompatibility and compressive stress relief. The ultrathin 
and flexible parylene substrate of OECT helps alleviate continuous 
compressive forces, preventing fascicle deformation (Fig.  4B). To 
compare the performance of both types of planar and ES OECTs 
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simultaneously, we placed the two types of OECT devices on the 
OECT neural probe in the longitudinal direction of neural signal 
transmission. The recorded signal is connected to an external circuit 
in the form of a common-source amplifier, which converts it to a 
voltage and then passes it to the data acquisition system.

For the planar OECTs, the amplification characteristics decrease 
rapidly beyond kHz, whereas ES OECTs can maintain relatively high 
amplification gains into the higher frequency regimes. The measured 
neural signals were changed with the neural state of the sciatic nerve of 
the rat in real time, and time-frequency analysis of neural activities 
recorded by our OECT neural probe was shown (Fig.  4C). The ES 
OECTs and planar OECT recorded neural signals simultaneously dur-
ing the stimulus-present period and the stimulus-absent period. The 
recorded signals could be different because the active channel of each 
device is in different parts of the nerve. The evoked action potential 
observed in the ipsilateral nerve is a result of mechanical stimulation 
applied to the limb using a brush. The results of the time-frequency 
analysis indicated that, during the mechanical stimuli, a strong signal 
was detected between 500 Hz and 5 kHz. The signal-to-noise ratio 

(SNR) obtained from ES OECTs (SNR of 5.08) was superior to that of 
the signals obtained from planar OECTs (SNR of 3.95). SNR was de-
fined as the ratio of the root mean voltage of the evoked neural signal 
to the root mean voltage of the remaining neural signals. The planar 
OECTs faced challenges in accurately detecting peripheral nerve sig-
nals within the frequency range. For ES OECTs, on the other hand, the 
cutoff frequency is shifted toward higher values, enabling the preser-
vation of relatively high amplification characteristics throughout a 
broad range of frequencies. The results of these neural signal record-
ings directly demonstrate the effects of the 3D ES structure.

DISCUSSION
Biological systems rely extensively on ions for critical physiological 
functions, such as signal transduction, information storage, and main-
taining cellular homeostasis, analogous to electrons in conventional 
electronic systems. OECTs, built upon OMIECs, uniquely facilitate the 
simultaneous conduction and processing of both electronic and ionic 
signals via an electron-ion charge compensation mechanism. This 

Fig. 3. Transient and frequency response of 3D ES OECTs. Comparison of the normalized (A) turn-on (τON) and turn-off (τOFF) time constants extracted from transient 
measurement for different pattern sizes (0.2, 2, and 20 μm) relative to planar OECTs, under matched transconductance. N = 5. (B) Transient drain current response of planar 
and ES OECTs (0.2-μm pattern). A square pulse gate voltage of ±0.6 V was applied, and VD = −0.6 V. The extracted time constant τ values were obtained by fitting the drain 
current response using the equation y = y0 + A1e−(x−x0)/τ​. Experimental data are shown as hollow symbols (red circles for ES and gray squares for planar), and fitting results 
are shown as solid lines (red for ES and black for planar). (C) gm-frequency characteristics of planar and ES OECTs (0.2-μm pattern) with a cutoff frequency (fc​) guideline. 
(D) Cycling stability of ES OECTs (0.2-μm pattern). (E) Fastest temporal response of the drain current of ES OECTs (W = 20 μm and L = 10 μm) compared with planar OECT per-
formance. (F) Corresponding frequency dependence of transconductance with a −3-dB line. (G) Comparison of gm,max and cutoff frequency fc for ES OECTs (this work) and 
various PEDOT:PSS-based OECT architectures reported in literature. Gray diagonal lines represent constant transconductance–bandwidth product (gmBP) contours. The ES 
OECTs shown in red stars correspond to devices with channel patterns of 0.2 μm. Corresponding planar OECTs with the same channel dimension are shown as red circles.
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exceptional property enables their seamless integration into bioelec-
tronic interfaces, effectively bridging electronic systems and biological 
environments (20, 54–56). A key performance parameter of OECTs, 
transconductance, directly governs signal amplification but inherently 
faces a trade-off with the device’s operational speed. Conventional pla-
nar OECTs experience slower ionic doping and dedoping kinetics as 
their channel volume increases, which is necessary to achieve higher 
transconductance. This limitation can be understood through an 
equivalent RC circuit model, in which device transient behavior is 
characterized by an exponential response defined by a time constant 
(τ), expressed as a product of the resistance of electrolyte (Rs) and 
channel capacitance (Cch). Consequently, increasing channel volume 
to enhance higher device gain inevitably prolongs ionic diffusion 
paths, reducing operational bandwidth and thus limiting their applica-
tion in high-frequency bioelectronic interfaces.

On the contrary, our proposed 3D ES architecture enables signifi-
cant bandwidth enhancement without sacrificing transconductance 
performance. By introducing micro- and nanoscale structural features, 
the 3D ES configuration shortens ion diffusion distances, independent 
of channel volume, thereby substantially improving volumetric doping/
dedoping dynamics. The increase in surface-to-volume ratio ensures 
efficient and rapid ion penetration and release, enhancing transient 

response without sacrificing transconductance. Notably, recent ope-
rando x-ray fluorescence studies of PEDOT:PSS have revealed that ion 
transport along polymer interfaces can be faster than bulk transport 
due to enhanced local ion density and shorter effective drift-diffusion 
lengths (57). Although our ES configuration differs structurally, the 
considerably increase in electrolyte-exposed surface area could facili-
tate similar interfacial effects, possibly contributing to the improved 
response characteristics observed. To further elucidate these interfa-
cial contributions, future work involving in situ spectroscopy will be 
important for directly tracking the spatiotemporal dynamics of ion dop-
ing within complex 3D architectures. Crucially, this approach scales ad-
vantageously with increased channel volumes, a feature impossible to 
achieve in planar devices.

Our experimental results demonstrate markedly enhanced transient 
and frequency response characteristics, validated by a substantial in-
crease in cutoff frequency as the channel pattern size is scaled down. 
Notably, the 3D ES OECTs achieved cutoff frequencies up to 26 kHz and 
an unprecedented gmBP exceeding 104 Hz·mS, surpassing the perfor-
mance of both planar and previously reported high-speed OECT archi-
tectures. These results highlight the effectiveness of the 3D ES design in 
mitigating the long-standing trade-off between transconductance-
bandwidth in OECT. By enabling high-gain, high-speed operation 

Fig. 4. Continuous peripheral neural signal monitoring by using 3D ES OECTs. (A) Schematic and photography of the OECTs neural probe with planar and ES, interfac-
ing with a rat sciatic peripheral nerve. The scale bar represents 5 mm. (B) 3D schematic and microscopic images of the OECTs neural probe and channel details. S/D, source/
drain. The inset shows the close-up ES channel pattern. The scale bars represent 500 μm (left) and 20 μm (right). (C) Synchronized sensory neural signals and spectrograms 
with and without mechanical stimulation in the OECTs channel (i.e., ES and planar). The presented data are 0.5 to 5 kHz band-pass filtered.
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within a structurally simple and fabrication-compatible framework, this 
platform represents an important development for next-generation 
bioelectronic interfaces. Future work may further exploit structural pa-
rameters, such as pillar geometry and thicker channels, to push the per-
formance envelope and broaden the scope of bioelectronic applications.

MATERIALS AND METHODS
Preparation of OECT channel materials
The channel material for the OECTs was composed of the PEDOT:PSS 
polymer (Clevios PH 1000, Heraeus), known for its high conductiv-
ity. The PH 1000 solution contained a solid material concentration 
ranging from 1 to 1.3%, with a weight ratio of PEDOT to PSS set at 
1:2.5. To enhance the conductivity and reduce the surface tension of 
the PEDOT:PSS, a solution was formulated with 5% ethylene glycol 
and 0.1 wt % dodecyl benzene sulfonic acid. The solution was supple-
mented with 1 wt % of (3-glycidyloxypropyl) trimethoxysilane to en-
hance mechanical stability and promote adherence to the substrate. 
This formulated channel ink was filtered through a 0.45-μm poly-
ethersulfone filter to eliminate unwanted particulates that could pat-
tern uniformly.

Device fabrication
3D ES OECTs were fabricated on a flexible parylene-SR substrate 
using a silicon wafer as a base. Silicon wafers were deposited on a 
2-μm parylene-SR using chemical vapor deposition (OBT-PC300, 
Obang Technology). The source and drain electrodes were fabricat-
ed from gold on the parylene substrate using standard photolitho-
graphic processes. Subsequent to the deposition of an additional 
2-μm layer of parylene-SR, a second round of photolithography was 
conducted to expose the electrodes and contact pads using AZ 
GXR-601 photoresist (AZ Electronic Materials, Luxembourg). This 
was followed by spin coating the wafer at 1500 rpm for 60 s and a 
subsequent baking process at 110°C for 90 s. For defining the active 
channel area, the wafers were exposed by laser (250 mJ/cm2) using 
photolithography (MLA-150, Heidelberg Instruments). The wafers 
were then developed in an AZ 300MIF (Merck) for 35 s. Next, the 
substrate was etched using reactive ion etching (RIE) [CIONE 6, 
Femto Science, Republic of Korea, 150 W/O2 60 standard cubic cen-
timeter per minute (sccm)] to expose the metal regions. Subse-
quently, the conducting polymer was patterned to form the active 
channel. The channels were baked at 130°C for 1 hour to produce 
a cross-linked PEDOT:PSS film and immersed into deionized water 
overnight to remove any residual compounds. To fabricate micro- and 
nanopatterns of the channel, a third lithography was conducted. For 
microstructured channels, the same photolithography method as de-
scribed above was used. In contrast, for nanostructured channels, e-
beam lithography was used. A positive e-beam resist (950 PMMA A2, 
MicroChem) was spin coated on the wafers that have cross-linked 
PEDOT:PSS channel of OECTs at 4000 rpm for 1 min. Next, baking on 
a hot plate at 180°C was applied for 5 min. The coated photoresist was 
exposed using e-beam lithography (ELS-7000, Elionix) at an accelera-
tion voltage of 80 keV and beam current of 100 pA. The exposed resist 
was developed by immersing it in solution (MIBK/IPA 1:3). Next, the 
sample was etched using RIE (CIONE 6, Femto Science, Republic of 
Korea, 150 W/O2 60 sccm) to produce a nanopattern channel. After 
etching, the remaining resist is removed by acetone.

The process of fabricating 3D ES OECT-based neural probes 
is completed by adding the interconnection section to the OECT 

fabrication process described earlier. It is noted that the intercon-
nect lines were intentionally designed with a width of 200 μm to 
reduce undesired voltage losses across the interconnects. Anisotro-
pic conductive film bonding was performed to connect the device to 
commercial external zero insertion force connectors using flexible 
flat cables (FFCs).

Device characterization
Electrical characterizations were conducted using a 0.01 M phosphate-
buffered saline solution. The OECT gate electrode was coupled with 
an Ag/AgCl electrode and submerged in the electrolyte. Transfer 
characteristics and gm-frequency characteristics were acquired by 
using a semiconductor device analyzer (Keysight B1500A and 
Keithley 4200A). All measurements were carried out under ambient 
conditions. Impedance spectroscopy was performed using a PalmSens4 
impedance analyzer (PalmSens, Netherlands), applying a 30-mV 
sinusoidal potential at an offset bias of 0 V across a frequency range 
of 1 Hz to 1 MHz. Transient drain current responses were recorded 
using an ultrafast pulse measurement system (4225-PMU, Keithley). 
A stylus profiler (Bruker, Dektak XT) was used to measure the 
thickness of the PEDOT:PSS film. The measurements were executed 
at a speed of 0.1 mm s−1 with a stylus force of 3 mg. Nanoscale 
surface topology data were collected using tapping mode AFM 
(model: NanoScope V, Bruker and Jupiter XR, Oxford). Field-emission 
SEM and critical-dimension–SEM images were from models of JSM 
7800F PRIME, JEOL Ltd., and 9380II Hitachi, respectively.

In vivo evaluation
All animal experiments were performed and handled in accordance 
with the regulations of the Institutional Animal Care and Use Com-
mittee of the Pukyong National University (approval no. 2023-046). 
For the ES OECT implantation, male Sprague-Dawley rats (300 g) 
were anesthetized with isoflurane. Initially, anesthesia was induced 
with 5% isoflurane in 100% oxygen (0.5 liters/min) for 5 min in an 
induction chamber. Once the pedal reflexes were lost, the hair was 
shaved. During the procedure, a nose cone provided continuous 2% 
isoflurane via a calibrated vaporizer. After achieving a deep level of 
anesthesia, the incision in the skin was expanded toward the dorsal 
region of the paw to reveal the musculature of the hind limb. Next, 
the muscles known as lateralis and biceps femoris were identified 
and subsequently retracted in order to expose the sciatic nerve. 
Subsequently, the OECT device was carefully wrapped around the 
sciatic nerve following the excision of the adjacent tissue. The ES 
OECT device was connected via an FFC, and a power supply was 
used to bias the transistors’ drains. The recorded neural signals 
were amplified, band-pass filtered in the range of 300 Hz to 5 kHz, 
and digitized at a 30-kHz sampling rate using an RHD Recording 
headstage controller (RHD2132, Intan Technologies). For cer-
tain analyses, recordings underwent additional digital filtering 
with a 60-Hz notch filter and a band-pass filter to determine the 
SNR. SNR was computed using the peak of the highest activity and 
the root mean square noise during periods of minimal biologi-
cal activity.

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Tables S1 and S2
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