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Abstract Organic electrochemical transistors (OECTs) enable high-performance bioelectronics through their efficient ionic-electronic coupling,
yet realizing a complete neuronal signal pathway that transduces environmental stimuli into spiking activity and synaptic memory remains a per-
sistent system-level challenge. Here we demonstrate a neuron-inspired signal transduction pathway constructed entirely from OECTs, compris-
ing a signal receptor, a spiking axonal module and a synaptic memory unit. System-level functionality is examined using a hardware-in-the-loop
configuration based on direct analog signal transfer. The raw output photocurrent generated by the receptor drives the axonal oscillator, and the
resulting voltage spikes subsequently modulate the synaptic device, without any algorithmic scaling or software-based amplification. This direct-
drive regime preserves physical signal causality and reveals that the intrinsic signal levels of each functional block are naturally matched to the in-
put requirements of the subsequent stage. Experimentally, receptor-induced spiking activity reliably gives rise to short-term synaptic plasticity
under these unassisted conditions. Together, these results demonstrate the inherent inter-stage electrical compatibility of OECT-based devices

and establish a rigorous experimental foundation for the future monolithic integration of fully organic neuromorphic systems.
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INTRODUCTION

Traditional electronic systems and biological neural tissues are
fundamentally mismatched in signal transduction and physico-
chemical properties!' resulting in low signal translation efficien-
cy, poor information fidelity, and limited long-term compatibili-
ty at heterogeneous interfaces, which are major obstacles for
neural engineering and brain-computer interfaces. Atrtificial
neurons have emerged to bridge this gap by mimicking the
core electrophysiological features of biological neurons, gener-
ating action potential-like signals with biologically relevant am-
plitudes and timescales, while reproducing key dynamic pro-
cesses such as synaptic weight modulation and firing adapta-
tion.”"® However, conventional silicon-based metal-oxide-
semiconductor field-effect transistors (MOSFETSs) face intrinsic
limitations in replicating these functions; they rely on electron
conduction rather than ionic signaling, are typically rigid and
mechanically incompatible with soft tissues, and operate at
voltage and power levels far exceeding those of biological neu-
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rons.”l Consequently, MOSFET-based circuits struggle to
achieve long-term, high-fidelity, and low-damage interactions
with living neural systems. In contrast, organic electrochemical
transistors (OECTs) regulate channel conductivity through ion
doping/dedoping, operate at low voltages with biologically
comparable power consumption, and can be fabricated from
flexible and biocompatible materials.>”! These features allow
OECTs to emulate action potentials and synaptic dynamics
while achieving high physical and functional biomimicry, pro-
viding a versatile hardware platform for seamless neural inter-
faces.l'011

As the fundamental structural and functional unit of the
nervous system, a classical neuron comprises three interde-
pendent regions that mediate reception, integration, conduc-
tion, and transmission of neural signals (Fig. 1).'273] The sig-
nal reception zone, formed by dendrites and the cell body,
converts chemical or electrical inputs into local membrane
potentials that are integrated over space and time.l'4'5] The
axon serves as the signal encoding and conduction pathway.
When depolarization surpasses a threshold, voltage-gated ion
channels generate all-or-none action potentials, enabling
long-distance, high-fidelity transmission.['671 The synapse, as
the third region, forms specialized junctions that regulate sig-
naling and provide a physical basis for memory via synaptic
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Fig.1 The implementation pathway of OECT artificial neurons.

plasticity.l'819 In artificial neurons constructed from OECTs,
discrete studies have demonstrated biomimetic functionality
within each of these regions, and the Inal group employed a
retina-inspired p-type ion-optoelectronic synaptic OECT to
achieve simultaneous light perception and adaptive modula-
tion across the visible-to-near-infrared spectrum.i29 Rivnay's
group realized tunable threshold spiking neurons with verti-
cal anti-ambipolar bilayer OECTs, enabling precise control of
firing.2"l Lee’s group enhanced short- and long-term synap-
tic plasticity using amino-silane-modified P3HT OECTs, im-
proving the conductance stability by promoting crystalline
aggregation.l?2l Despite these advances, constructing a fully
integrated, monolithic artificial neuron remains challenging,
and variations in ion dynamics and operational timing be-
tween functional modules can lead to signal distortion or de-
lay, whereas reliance on external passive components such as
discrete capacitors hinders high-density integration and over-
all system performance.2’-231 Addressing these interrelated
challenges is essential for advancing discrete demonstrations
to compact, fully integrated OECT-based neuromorphic sys-
tems.[®

This study presents a functionally complete neuromorphic
neuron architecture that implements end-to-end neuron-in-
spired signal transduction entirely using photolithographical-
ly fabricated OECTs (Fig. 1). The system was examined using a
hardware-in-the-loop configuration based on direct analog
signal transfer, in which the raw current output from the sen-
sory module directly drives the downstream axonal oscillator,
and the resulting voltage spikes subsequently modulate the
synaptic device without any algorithmic scaling or software-
based amplification. Functionally, a spiking-generation cir-
cuit built from OECTs produces frequency-tunable all-or-none
action potentials by exploiting the intrinsic gate capacitance
and high transconductance of the device, eliminating the
need for external capacitors. A short-term plasticity OECT
serves as an artificial synapse, where the postsynaptic current
is dynamically modulated by upstream spiking signals. Final-
ly, a light-sensitive OECT acts as the sensory receptor, con-
verting visible-light stimuli directly into current inputs for the
neuron. Together, these components form a continuous,
physically faithful pathway from the environmental input to
synaptic output, demonstrating robust spike generation and
downstream plasticity. This study establishes a rigorous ex-
perimental foundation for fully integrated, monolithic OECT-
based neuromorphic systems and highlights the potential of
end-to-end, hardware-implemented organic neurons for flex-

ible, high-density neuromorphic computing.

EXPERIMENTAL

Fabrication of OECTs

OECTs were fabricated on precleaned Si/SiO, (300 nm) sub-
strates through a sequential process. First, a negative photore-
sist (Futurrex NR 99-1500 PY) was spin-coated at 4000 r-min~"'
for 1 min and subsequently soft baked at 150 °C for 2.5 min. Af-
ter cooling, ultraviolet exposure was performed through a pho-
tomask for 12 s (200-300 W), followed by a post-exposure bake
at 120 °C for 2 min. The substrate was then developed in an AZ
300 MIF developer for 45 s, rinsed with deionized water, and
hard-baked at 120 °C for 1 min for photolithographic pattern-
ing. Subsequently, a Ti/Au (20/80 nm) bilayer was deposited via
electron-beam evaporation and patterned into the bottom
electrodes using a lift-off process in acetone. A 30 nm AlO, isola-
tion layer was grown by atomic layer deposition (ALD) and pat-
terned via the same photolithography steps coupled with wet
etching in phosphoric acid at 80 °C for 3.5 min. A 300 nm Ag
electrode was then formed on the gate region by thermal evap-
oration and lift-off lithography; a defined reaction window was
opened via further lithography, and a 0.5 mol-L~! FeCl, solution
was drop-cast onto the Ag surface. After reacting for 20 min in
the dark, a Ag/AgCl gate electrode was obtained. Semiconduc-
tor layers were formed by spin-coating at 1000 r-min~' from
chloroform solutions of organic semiconductors (5 mg-mL™"),
followed by patterning via lift-off lithography. Finally, a 0.1
mol-L™" KCl aqueous solution was drop-cast onto each channel
as the electrolyte, completing the fabrication of all OECT de-
vices. To encapsulate the aqueous KCl electrolyte in the synap-
tic module, we designed a polydimethylsiloxane (PDMS)-based
isolation-well structure. The KCl solution was precisely confined
within a PDMS microwell fabricated adjacent to the integrated
Ag/AgCl electrode, and a thin PDMS lid was placed on top to
form a sealed enclosure.

Characterization of Device Electrical Performance

The electrical performances of the OECT devices and comple-
mentary inverters were characterized using a Keithley 4200A-
SCS semiconductor parameter analyzer to measure the key
electrical properties, including the current-voltage characteris-
tics. The photoelectrical properties of the OECTs were tested us-
ing a high-power LED light-source system (Thorlabs) that pro-
vided illumination. The performance of the spiking circuits was
evaluated using an FS-Pro (PRIMARIUS) semiconductor parame-
ter test system, primarily for assessing electrical behaviors such
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as voltage-time characteristics.

Signal Transfer in Artificial Neurons

The raw output photocurrents generated by the receptor were
converted into positive values using their absolute values,
which directly drove the axonal oscillator. The DC offset of the
resulting voltage spikes from the artificial axon was removed,
and the remaining AC component was inverted and combined
with a DC bias (0.3 V) to modulate the synaptic device, with-
out any algorithmic scaling or software-based amplification.

Implementation of the Hardware-in-the-loop
Configuration

The hardware-in-the-loop configuration was realized by directly
coupling three OECT-based functional modules: a photosensi-
tive receptor, axon-like spike generation circuit, and synaptic
plasticity device. The electrical output of each module physical-
ly drove the input of the subsequent stage, establishing a con-
tinuous hardware signal pathway from the sensory reception to
the synaptic response. Only minimal analog preprocessing was
applied during the signal transfer to ensure compatibility be-
tween the modules (see above). No algorithmic scaling, digital
processing, or software-based amplification was involved. Elec-
trical connections between modules were implemented
through direct wiring, whereas measurement instruments were
used solely for biasing and signal monitoring. This configura-
tion preserves the native amplitude and temporal characteris-
tics of device-generated signals and enables real-time hard-
ware-level signal propagation across the receptor-axon-synapse
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RESULTS AND DISCUSSION

To realize the functional capabilities of OECT-based artificial
neurons, it is first necessary to fabricate high-performance p-
and n-type OECTs and subsequently construct complementary
inverters. Here, planar-gate OECT devices integrated with
Ag/AgCl electrodes were fabricated using standard pho-
tolithography (Fig. 2a); the detailed fabrication process is pro-
vided in Fig. S1 (in the electronic supplementary information,
ESI). We systematically characterized p-type OECTs employing
p(g2T-TT) as the hole-transport channel and n-type OECTs us-
ing Pg5Tz-5-DPP as the electron-transport channel. Both de-
vices have a channel width-to-length ratio of 400 um/20 um
and utilize a 0.1 mol-L~" KCl aqueous solution as the electrolyte.
The transfer characteristics of the devices are shown in
Figs. 2(b) and 2(c). Under Vps = -0.6 V, the p-type OECT ex-
hibits an on/off ratio (I,n/lo) of about 10% and a maximum
transconductance of 6.29 mS, while the n-type OECT reaches
an Ion/log of about 10° and a maximum transconductance of
1.62mS at Vps=0.6V. The threshold voltages are approxi-
mately -0.26 V for the p-type and 0.46 V for the n-type OECTs.
The close matching of these values facilitates the construc-
tion of complementary inverters with significantly enhanced
voltage gain.2#29] Gate leakage currents (/) remain low for
both devices, not exceeding 10-7 A. Corresponding output
characteristics are presented in Figs. 2(d) and 2(e). Together,
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Fig. 2 (a) Schematic diagram of the OECT structure; (b) Transfer and (d) output characteristics of the p-OECT; (c) Transfer and (e) output
characteristics of the n-OECT.
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Fig. 3 (a) Schematic diagram of the OECT complementary inverter structure; (b) Transfer characteristics and voltage gain of the complementary
inverter; (c) Relationship between the maximum gain and Vpp; (d) Amplification of sinusoidal signals at different frequencies by the complementary
inverter; (e) Relationship between the amplification factor of sinusoidal signals and frequency for the complementary inverter; (f) Stability of

continuous switching of the complementary inverter.

these results demonstrate that the fabricated OECTs exhibit
excellent electrical performance, providing a robust founda-
tion for high-gain inverter design and subsequent implemen-
tation of spike-generation circuits.

Complementary inverters (Fig. 3a) outperform unipolar de-
signs by substantially reducing static power consumption. In
each logic state, one transistor is off, creating a high-
impedance path between the supply rails, which enables a
full rail-to-rail output swing, enhanced noise margins (NM),
and improved energy efficiency.26271 Fig. 3(b) shows the volt-
age transfer characteristics and the corresponding gain of the

OECT-based complementary inverter under varying supply
voltages (Vpp). Both the switching threshold and gain are tun-
able with Vpp, and at Vpp=0.6V, the voltage gain reaches
201 V/V, which represents the state-of-the-art performance
among OECT-based inverters (Table S1 in ESI). The maximum
gain values for each Vpp are shown in Fig. 3(c), highlighting
the potential of the inverter for low-amplitude analog signal
processing. Because one OECT is fully on (low resistance) and
the other is fully off (high resistance), the output is pulled di-
rectly to the supply rail with minimal voltage loss from the
channel conduction (less than 0.01V). NM values are also

https://doi.org/10.1007/510118-026-3703-9


https://doi.org/10.1007/s10118-026-3703-9
https://doi.org/10.1007/s10118-026-3703-9
https://doi.org/10.1007/s10118-026-3703-9
https://doi.org/10.1007/s10118-026-3703-9
https://doi.org/10.1007/s10118-026-3703-9
https://doi.org/10.1007/s10118-026-3703-9
https://doi.org/10.1007/s10118-026-3703-9

Wang, J. Y. et al./ Chinese J. Polym. Sci. 5

evaluated (Fig. S2 in ESI), thereby demonstrating robust noise
immunity and reliable logic discrimination across a wide in-
put range.[2>281 Comparative performance metrics for the NM
relative to previous studies are summarized in Table S2 (in
ESI), further illustrating the competitive advantage of our fab-
ricated complementary inverters.

To assess the amplification performance of the inverter
across the typical low-frequency range of bioelectrical signals
(0.1-100 Hz), the device was biased at its maximum-gain
point to ensure optimal sensitivity.2%3% A sinusoidal input
with a peak-to-peak amplitude of 20 mV, representative of
physiological signal magnitudes, was applied for frequency
response characterization. As shown in Fig. 3(d), the output
waveforms at 1, 10, and 100 Hz exhibit both clear amplifica-
tion and excellent temporal fidelity, demonstrating that the
circuit preserves signal integrity while providing consistent

gain across the tested spectrum. The voltage-gain-frequency
relationship (Fig. 3e) reveals a stable amplification plateau
throughout the low-frequency band, confirming its suitabili-
ty for steady and slowly varying bioelectrical signals such as
electrocardiograms  (ECG) and electroencephalograms
(EEG).B" Low output distortion and consistent gain under-
score the reliability of the inverter as a signal-conditioning
module for wearable or implantable biomedical systems. The
performance uniformity across the devices is shown in Fig. S3
(in ESI), which reports the maximum gain and noise margin
for the 11 complementary inverters. In the repeatability tests,
the inverter maintains stable operation over 1000 consecu-
tive switching cycles (Fig. 3f), demonstrating excellent dura-
bility. Power analysis (Fig. S4 in ESI) confirms ultralow con-
sumption (10-8-10-2 W), a direct consequence of the comple-
mentary architecture, which minimizes quiescent current and
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Fig. 4 (a) Schematic diagram of the Axon-Hillock circuit; (b) Output spike signals under different /;,; (c) Relationship between spike signal

frequency and /;,; (d) Output results of the spike generation circuit under continuous operation for 100 s; (e) Current response of the OECT synaptic
device to ten square-wave pulses; (f) PTP index and pulse interval; (g) Response of the OECT synaptic device to spike signals; (h) Relationship

between the PCS index and spike input current.
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ensures energy is primarily expended during active signal
amplification.l32!

Biological neurons generate action potentials when mem-
brane potential exceeds a well-defined threshold. To emulate
this behavior, we adopted an axon hillock-inspired circuit ar-
chitecture (Fig. 4a in ESI). The circuit consists of two stages of
complementary inverters configured as high-gain non-invert-
ing amplifiers, together with an n-type OECT acting as a reset
transistor, forming a compact spike-generation module. Dur-
ing operation, the input direct current (/;,) charges the intrin-
sic parasitic capacitance of the circuit, leading to a gradual in-
crease in the input voltage (V;,). Once V;, exceeds the switch-
ing threshold of the inverters, the high-gain amplifier pro-
duces a rapid increase in output voltage (V). This increase
in V. activates the reset transistor, creating a discharge
pathway that rapidly reduces V,. The resulting drop in V,
causes V,,; to fall and turns off the reset transistor, thereby
completing a single-spike event. The charging process then
resumed under the applied /;,, initiating the next spiking cy-
cle. By varying the magnitude of /;,, the capacitance charging
rate is continuously tuned by varying the magnitude of /., en-
abling precise control over the output spike frequency.!

The performances of the two cascaded complementary in-
verters are shown in Fig. S5 (in ESI). The resulting voltage
transfer characteristic exhibits a sharp rail-to-rail transition
with a near-ideal gain, confirming efficient signal propaga-
tion. Importantly, the measured NM shows no degradation
relative to that of a single inverter, indicating that the cascad-
ed architecture amplifies the signal while preserving intrinsic
robustness against voltage fluctuations, which is an essential
requirement for reliable operation in noisy physiological envi-
ronments. As shown in Fig. 4(b), the spike signals at V,; un-
der the same /;, demonstrate that, within a defined current
window, the spike frequency can be continuously tuned,
spanning the low-frequency regime characteristic of biologi-
cal neural activity. This behavior highlights the suitability of
this circuit for biocompatible neuromorphic applications.i3"
For example, increasing [, from 50 nA to 5 YA raises the out-
put frequency from 5.56 Hz to 64.9 Hz, effectively covering
the physiological range of neuronal firing rates. Fig. 4(c) fur-
ther shows the relationship between output frequency and
I, thereby confirming the predictable and scalable frequen-
cy modulation capability of the circuit over the tested input
range. Additionally, when operated at /;,=50 nA, the circuit
exhibits stable spiking behavior over continuous operation
for 100 s (Fig. 4d) and remained fully functional after storage
in a nitrogen environment for seven days (Fig. S6 in ESI),
thereby demonstrating robust short-term operational stabili-
ty.

Notably, the p-type OECT shown in Figs. 2(b) and 2(d) can
function as the synaptic element of the artificial neuron. The
device effectively emulates short-term synaptic plasticity, ex-
hibiting two hallmark memory behaviors of biological synaps-
es: paired-pulse facilitation (PPF) and post-tetanic potentia-
tion (PTP). These responses constitute key biomimetic fea-
tures of synaptic information processing. As shown in Fig. 4(e)
and Fig. S7 (in ESI), under pulsed stimulation with varying in-
terpulse intervals, the postsynaptic current displays pro-
nounced facilitation, reflecting a clear dependence on the

stimulation history. To further examine the accumulation
characteristics of short-term plasticity, sequences of voltage
pulses with varying pulse numbers were applied to the
synaptic module, while monitoring the corresponding post-
synaptic current (PSC) amplitude. As shown in Fig. S8 (in ESI),
the PSC progressively increases with pulse number, indicat-
ing pronounced short-term plasticity accumulation. This
pulse-number-dependent facilitation demonstrates the capa-
bility of the device to integrate temporally correlated stimuli,
which is a key functionality for dynamic information process-
ing in neuromorphic systems. This behavior closely mirrors
the temporally dependent plasticity mechanisms observed in
biological synapses. Furthermore, as shown in Fig. 4(f), the
current gain exhibits strong interval dependence, enabling
dynamic signal integration and a sustained post-tetanic re-
sponse following high-frequency stimulation.

To evaluate the signal compatibility and cooperative oper-
ation between the axon zone (spiking circuit) and synaptic
zone, the output signal of the spiking circuit was directly in-
terfaced with the synaptic device after a minimal preprocess-
ing step that faithfully preserved the native spike amplitude
and temporal characteristics. This procedure closely mimics
the transmission of biological spikes from the axon to
synapse. As shown in Fig. 4(g), the synaptic device reliably re-
ceives spike trains generated under different axons, /i, and
converts them into distinct postsynaptic current responses.
When the spiking input current was 50 nA, the postsynaptic
current enhancement factor was 1.27, which increases to 1.53
as [, increased to 1 pA. Moreover, as quantitatively summa-
rized in Fig. 4(h), the postsynaptic current amplitude was sys-
tematically modulated by I/, demonstrating a clear and
monotonic coupling between the two functional zones.
These results confirm that spike signals generated by the ax-
on circuit can directly and effectively regulate synaptic re-
sponse strength without auxiliary signal conditioning, there-
by validating the feasibility and robustness of the integrated
two-stage system comprising axon and synaptic zones for re-
liable signal transmission and cooperative neuromorphic pro-
cessing.

To realize an artificial neuron with end-to-end sensory per-
ception and information processing capabilities, we selected
a p-type OECT based on a photosensitive polymer (R6, Fig. S9
in ESI) as the signal-reception module. The transfer and out-
put characteristics of this device are shown in Figs. 5(a) and
5(b), respectively, demonstrating pronounced photosensitivi-
ty under illumination at specific wavelengths. As illustrated in
Fig. 5(c), the real-time photoresponse reaches 48.5 nA at
Vs=—0.1 V and increases to 65.8 nA at Vgs=—0.2 V. From the
transient photoresponse curves at V;=—0.2 V (Fig. 5¢), the
rise time (defined as the time for the photocurrent to in-
crease from 10% to 90% of the peak value) and fall time (from
90% to 10% of the peak value) are measured to be approxi-
mately 6.40 and 7.15 s, respectively. We further characterized
the light-intensity dependence of the photosensitive OECT by
measuring its photocurrent output under varying illumina-
tion intensities. It is clear that the photocurrent increases
monotonically with increasing light intensity (Fig. S10a in ESI).
The spectral response range of the photosensitive OECT was
evaluated by measuring the photocurrent under monochro-
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Fig. 5 (a) Transfer characteristic curve of the photo-responsive OECT; (b) Output characteristics of the photo-responsive OECT; (c) Photocurrent

response of the OECT; (d) Photocurrent response, () spike signals, and (f) synaptic current response of the complete artificial neuron.

matic light irradiation at different wavelengths (Fig. S10b in
ESI). A higher Vs drives the OECT into a high transconduc-
tance regime, where the drain current becomes highly sensi-
tive to carrier density variations. Consequently, photogener-
ated carriers induce a larger conductivity modulation, result-
ing in an enhanced photocurrent response.*3 By incorporat-
ing this photosensitive OECT as the signal reception zone and
interfacing it with the previously established axon and
synapse zones, a complete neuron-inspired signal transduc-
tion chain comprising reception, spike generation, and synap-
tic processing is constructed. In this configuration, the pho-
tocurrent generated by the photoreceptor is directly used as
the input to the axon zone, where it is converted into spike
trains, and the resulting spiking output is subsequently deliv-
ered to the synaptic zone to modulate the synaptic plasticity.
Specifically, the photocurrent generated at V= —0.09 V (Fig.
5d) serves as the driving signal for the OECT-based spiking
circuit and downstream synaptic device.

Under optical stimulation, the axon circuit produces corre-
sponding spike outputs (Fig. 5¢), which in turn induce poten-
tiation of the postsynaptic current in the synaptic zone (Fig.
5f). The postsynaptic current increases from an initial ampli-
tude (A;) of 0.73 mA to a final amplitude (Ag,,) of 0.78 mA,
corresponding to a potentiation ratio Agn,/A; of 1.07. When
the input photocurrent falls below a threshold level, no spike
generation is observed, primarily due to leakage currents in-
herent to the devices, which is consistent with threshold-de-
pendent firing behavior in biological neurons.34 Together,
these results demonstrate a fully functional end-to-end neu-
ron-inspired system, in which external optical stimuli are
sensed by a photoreceptive OECT, transformed into spike-en-
coded signals by an axon-like circuit, and ultimately translat-

ed into adaptive synaptic responses. This integrated organic
electrochemical neuron unifies sensing, encoding, transmis-
sion, and short-term plasticity within a single hardware
framework, closely emulating the biological sequence from
receptor activation to synaptic information processing. This
approach provides a device-level pathway for neuromorphic
sensing systems capable of direct environmental interaction
and adaptive signal processing.

CONCLUSIONS

In conclusion, we demonstrated a fully lithography-defined
neuromorphic neuron architecture that achieves end-to-end
neuron-inspired signal transduction using OECT devices. High-
performance p- and n-type OECTs enable complementary in-
verters with voltage gains exceeding 200 V/V, forming the basis
for an Axon-Hillock-inspired spiking circuit that generates sta-
ble, continuously tunable all-or-none spikes within biologically
relevant frequency ranges. By integrating a p-type OECT-based
synapse exhibiting short-term plasticity and a photosensitive
OECT serving as the signal-reception zone, the system realizes a
complete hardware neural pathway from sensory perception to
spike-based transmission and synaptic modulation. Importantly,
signal propagation across the receptor, axon, and synapse
zones is achieved through direct analog coupling without ex-
ternal discrete components or algorithmic scaling or amplifica-
tion, highlighting the intrinsic electrical compatibility of OECT-
based functional blocks. In the present proof-of-concept
demonstration, the three functional modules are arranged in a
planar configuration and interconnected through wired con-
nections, enabling the independent verification of each func-
tional block and reliable signal transfer between them. This
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work establishes a compact and scalable platform for neuro-
morphic perception hardware, and the lithography-defined de-
vice architecture further provides a pathway toward dense inte-
gration using standard microfabrication technologies, offering a
device-level route toward adaptive bioinspired systems capable
of direct interaction with complex environments.

The ultimate goal of neuromorphic systems is to realize di-
rect functional coupling across the full neuronal pathway
from perception to transmission and short-term memory,
such that stimulation of the sensory unit can immediately
elicit synaptic plasticity without external encoding or relay
circuits.34351 Achieving this level of integration is currently
limited by signal-interface mismatches; sensory OECTs typi-
cally produce slowly varying analog outputs, whereas spiking
and synaptic modulation require well-defined voltage ampli-
tudes, temporal profiles, and thresholds.[?¢! Overcoming this
bottleneck will require coordinated advances across materi-
als, devices, and circuits. At the material level, multimodal-re-
sponsive organic semiconductors may enable sensory out-
puts that intrinsically match synaptic modulation require-
ments.l26371 At the device level, multifunctional OECT archi-
tectures integrating sensing and nonlinear preprocessing
could serve as compact “sensing-processing” units.8! At the
circuit level, leveraging intrinsic OECT properties, such as anti-
ambipolarity, may further simplify spike generation and re-
duce system complexity.[539 In parallel, future system inte-
gration may transition from the present planar prototype to-
ward monolithic interconnections on flexible substrates,
where different functional modules are directly linked
through microfabricated metal interconnects. Multilayer ar-
chitectures with vertical interconnects can further reduce the
footprint by stacking sensory, processing, and synaptic layers.
Together, these directions outline a path toward fully inte-

grated organic neuromorphic hardware with physically cou-
pled perception, transmission, and plasticity, while the inher-
ent scalability of OECT devices, whose channel dimensions
can be reduced to micrometer or even sub-micrometer scales
using standard microfabrication, supports high-density inte-
gration suitable for wearable and adaptive sensing systems.
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