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Organic (OECTs) with
neuromorphic functions were developed using layer-by-layer
ferrocene coatings on PEDOT:PSS. The ferrocene unit density
increased proportionally with more layers. Neuromorphic
behavior, including synapse plasticity, was controlled via gate
voltages linked to capacitive or redox processes. This
approach offers promising flexibility for programmable
neuromorphic device design.

electrochemical transistors

As the demand for adaptive and low-power electronics grows,
organic electrochemical transistors (OECTS) are attracting
increasing attention for neuromorphic applications. OECTs
operate by ion injection and extraction in organic mixed
conductor-based channels,'™ a process that closely resembles
neural signal transmission. This similarity makes them highly
promising for neuromorphic device applications.®™** The
function of such devices depends on ionic processes with
asymmetric time constants, where ion injection and
extraction occur at different rates. Several designs have
demonstrated neuromimetic behavior by trapping injected
ions to significantly delay the extraction time."? Conversely,
accelerating ionic dynamics has been reported to decrease the
time constant of neuromorphic operations. A common
technique for speed-tuning is the addition of a third
component to a mixed conductor.">'"'* For instance,
poly(ethers), such as polytetrahydrofuran, trap alkali metal
ions in the film to realize large hysteresis in device
operation,"* whereas poly(styrene sulfonate) sodium salt
(PSSNa) facilitates ion movement for faster operation."* These
methodologies remain the focus of research as potential
means of streamlining manufacturing processes.

While previous studies have enabled control over synaptic-
like time constants during the fabrication process, adjusting
these constants at the post-fabrication stage remains a major
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challenge for neuromorphic device development. Achieving
such post-fabrication programmability would offer greater
flexibility in designing and building organic neural networks.
One way to achieve such programmability is to incorporate
molecules with multiple thermodynamically stable states into
the device. This concept, used in memory devices like
floating-gate transistors,””'® and atomic switches,"”"®
enables bistable switching but typically requires ionic
diffusion for neuromorphic function. Here, we realize a
similar structure by placing bistable molecules on an OECT
channel coated with an ultrathin insulating layer.

In this study, we developed OECTs incorporating redox-
active layer-by-layer (LbL) films to achieve programmable
retention behavior. Our previous work showed that ferrocene-
modified polyethyleneimine (PEI-Fc)-based LbL films
(Fig. 1a and b) can function as resistive switching devices."
Building on this, we integrate the LbL films on PEDOT:PSS in
a three-terminal OECT architecture: PEDOT:PSS|PEI-Fc/PSS
LbL films (Fig. 1c). In contrast to earlier studies that focused
on controlling ion permeation,”** this approach leverages
redox activity to modulate synaptic plasticity.

Fig. 2 illustrates the UV-vis spectra obtained during the
LbL cycles to confirm uniform deposition. The absorption
peak at 227 nm was ascribed to the n-mn* transition of
benzene rings in PSS,>*** which served as a good indicator of
the deposition quality of the LbL layers. UV-vis
measurements are performed on PEDOT:PSS and bare quartz
substrate. As reported in our previous study,> green and
orange dots exhibit linear trends for PEI with and without
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Fig. 1 (a and b) Chemical structures of polymers and (c) schematic
illustration of ferrocene-functionalized OECT devices based on
PEDOT:PSS|PEI-Fc/PSS LbL films.
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Fig. 2 UV-vis absorption spectroscopy data of PEDOT:PSS and
PEDOT:PSS|PEI-Fc/PSS  LbL films; (Left) spectra and (Right)
development of absorption at 227 nm for LbL films on PEDOT:PSS
films or quartz substrates. Note that the contribution from the
underlying PEDOT:PSS layer was subtracted to isolate the absorbance
of the LbL overlayer.

ferrocene moieties, respectively, confirming uniform
deposition on quartz substrates. The red and blue dots show
the trends of the samples on the PEDOT:PSS films. Each case
exhibited linear trends with the number of bilayers up to 10,
indicating a uniform deposition on the PEDOT:PSS film.
Notably, the slopes of the PEI-Fc samples were slightly
smaller than those of the samples without ferrocene units.
This finding might be attributed to the reduction in charge
on the PEI chains owing to the functionalization by the
ferrocene units. In addition, water contact angle
measurements were carried out after each deposition cycle.
The contact angle exhibited periodic changes corresponding
to the sequential adsorption of PSS and PEI-Fc, confirming
the multilayered architecture of the films with
interpenetrated  structures (see SI). These results
demonstrated that the functionalized PEI-Fc¢ was uniformly
deposited on the PEDOT:PSS substrates via the LbL method.
Fig. 3 shows the CV data for the PEDOT:PSS|PEI-Fc/PSS LbL
films. In the control experiment for the samples with PEI and
PSS bilayers, the LbL films without Fec exhibited capacitive
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Fig. 3 Cyclic voltammetry data for PEDOT:PSS|PEI-Fc/PSS samples:
(Left) cyclic voltammogram for six-bilayer sample and (Right) peak
current vs. scan rate plot. The horizontal axis in the left panel shows
the gate voltage, which is reversed relative to the standard
electrochemical representation (vs. Ag/AgCl).
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voltammogram. In contrast, the PEI-Fc/PSS samples exhibited
additional redox peaks at a gate voltage of approximately —-370
mV. These reversible peaks were assignable to the redox
reactions of the ferrocene units.>® To confirm whether the
redox-active ferrocene units were bound to the substrate, the
scan rate dependence of the peak currents was examined for
each sample with different layer numbers. The right panel of
Fig. 3 shows the plot, and all cases follow a power of one to the
scan rate, indicating that the redox-active ferrocene moieties
are bound to the substrate and do not diffuse into the
electrolyte.”® The effective surface density of Fc was calculated
from the slopes of these lines using the following equation:

I, = n’FPvAT/(4RT) (1)

where n, F, v, A, I', R, and T are the number of electrons in
the redox reaction (n = 1), the Faraday constant, scan rate,
sample area, surface density of the redox-active species, gas
constant, and temperature, respectively. The /" values were
determined to be 3.97 x 10, 6.96 x 10 !, and 9.55 x 10 **
mol em™ for the samples with two, four, and six bilayers,
respectively. These values were proportional to the number of
layers (I" per layer I* = 1.67 x 10" mol cm™> per layer). This
result indicates that most of the ferrocene units in the LbL
films were redox-active in the film state. Note that the /™* on
PEDOT:PSS layer is slightly larger than our previous work on
bare ITO substrates,'® suggesting the improved electrical
connections due to interpenetration between the LbL layer
and the PEDOT:PSS layer. In summary, the PEI-Fc/PSS LbL
systems were prepared on the PEDOT:PSS films while
maintaining the redox activity of the ferrocene moieties.

The ferrocene-functionalized films were incorporated into
the OECT devices based on the fundamental analysis
described above. Fig. 4 shows the output and transfer curves
of the OECT devices. The output curve demonstrates
depression-mode operation, where the drain current
decreases upon applying a gate bias. These operations were
similar to those of the neat PEDOT:PSS film, suggesting that
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Fig. 4 Output and transfer characteristics of an organic
electrochemical transistor (OECT) using PEDOT:PSS|PEI-Fc/PSS films
(6 cycles). Output curves are recorded at Vg = +0.2, +0.1, ..., -0.5 V,
and transfer curves are shown at Vp = -0.1, -0.3, and -0.5 V. All
measurements were conducted in 0.1 M NaCl aqueous solution using
an Ag/AgCl pellet as the gate electrode.
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cations in the electrolyte were injected into and extracted
from the channel layer through the LbL layer. A small
hysteresis in the output and transfer curves further supported
ion penetration into the LbL layer. The maximum value of
the transconductance g,, of the ferrocene-functionalized
device was 2.3 mS at V = -0.5 V, which was ca. 20% of that
of the OECT based on neat PEDOT:PSS (12 mS at V, = -0.5 V,
see SI). According to the OECT device model, in which the
transconductance is proportional to the product of the hole
mobility and volumetric capacitance xC*, this reduction is
attributed to the decrease in the effective capacitance of the
PEDOT:PSS layer underneath the PEI-Fc/PSS LbL layer.'”
Although the capacitance of this underlying PEDOT:PSS layer
could not be directly extracted, comparative CV
measurements of PEDOT:PSS coated with PEI/PSS and PEI-
Fc/PSS LbL layers revealed nearly constant total capacitance
irrespective of the number of deposition cycles (see SI). This
indicates that while the overall capacitance remains
unchanged, the effective contribution from the PEDOT:PSS
base layer is reduced when the redox-active LbL films are
deposited. These results indicated the suitability of LbL
deposition for neuromorphic devices without affecting OECT
properties. Furthermore, control devices based on PEDOT:
PSS, PEDOT:PSS/PSS, and PEDOT:PSS|PEI/PSS exhibited
negligible hysteresis in their output and transfer curves (see
SI), in contrast to the pronounced hysteresis observed for the
PEDOT:PSS|PEI-Fc/PSS devices. This hysteresis arises from
the redox activity of the ferrocene moieties and represents a
unique advantage of the ferrocene-functionalized films for
achieving programmable synaptic plasticity.

Neuromorphic operations of the OECT devices were tested
using pair-pulsed depression (PPD) test. In this test, a voltage
pulse train was applied to the gate electrode with varying
intervals (Af), and the transient drain currents were recorded.
At a gate voltage of +0.2 V, where only capacitive processes
dominate (as indicated in Fig. 4), the PPD behavior is
consistent with conventional PEDOT:PSS-based devices or
their blends with PSS-Na.'®'! In this case, 4, and 4, differ
due to slow ion extraction and cumulative de-doping, as
shown in Fig. 5. This response follows a single exponential
decay with a time constant r = 60 ms, reflecting the typical
ion-shuttling mechanism. Such PPD behavior has been
widely observed in pristine PEDOT:PSS systems."" To further
improve ionic transport, PEDOT:PSS channel layer
modifications have been explored. Among them, Nafion
incorporation has been demonstrated with enhanced paired-
pulse facilitation because of effective ion penetration.>”
However, in both pristine and Nafion-modified systems, the
characteristic time constants remain essentially independent
of the applied gate bias. In contrast, the ferrocene-modified
PEDOT:PSS|PEI-Fc/PSS devices presented here not only retain
PPD but also exhibit a clear gate-voltage-dependent
modulation of the decay time constant, highlighting a unique
functional advantage of the ferrocene incorporation. When a
gate voltage is applied that activates the redox reaction of the
ferrocene moieties (Vg = 0.4 V), the PPD behavior changes
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Fig. 5 Paired-pulse-depression (PPD) in PEDOT:PSS|PEI-Fc/PSS

OECTs. (Top) Applied voltage stimulus at gate with pulse interval of At
= 50 ms, pulse amplitude of -0.5 V, and pulse width of 100 ms, leading
to drain current transients measured at a constant drain voltage of Vp
= -0.5 V. Time zero corresponds to the onset of the first gate pulse.
The peak drain current amplitudes immediately after the first and
second gate pulses were defined as A; and A,, respectively (indicated
by arrows). (Bottom) Depression in drain current amplitude from
baseline (A; and A;) as a function of pulse interval At for a OECT device
operated at different gate pulse amplitude. Solid lines represent
exponential fits to the data: a single-exponential function for +200
mV, and a two-component exponential function for -400 mV. For the
-400 mV condition, 7 = 30 s was obtained from curve fitting;
however, as this value approaches the maximum At in the experiment,
it should be regarded as a lower bound.

significantly. =~ The redox switching between  two
thermodynamically stable states introduces a different
response profile. As summarized in Fig. 5, the device
nonlinearity, evaluated as 1 — A,/A;, shows clear voltage
dependence. Under redox-active conditions, the decay
kinetics require a two-component exponential fit, suggesting
distinct contributions from capacitive and redox processes.
Notably, the first component (7; = 60 ms) matches the time
constant observed at Vg = -0.2 V, suggesting that this
component corresponds to capacitive ion injection and
extraction. The second, slower component is therefore
attributed to the redox process of the ferrocene moieties. This
component exhibits a time constant of 7, > 30 s (note that
this reflects the wupper limit of At accessible in our
measurement setup), corresponding to the reduction of Fc'
to Fc, which is limited by electron transfer due to the low
ferrocene content.

In our previous study, we reported that the apparent
hole diffusion constant (D,pp,) was of the order of 107 to
107" ecm® s, indicating that hole diffusion proceeded by
the polymer segment motion mechanism.’® Based on this
value, the calculated diffusion length during 7, under one-
dimensional diffusion was /Dapp7, ~10' nm, which was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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consistent with the thickness of the LbL film. This
finding supports the hypothesis that the slow component
originates from an Fc'/Fe redox reaction. From a practical
standpoint, this voltage-dependent behavior can be used
to mimic synaptic plasticity in a single device by simply
changing the polarity of the gate voltage. The presence of
a slower decay component (r, > 30 s) under redox-active
conditions  further indicates that the retention
characteristics of the device can be extended beyond the
typical short-term range, potentially enabling multiscale
synaptic response behavior. This feature is advantageous
for controlling the response speed of the neuromorphic
OECT devices. Further optimization and mechanistic
investigations will pave the way for programmable
neuromorphic devices and circuits based on OECTs.

Conclusions

This study demonstrated the successful LbL deposition of
ferrocene-containing polyelectrolytes (PEI-Fc/PSS) onto the
PEDOT:PSS films under ambient conditions. The deposition
cycles were monitored wusing water contact angle
measurements, UV-vis spectroscopy, and cyclic voltammetry
to demonstrate the uniformity and functionality of the film.
The OECT device based on the ferrocene-functionalized films
of PEDOT:PSS and PEI-F¢/PSS LbL building blocks operated
under the depression mode without compromising the
integrity of the underlying PEDOT:PSS layer. The PPD test
demonstrated the ability to control the time constants by
adjusting the gate voltage polarity, mimicking the synaptic
plasticity processes observed in biological neurons. This
study presents a novel approach for voltage-dependent
programmability in OECT-based neuromorphic systems by
incorporating redox-active LbL films. Beyond mimicking
synaptic behavior, the method offers a pathway toward
neuromorphic circuits with tunable memory and response
speed, expanding the design flexibility for organic artificial
neural systems.
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The data supporting this article have been included as
part of the SI.
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