Article

UDC 681.527.74:539.23(045) Received: 25.02.2025
d_-}) https://doi.org/10.31489/2025PH2/35-46 Accepted: 01.04.2025

Zh.Zh. Akhatova®, B.R. llyassov'™’, G.S. Seisenbayeva’,
D.S. Kambar!, A.K. Aimukhanov?, L.S. Aldasheva®, A.V. Zavgorodniy*

IAstana IT University, Mangilik El 55/11, Block C1, 010000 Astana, Kazakhstan;
2Karaganda Buketov University, Karaganda, Kazakhstan

Electrochemical rectifying device based on polymer thin films

In this work we study the rectifying behavior of organic electrochemical transistors (OECTS). Despite OECT
devices are symmetric devices they display asymmetrical output IV curves at negative and positive drain bias
sweep. Here, we show that the asymmetry is introduced by the electrical connections with the drain (or
source) potential affecting the distribution of ion density in the channel that tunes the doping/de-doping state
of the channel and consequently modulates its conductivity. This effect is profoundly noticeable on accumu-
lation mode OECT based on Poly(3-hexylthiophene) (P3HT) channel layer. We demonstrate that accumula-
tion mode OECT can operate either as a current rectifier with the positive rectification polarity or as a current
rectifier with the negative rectification polarity by simple changing connection of the gate electrode either di-
rectly to the source or to the drain, respectively. The underline mechanism of the current rectification and
hystereses in 1V curves of OECT based rectifier are discussed. At the forward Vs sweep, the doping of the
drain region occurs due to the injection of anions driven by positive AV. During the forward scan, the channel
begins in a highly conductive state, resulting in higher forward current. In contrast, during the backward scan,
the channel is more resistive, leading to lower current. Besides the capacitive hysteresis caused by ion inertia,
the intrinsic capacitive hysteresis associated with electronic charging/discharging and polarization due to lat-
eral ion movement also contributes to the observed hysteresis.
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Introduction

Electrochemical rectifiers based on organic thin films represent a new class of functional devices that
harness the interplay between ionic and electronic transport mechanisms to achieve nonlinear current-voltage
(I-V) behavior [1-4]. These devices differ fundamentally from conventional semiconductor diodes, which
rely on charge carrier separation at p-n junctions to produce rectification [5]. Instead, electrochemical rectifi-
ers operate through the modulation of the charge carrier density in a semiconducting polymer by ionic spe-
cies from an electrolyte. This process, known as electrochemical doping and de-doping, provides a unique
platform for constructing low-voltage, flexible, and biocompatible electronic components using soft materi-
als [6-10].

The emergence of organic mixed ionic-electronic conductors (OMIECS) has significantly expanded the
scope of organic electronics. These materials support simultaneous ionic and electronic conduction [11], en-
abling new types of devices that bridge the gap between traditional electronics and electrochemical systems.
Among OMIECs, poly(3-hexylthiophene) (P3HT) is one of the most widely studied due to its ease of pro-
cessing, structural tunability, and well-characterized optoelectronic properties [12-14]. While P3HT has
been primarily used in organic field-effect transistors (OFETSs) [15], photovoltaic cells [16-18], and sen-
sors [19], its electrochemical properties have gained increasing attention, particularly in the context of organ-
ic electrochemical transistors (OECTSs) [20-22]. In OECTSs, the application of a gate voltage causes ion pene-
tration into the polymer bulk, modulating its conductivity via bulk electrochemical doping [23]. This mode
of operation makes OECTSs highly sensitive to ionic environments, thus ideal for applications in biosensing
and neuromorphic computing.

Interestingly, the OECT architecture can be reconfigured into a two-terminal rectifying element by elec-
trically connecting the gate to either the source or drain electrode [4]. In such configurations, the gate poten-
tial becomes fixed with respect to one terminal, and the drain potential effectively governs the electrochemi-
cal state of the channel. This results in asymmetric doping/de-doping dynamics along the channel length,
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leading to 1-V characteristics that exhibit diode-like rectification. The rectifying behavior in these organic
electrochemical systems is not due to Schottky barriers or built-in potentials, but rather to the spatially non-
uniform ionic modulation of conductivity driven by electrochemical gradients. This sets them apart from tra-
ditional diodes and brings their operation closer to that of nanofluidic diodes [24], ionic memristors [25], and
artificial synapses.

Understanding the rectification mechanisms in these soft electronic devices is essential for unlocking
their potential in logic circuits, bioelectronics, and energy conversion. However, despite recent interest, sys-
tematic investigations of electrochemical rectification in polymer-based devices remain limited. There is still
a lack of clarity on how factors such as device geometry, material morphology, gate connection scheme, and
bias polarity influence the degree of rectification. Moreover, the role of ionic dynamics in shaping the time-
dependent response of such devices — including hysteresis and inductive effects — is not fully understood.
These factors are critical for designing stable and efficient rectifiers that can operate under practical condi-
tions.

In this work, we report the fabrication and in-depth characterization of an electrochemical rectifying
device based on an amorphous thin film of P3HT, configured in an OECT-like architecture. Using
interdigitated indium tin oxide (ITO) electrodes on glass and a planar electrolyte interface, we construct a
geometry that allows us to study the asymmetric modulation of channel conductivity. We demonstrate that
when the gate is connected to the source or drain, the device exhibits strong diode-like I-V curves with recti-
fication ratios exceeding an order of magnitude at zero gate bias. This two-terminal configuration simplifies
the device operation and opens the door to integration with passive circuit elements. Our recent work [4] pre-
sents a comprehensive analytical model that captures the key physical mechanisms governing the operation
of organic electrochemical rectifiers, forming the theoretical basis for the present study.

We further investigate the origin of the rectification by combining current-voltage measurements with
impedance spectroscopy and cyclic voltammetry, we identify the contributions of ionic motion and charge
redistribution to the observed asymmetry and hysteresis in the 1-V curves. We also observe the emergence of
inductive features in impedance spectra at low frequencies, consistent with previously reported chemical in-
ductance in other mixed-conductor systems such as halide perovskites [26-28]. Our results reveal that the
dynamic electrochemical behavior of the channel is highly sensitive to both the direction and rate of voltage
sweeps, reflecting the inherent ion-electron coupling and slow ionic response.

The findings presented in this study offer new insights into the operation of electrochemical rectifiers
and provide a foundation for the rational design of next-generation devices based on organic semiconductors
and electrolytes. By harnessing electrochemical rectification in OMIEC materials, it becomes possible to
construct soft, printable diodes and memory elements that operate efficiently in aqueous or physiological
environments, paving the way for their application in wearable electronics, implantable devices, and
neuromorphic circuits.

Experimental

Organic electrochemical rectifiers with the architecture of OECT is fabricated using P3HT as the active
material in the channel. P3HT (LT-S909) was purchased from Luminescence Technology Corp. As source-
drain electrodes interdigitated pre-patterned 1TO glass substrates from Ossila (S161: Width x Length: 30 mm
x 50 um) were used. P3HT solution was prepared by dissolving 25 mg of polymer in 1 ml chlorobenzene in
a glovebox with an inert atmosphere. The solution was stirred during 3 hours at 45 °C before spin-coating.
ITO patterned source-drain substrates were rigorously cleaned. First, substrates were sonicated in DI water
with a detergent for 10 mins, and then were rinsed three times by DI water, followed by a sonication in ace-
tone and IPA for 10 mins. Finally, substrates were dried by nitrogen flow and were treated by UV-0zone
(UV Ozone Cleaner with UV intensity is approximately 15 mW/cm? at 185 nm, L2002A3-EU, Ossila) for 15
minutes in order to remove any residual organics and improve wettability of the substrate surface.

P3HT channel layers were casted by a spin-coating technique. 30uL of the P3HT solution at 45 °C were
dropped on substrate spinning at rate of 2000 rpm and was kept rotating for 1 minute. As-casted P3HT films
were further used without annealing in an amorphous state. According to the works of Ginger and his co-
workers, amorphous P3HT based OECTs mostly operate in electrochemical mode [20, 21]. 20 mM KClI
aqueous solution was used as electrolyte and Ag wire served as a gate electrode. IV curves were measured by
a 2 channel Keithley source meter controlled by a customized LabVIEW program. The impedance spectra
were probed by PalmSens4 potentiostat with Impedance Analyzer.
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Results and Discussion

Rectification behavior of OECT

The simplified diagram of accumulation mode OECTs is depicted in Figure 1A. The interdigitated ITO
on a glass substrate was used as source and drain electrodes. An amorphous P3HT layer, 20 mM KCI aque-
ous solution and Ag wire were used as a channel, an electrolyte and a gate, respectively. The P3HT based
OECT, which is the accumulation mode device, is on turn off state at the absence of the gait bias (Vg = 0 V).
At Vg =0V, the P3HT channel has a negligible density of holes and as a result a low conductivity. By ap-
plying the negative gate bias relative to the source, the conductivity of the channel can be increased dramati-
cally. Under an appropriate negative Vg, anions (CI") from electrolyte are injected into the bulk of P3HT and
consequently equivalent amount of holes will be inserted from the source (at Vg < 0) in order to electronical-
ly compensate for charges of anions. This phenomenon is called an electrochemical doping. Biasing the drain
relative to the source generates an electric current in the channel (lg), the value of which depends on the ap-
plied Vg. The more negative Vg results in higher Iy at fixed Vg due to the increased channel conductivity
resulted from the electrochemical doping. However, the (de)doping of ions is driven not only by the gate bias
but in addition it is affected by the drain (or source) potential interfering the electrochemical doping.

The output curves of P3HT OECT are shown in Figure 1B. The output curves at various gate bias-
es (Vgs) Were measured at negative and positive drain bias (Vgs) polarities relative to the source in order to
reveal inherent rectifying feature of OECT. As can be seen from Figure 1B, OECT output curves are asym-
metrical, current values at positive Vys Sweep is higher in comparison with negative Vg sweep. This asym-
metry in the output curve is more profound at Vg = 0 V. The rectification ratios at Vq = +0.3 V for different
gate biases are listed in Table. At Vg =0V, OECT shows the highest rectification ratio, the current at for-
ward bias (Vg > 0) at least one order of magnitude larger in comparison with reversed current (Vg < 0). We
observe that the more negative gate bias noticeable mitigates this IV asymmetry due to enhanced doping of
the channel.
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Figure 1. The schematic representation of the P3HT based OECT [4] and its output curves at various gate bias.
The output curves were measured at the Vs sweep in both negative and positive values relatives to the source

Table
Rectification ratio of the drain current at different gate biases

Gate bias (Vg)/V Current (pA) at Vg: 0.3 V Current (pA) at Vg +0.3 V Rectification ratio
0.0 0.32 4.1 12.8
-0.1 1.6 6.3 3.9
-0.2 2.8 8.4 3.0
-0.3 4.1 10.3 2.5

The rectifying ratio of the OECT is more profound at Vg = 0 V, therefore it is straightforward to use
OECT as a current rectifier at Vg = 0 V, which allow simplifying the OECT into a two terminal device. The
simplest approach to maintain Vg at 0 V is to connect it directly to the source electrode, which is a common
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technique in MOSFET in order to use a transistor as a diode [29]. However it is worth mentioning that typi-
cal MOSFET contains a shunting diode, which passes current when the source and drain are shorted and
without the shunting diode MOSFET will have symmetric IV curves. The electrical connection of the OECT
with the shorted gate and source and its corresponding IV curve is represented in Figure 2. For comparison
IV curves of a pristine amorphous P3HT layer (before adding the electrolyte) and the same device without
the gate electrode is also shown. The IV characteristics in Figure 2 and in the following Figures were meas-
ured in the range of Vg4 of -0.4V to +0.6 V. It is due fact that the wider range of V4 caused irreversible
change of the channel conductivity.
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Figure 2. The schematic representation of OECT with shorted gate and source
and shorted gate and drain and their IV characteristics
(For comparison 1V of pristine P3HT and P3HT in electrolyte without gate are also plotted)

The IV curve of the device without gate is almost symmetrical, which highlights the importance of the
gate for the current rectification. Without gate electrode, in a perfectly aligned device (where the channel
length is much greater than the overlap between the interfaces of electrolyte/channel/electrode), the 1V curve
of the device would be symmetric [3]. However, in real devices, this interface overlap area is not negligible,
and this contact overlap forms an electrochemical double layer causing the electrochemical electrode cou-
pling (EEC), which can cause asymmetric IV curve in OECT devices without a gate [3]. This EEC phenom-
enon drives inhomogeneous (de)doping of ions and strongly dependents on device geometry. In the case
when the gate is presented, the rate of (de)doping of ions is governed by the potential difference between the
gate and the channel, where the potential of the channel along its length is nonuniform [30-32].

As was seen from Figure 2, OECT with shorted gate and source electrodes reveals diode like IV curve.
At the positive Vg, the device is more conductive and at the negative Vg it is highly resistive. We associate
this phenomenon with the effect of the drain on doping/de-doping of the channel (Fig. 3). At negative Vs
sweep, we detect a low current which is comparable with a current in the pristine P3HT implying that the
channel is de-doped (Fig. 3A). Though, this de-doping is not uniform along the channel length and more pro-
found close to the drain. However, at the positive Vg sweep, the device shows a significantly higher current,
which indicate about doping of the channel during the scan (Fig. 3B). Similarly, this doping also is not uni-
form. It is worth mentioning that this highly asymmetrical 1V curve of P3HT OECT resembles the IV curve
of nanofluidic rectifiers based on nanopores [24, 33]. However, the underline rectifying mechanism is com-
pletely different.

One can argue that the enhanced drain current in positive Vg sweep can be the leakage current which
can originate between electrolyte/P3HT/drain overlap areas. However, the contribution of the leakage current
on lgs can be easily analyzed by comparing Ig with 14 (gate current) due to Iq current is the sum of the channel
charging current and the leakage current. Therefore, the origin of this diode-like 1V curve of OECT with
shorted source and gate is attributed with the effect of the drain potentials on doping/de-doping process.
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Blue dotted line shows an overly simplified channel potential (AV) along its length relative to the gate.
The gradient of the channel color is oversimplified doping state of the channel: in the case of Figure 3A
cherry red colored regions are initial low de-doped state, whereas more bleached regions are de-doped state.
Oppositely, in the case of Figure 3B, low faintly bleached regions are initial low de-doped state
and reddish regions are doped state. The charge carriers are not shown

Figure 3. Simplified diagrams of de-doping (A) and doping (B) of the channel governed by the drain potential

The potential along the length of the channel (AV) is not constant (Fig. 3). It is 0 V near the source and
either increases or decreases toward the drain, depending on the polarity of the Vg, up to the value of the
drain potential near the drain. The source and gate is shorted and the potential difference AV (Ve, —V,) be-
tween the channel region near the source and the gate is 0 V and always fixed to this value. Therefore there
is no any ion driving force perpendicular to the channel near the source region, which governs doping/de-
doping process. In contrast, the situation is completely different around the channel region near the drain.
The drain region potential is changing during the V4 sweep, which causes the change of the magnitude and
the direction of the driving force of the doping/ de-doping process at that region. The AV is changing and its
sign depends on the Vg polarity.

At the negative Vg sweep, the potential of P3HT region from the drain and toward the source is nega-
tive relative to the gate and its value increases, which creates ion driving force pattern pushing absorbed ani-
ons back to the solution and pulling cations into the channel, therefore causing de-doping of P3HT. At the
more negative Vs the state of the de-doping increases and the volume of this depleted region broadens to-
wards the source, which overall contributes to the decrease of the P3HT film conductivity. In contrast, at the
positive drain bias sweep, the region around the drain becomes more conductive due to the increase of the
anion density caused by positive AV. The sweep of Vg to more positive values will further increase the anion
density and widen this enriched region toward the source. As result, the conductivity of the film increases.

As it was shown by the previous discussion, the accumulation mode OECT with shorted gate and
source electrodes function as a two terminal rectifier with the positive polarity rectification. However, the
rectification polarity can be easily reversed by changing the connection of the gate. In Figure 2, an electrical
connection of OECT with shorted gate and drain electrodes and its IV curve is shown as well. As the IV
curve indicates, the OECT with shorted gate and drain behaves as a rectifier with negative high current. At
the positive Vg sweep the current is low and is comparable to the current of the pristine P3HT device. How-
ever, at the negative Vg sweep the current is higher by at least one order.

The IV curve of the OECT with shorted gate and drain is almost mirror reflection of the 1V curve of the
OECT with shorted gate and source. The rectifying mechanism is identical; however the doping/de-doping
processes are governed by the source electrode. During Vg Sweep, AV near the drain region is 0 V (due to
Vs = Vgs) and fixed, whereas at the source region AV is changing due to change of gate potential, which is
connected to the drain. At positive Vg sweep, AV < 0, the gate is more positive relative the source, which
causes an intake of cations and pushing anions out. This causes de-doping of the channel region near the
source and widening its volume toward the drain, which leads to the decrease of the channel conductivity
and lower current at positive Vys sweep. At negative Vys sweep, near the source AV> 0, which creates the pat-
tern of ion driving force pushing anions into the channel and extracting cations. Overall, the density of holes
increases leading to the growth of channel conductivity and to enhanced .
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Hysteresis in IV curves

Electrochemical devices typically have strong hystereses in cyclic voltammetry IV curves. The origin of
the hystereses can be various. In this section we will discuss the hystereses originating from sluggish ion re-
sponse on a potential perturbation. In OECTSs, (de)doping rate is limited by ion mobility in the channel,
which is significantly smaller in the comparison with the hole mobility. This ion sluggishness usually reveals
itself in cyclic voltammetry as hysteresis in varies electronic devices involving ion migration due to the ap-
plied bias [34-37]. Similarly, in IV curves of OECTs, we observe hystereses, when the current measured at
forward scan does not coincide with the current probed at the backward scan. The hysteresis in IV curves of
OECTs is inherent phenomenon and in the most cases it is caused by slow response of ions to Vg or Vg,
change [38, 39].

In Figure 4, cyclic IV curves of the OECT rectifier with shorted gate and source at positive Vg Sweep
measured at various scan rates (V,) are depicted. Each IV curves at a fixed scan rate was measured at least
two times in order to make sure that observed hystereses are kinetic. We should clarify that these IV curves
on Figure 4, technically, is output curves of OECT at Vg = 0. However, due to the significant effect of the
drain on the channel doping/de-doping process, these IV curves are not measured at the steady-state gate cur-
rent. During the Vg sweep the gate current changes causing doping and de-doping of the channel. This
(de)doping of the channel during the CV measurement causes hystereses.

In cyclic IV curves of the OECT rectifier at positive Vg, we observe inductive hysteresis, which is at-
tributed with the slow response of ions to the change of AV. At the forward Vg sweep, the doping of the
drain region occurs due to the injection of anions driven by positive AV. When the Vs reaches the turning
point, the channel has been doped to some extend to a more conductive state and during the backward Vs
sweep de-doping takes place, but the channel is in the slightly higher conductive state, which causes the
higher backward current and the observed hysteresis. The doping and de-doping of the channel is not fast
and is limited by an ion drift diffusion rate.
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Figure 4. Cyclic voltammetry measurements at positive (A) and negative (B) Vs Sweep

The increase of Vg scan rate affects the hysteresis strength and the value of drain current. As can be
seen from Figure 4A the hysteresis strength shrinks by increasing V, and the overall current is decreasing
(shown in Figure 4 by a red arrow), which can be explained by the ion slow response to AV change. At faster
V., the channel cannot reach the density of anions that it can do at slower V, due to ions have less time to
dope the channel at the same Vg sweep range and therefore it is less conductive at higher V,. The collapse of
the inductive hysteresis at higher V,, we attribute with capacitive contribution of the channel. Vg also causes
lateral ion movements in the channel, which polarizes the channel [31, 40, 41]. As can be seen from Fig-
ure 4, the competition of two types of hystereses results in hysteresis-free IV curve in OECT rectifier at
higher positive V4 sweep rate.
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The cyclic 1V curves of OECT with shorted gate and source at negative Vg sweep also have hystereses.
However, in contrast to IV curves in the first quadrant (at positive V), the hystereses in IV curves in the
third quadrant at negative Vg sweep are purely capacitive (Fig. 4B and 5). lon slow response to AV change
can also cause capacitive hysteresis. It depends what occurs at the forward and backward Vgs scan: doping
and de-doping or vice versa. If it is doping at the forward scan and de-doping at the backward one, the hyste-
resis is inductive, what we have discussed earlier. Oppositely, at negative Vy sweep during the forward scan
it occurs de-doping of the channel, which is more intense near the drain and widens with the decreased inten-
sity toward to the source. Indeed, at negative Vg, the potential difference AV is 0V near the source and
growing negatively toward the drain, which causes intake of cations and extraction of anions resulting in the
channel depletion (de-doping). At the backward V4 sweep occurs doping due to AV value is decreasing and
the channel returns to its more conductive state. During the forward scan, the channel starts in a highly con-
ductive state, resulting in a higher forward current. In contrast, during the backward scan, the channel be-
comes more resistive, leading to a lower current. In addition to the capacitive hysteresis originated from ion
inertia, the inherent capacitive hysteresis related with electronic charging/discharging phenomena and polar-
izing due to the lateral ion shift can also contribute to the observed hysteresis.
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CV curves were measured at Vg scan rates (V,) 8.4 mV/s to 66 mV/s.
Measurements at each V, were measured at least two times; second scans were performed
after initials with 15 sec delay and they are shown as dotted lines

Figure 5. Cyclic voltammetry measurements at negative Vqs sweep

Additionally, as can be seen from Figure 5 more clearly, with the increase of V,, the strength of the ca-
pacitive hysteresis magnifies. It is also seen from Figure 4B that at the forward scans the current level for
each V, are approximately identical; however the backward currents at higher V, are noticeably lower in
comparison with the backward currents probed at lower V,. These both trends indicate that at higher V, other
electronic charging/discharging phenomena more profoundly contribute to the hystereses.

Inductive response in impedance spectra

Inductive hystereses in IV curves also often reported in halide perovskite based devices such as solar
cells, photodetectors, LEDs and memristors [34—-39]. In many electronic devices, hysteresis is undesired ef-
fect due to it complicates the evaluation of device performance and can result to unreliable device operation.
Though for some devices such as memristors it is intrinsic property which determines its functionality [42].
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As regards OECTSs, the usefulness of hysteresis will dependent on its application. Therefore a deeper under-
standing of hysteresis originated from the slow dynamic motion of ions through the electrolyte/channel inter-
face and in the channel itself is important in order to mitigate it or oppositely enhance its strength and repro-
ducibility for specific application.

Impedance spectroscope technigue is one of the useful tools to study charge transfer processes in multi-
layered electronic devices [26, 36, 43]. In perovskite based devices, observed inductive hystereses are also
detected in impedance spectra (IS) in the form of negative loops at low frequencies [27], which obtained the
designation as a chemical inductance [28]. However in OECT, which is a three terminal device, the meas-
urement and analysis of IS not straightforward. Though in the case of OECT with shorted gate and source or
shorted gate and drain, the device becomes two terminal and the IS spectra between source and drain can be
easily measured. The small AC perturbation applied to the drain will affect both electronic current and addi-
tionally ionic current, which with some delay will affect the electronic current.

In Figure 6, the measured IS of the P3HT OECT with shorted gate and source electrodes are shown. IS
were measured at the various Vg bias from —0.1 V to +0.5 V and at the AC frequency range from 1 MHz to
10 mHz. All measured IS at different V4 compose of three arcs: large arc located in the middle of IS is clear-
ly related with channel resistance and capacitance. We observe that at negative Vg, the middle arc dimeter is
too large, whereas at positive Vg its value is decreasing (Fig. 6), which is consistent with the IV curve of the
device.
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A — Impedance spectra measured at Vy bias from 0V to + 0.5 V;
B,C,D—ISatVg4=+0.1V, V4 =+0.3V, and Vg = +0.5 V, respectively

Figure 6. Impedance spectra of OECT with shorted gate and source

At high frequencies there is a small arc in all IS, which does not depend on Vg (the inset in Figure 6A).
In the IS of pristine P3HT device (without electrolyte) this small arc is absent. However, it is present in the
device with electrolyte but without gate, which implies that this arc in the high frequency range presumably
represents double layer at the electrolyte/P3HT/electrode interface.

The IS responses at low frequencies are significantly different at both Vs polarities. At negative —0.1 V
and 0V it has mixed diffusion and RC characteristics, whereas at positive Vy, we observe inductive loops
curling in negative Z" toward the origin (Fig. 6B-D). This type of negative loops at low frequencies are
common in IS of perovskite based devices associate with slow transients in the current upon ion displace-
ment under bias change [44]. In the same manner, small AC perturbation in OECT causes ion displacement
(doping/de-doping) and slow transient of the .
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In contrast to the perovskite based devices, in OECT ion drift is two dimensional: (perpendicular)
across the channel, which is governed by gate-channel potential difference and (lateral) along the channel,
which is determined by potential difference between the drain and the source. The robust electrical equiva-
lent circuit is needed in order to properly fit experimental IS and evaluate charge transport characteristics.
The detail analysis of IS of OECTs is beyond the scope of this work and will be addressed in future works.
Nevertheless, the observed inductive loop in IS at positive V4 is consistent with inductive hysteresis in
OECT output curve, which confirm the concept of last studies showing that slow motion of ions in mixed
ionic-electronic devices is universal phenomenon related to the hysteresis in the current-voltage characteris-
tics [43]. A recent effort by J. Bisquert proposed an equivalent circuit for OECTSs that incorporates the key
features of mixed conduction and transient ionic response [44]. However, this model continues to evolve and
requires further refinement and validation across different device configurations and operational regimes.

Conclusions

This work has revealed underestimated rectifying functionality of OECTs. OECTs inherently have
asymmetrical output curves caused by the effect of the drain potential. Despite this phenomenon is undesired
feature in OECT operation, it can be utilized for the development of organic electrochemical rectifiers (di-
odes) for printable electronics. The same OECT device can be used as polarity switchable rectifier by chang-
ing the connection of the gate electrodes. The origin of rectifying behavior of OECT is proposed based on
enormous studies in OECT analysis of IV characteristics. The significant asymmetry in IV curve of OECT
with shorted gate and source and shorted gate and drain are related with the enormous effect of the drain (or
source) potential, which can modulate doping and de-doping state in the channel. However, detail studies are
needed to obtain deep understanding of the rectifying characteristics and to derive solid theoretical model of
transient current of OECT based rectifiers. Moreover, it is not clear how the device geometry and channel
material properties will affect the rectifying characteristics of OECTs, which require more rigorous studies.
Nevertheless, this work reminds overlooked rectifying property of OECTs enabling them found a new appli-
cation in organic electronics, bioelectronics and neuromorphic computing.
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MommMmepi )KyKa KadbIKIIAJAPFa Heri3/1e/reH
IJIEKTPXUMHUSUIBIK TY3eTKilll KYPbLIFbI

Makanana opraHuKaJIBIK JIEKTPXUMUSUIBIK TpansucTopiapasie (OECTSs) Ty3ery cunmarramanapbl 3epTTei.
OECT KypbUTFBUIapBl CHMMETPHSUIBI KYPBUIFBUIAp OONFaHBIHA KapaMacTaH, ojlap aFbIHHBIH Tepic jKoHE OH
BIFBICYBIMEH IIBIFBIC KEPHEYIHIH aCHMMETPHSUIBIK KHCBIKTapblH Kepcereni. MyHzaa 013 acCHMMETPUSIHBIH
apHa/laFbl MOHAAD THIFBI3/BIFBIHBIH TapalyblHa dCEep €TETiH arblH (HeMece Ko3) MOTEHIHANBI SIIEKTPIIIK
KOCBUTBICTap/IaH TYBIHAAUTHIHBIH KOpceTeMi3, OyJl apHaHBIH JIeTHUpIIey/JeTHpIeyai MIenry KYWiH peTTeil
JKOHE OCBhUIAalIIa OHBIH OTKI3TIITIrH MOmyIsuusitaiiabl. By ocep ocipece momu(3-rexcuntuoden) (P3HT)
apHa kaOarteiHa HerizgenreH OECT xwuHakTay pexuminae Oaiikanmansl. XKunakray pexxumingeri OECT oy
TY3€Ty MOJSIPJIBIFEI 0ap TOK TY3ETKIIl peTiHAe Hemece Oackapy 3JIeKTPOJbIH TiKeJel Ke3re Hemece arbIHFa
KOCBIN Kail FaHa ©3repTy apKbUIbI TEPIC TY3ETY MOJIPIBIFEI 0ap TOK TY3ETKIilll peTiHAe 1€ KYMBIC icTeil
anateiHbiH kepcetiireH. OECT wHerizinaeri Ty3eTkimTiH [V KHCHIKTapbIHAAFBl TOKTHI TY3ETYAIH HETI3ri
MeXaHHU3Mi jkoHe TucTepesuc Tankpuianapl. OECT Ty3erkinminin [V muUKIaik KUCHIKTapbiHAa OH Vys Ke3iHIES
WHIYKTUBTI THCTepe3ucTi OaiikaiiMbI3, Oy moHmapabiH AV e3repyiHe Oasy peakmMsACBIMEH TYCIHIIpiiemi.
Tikene#t Vg KOCBUTYBI Ke3iH/E aFbIHIBI afMaKTHIH JieTUpieHyi oH AV TyblHAZaFraH aHUOHIBl MHXEKIHsIay
apkpUTBl Kypeni. Tikeneil ckaHepiey Ke3iHAe KaHall )KOFapbl OTKI3TIIITIKIIEH )KYMBIC icTei GacTaiiipl, Oy
TiKeJel TOKTHIH )KOFapbUIayblHa okeneni. KepiciHie, kepi ckaHepiiey Ke3iH/e KaHall YJIKeH Keaeprire ue, 0yt
TOKTBIH TOMeH/eyiHe akeneni. VIOHIBIK MHEepUUMsaH TYbIHIAFaH CBHIMBIMABUIBIKTBI TUCTEPE3UCTEH Oacka
OaiiKajaThlH TUCTEPE3HC COHBIMEH KaTap AJIEKTPOHIbI KYPBUIFBUIAPIBI 3apsaTayra/pa3psiarayra JKoHe
MOHIap/AbIH OYHipIIiK KO3FaIBICHIHBIH TOJISIPH3AIMsACHIHA OaliIaHbICTHI.

Kinm co30ep: OpraHUKAaJbIK AJIEKTPXUMHSIBIK TPAH3UCTOP, SIEKTPXMMHSUIIBIK TPAH3WUCTOPIIBIK TY3ETKIll,
ANEKTPXUMHSUIBIK TPAH3UCTOPIBIK JTHOJ, aCHMMETPHSUIBIK [V KHCBIK, HHAYKTHBTI THCTEPE3UC, HOHJBIK-
anexTpoHapl oTKi3rinmn, P3HT kabats

K.K. AxatoBa, b.P. Unsscos, I'.C. Ceiicenbaena, J[.C. Kam0Oap,
A K. Aiimyxanos, JI.C. Annamesa, A.B. 3aBropognuit

JIEKTPOXUMHUYECKOe BhINPSIMHUTEIbHOE YCTPOICTBO
HA OCHOBE TOHKHUX MOJMMEPHBIX IVIEHOK

B cratbe W3y4eHBl XapaKTEPUCTHKH BBHINPSIMICHUS OPraHMYECKUX 3JIEKTPOXMMHYECKUX TPaH3UCTOPOB
(OECTS). Hecmotpst Ha 1o, urto ycrpoiictrBa OECTS SBISIOTCS CHMMETPUYHBIMH, OHU JEMOHCTPHUPYIOT
ACHMMETPHYHbBIC KPHBBIC BBIXOJAHOTO HATIPSKEHUS IIPH OTPULIATEIIBHOM ¥ MTOJIOKUTEILHOM CMEIICHHUH CTOKA.
Hamu nokasaHo, 4TO aCHMMETpHUS BO3HUKAET U3-32 3JIEKTPUUSCKUX COCAMHEHUH C MOTEHINAIOM CTOKA (MM
HCTOYHHKA), BIMAIOLINX Ha PACIpeAesiCHHEe INIOTHOCTH HOHOB B KaHAJE, YTO HACTPAUBAET COCTOSIHHUE JIETHU-
POBAHMS/CHATHS JISTHPOBAHUS C KaHAla M, CIIEIOBATEIBHO, MOAYIUPYET €ro MPOBOIMMOCTb. ITOT 3B deKT
ocobeHHo 3ameteH B pexxume HakomieHus B OECT Ha ocHOBe KaHAIBbHOTO €101 U3 NONH(3-TekcmiITHOheHa)
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(P3HT). Ms1 nemoncTpupyeM, uto OECT B pexuMe HaKOIJICHUS MOXKET padoTaTh MO0 KaK BBHIIPSIMUTENb
TOKa C TOJIOXKUTETbHON TMONSIPHOCTHIO BBINIPSIMIICHHUS, JIHOO KaK BBIIPSMUTENb TOKA C OTPHLATENBHOH Io-
JISIPHOCTBIO BBIIPSIMIICHHS ITyTE€M IIPOCTOTO W3MEHEHHs MOAKITIOUEHHs YIPABILIOLIEro MEKTpoja JH0o He-
TIOCPEICTBEHHO K MCTOYHUKY, JIUOO K CTOKY, COOTBETCTBEHHO. OOCYKIaeTCsl OCHOBHOW MEXaHU3M BBITIPSIM-
JICHUs TOKa U rucrepesucsl B IV kpusbix Beimpsmutens Ha ocHose OECT. Ilpu npsMoM CKaHUpOBAaHUU Ka-
HaJl HauYMHAeT paboTaTh C BEICOKOHW IPOBOAMMOCTBIO, YTO NMPUBOAUT K YBEIWYEHHIO NpsiMoro Toka. Hampo-
THUB, IpY 0OpPAaTHOM CKaHHPOBAHMH KaHAJ 00JIaJaeT OOJIBIINM COIPOTHBICHHEM, YTO IPHBOJINUT K CHIKEHUIO
Toka. I[JoMHMO €MKOCTHOTO THCTEepe3nca, BHI3BAHHOTO WHEPLHEN HOHOB, HAOIIOJAEMBbII THCTEPE3UC TaKKe
00yc/IOB/IEeH COOCTBEHHBIM EMKOCTHBIM TI'MCTEPE3UCOM, CBSA3aHHBIM C 3apsAKON/pa3psaAKON 3JIEKTPOHHBIX
YCTPOMCTB U MOJsipu3aiueii n3-3a 00KOBOTo IepeMeIeHHsT HOHOB.

Kniouesvie cnosa: OopraHU4ecKUil >JIEKTPOXUMHYECKHNA TPAH3UCTOP, IEKTPOXHUMUYECKUI TPaH3UCTOPHBINA
BBIIIPSIMUTENb, ICKTPOXUMUUECKUM TPaH3UCTOPHBIM NUOMA, aCUMMETpU4Has KpuBas IV, MHIyKTUBHBIN Tuc-
TEpPEe3UC, HOHHO-3JIEKTPOHHBIN IPOBOAHUK, cioil P3HT
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