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ABSTRACT: Organic electrochemical transistors (OECTs) can be opti- x
mized by tuning the gate-channel capacitance ratio via geometry or materials. E— il
However, electrolyte properties also critically influence performance, which is ¢
a phenomenon unexplained by capacitive models alone. This study demon-

strates that varying electrolyte concentration modulates the on-state current Re
(I,,), the off-state current (I ), the on—off ratio (I, /I g), and the threshold

voltage (V). We propose a new impedance-based model incorporating both  source m Drain Cen
capacitive coupling and resistive voltage division across the electrolyte to T
explain these effects. This model successfully predicts and verifies a fre-

quency-dependent V. shift under high-frequency signals. Leveraging this insight, we demonstrate that appropriately increasing the
gate DC bias compensates for this shift, thereby enhancing transconductance in high-frequency applications.

Electrolyte
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Potential
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1. INTRODUCTION devices.”>>* Most notably, within the sensing domain, the recent
technology roadmap® reaffirms that the seamless convergence of
these very traits, such as high sensitivity, biocompatibility, and
manufacturing  efficiency, makes organic transistor-based
biosensors a versatile platform for next-generation interactive
electronics.

The performance of the OECTs critically depends on the
device layout and in particular on the channel. Bernards and
Malliaras established the model bridging the channel length
(L) and width (W) with the drain current.® Rivnay et al. found
that the thickness of the channel can tune the performance of
OECTs.”® In the model from Rivnay et al.,*® the width of the
channel and the thickness of the channel (d) are proportional
to I, or g, while the length of the channel is inversely propor-
tional to them. However, some researchers found that the gate,
which has not appeared directly in this model, impacts OECT
performance as well. Tan et al. reported that chemically
doped polymer gates can tune the threshold voltage of
OECTs.”” Blom et al reported that thicker poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
gates show stronger gating efficiency than their thinner

Organic electrochemical transistors (OECTs) utilizing organic
mixed ionic-electronic conductors (OMIECs) have gained signif-
icant attention due to their capability to act as ionic-to-electronic
transducers.”” A typical OECT configuration comprises three ter-
minals, source, drain, and gate, with a conjugated polymer channel
bridging the source and drain. The device operates by applying a
drain-source voltage (Vpyq) across the channel to generate an out-
put drain current (I;,). The application of a gate voltage (V)
modulates the penetration of ions from the electrolyte into the
polymer bulk, thereby shifting the channel’s doping state and elec-
trical conductivity."”* Because this doping process occurs through-
out the entire volume of the channel—rather than being confined
to a thin interface—OECTs exhibit remarkably high transconduc-
tance values (g, ). This high g enables the detection of minute
gate voltage fluctuations through substantial changes in Ip,,
making OECTs ideal for on-site signal amplification.*®
Furthermore, the diverse palette of available organic semiconduct-
ing materials allows OECTs to be engineered with mechanical
stretchability,” low interfacial stiffness for soft mechanical con-
tact,® and inherent biocompatibility.” The volumetric nature of
the charge transport within these devices simplifies the fabrication

process, enabling cost-effective and scalable manufacturing tech- Received: May 8, 2026
niques such as inkjet printing,'®"'* laser patterning,'*'* and Revised:  June 29, 2026
the development of sustainable substrates like wood-based Accepted: July 7, 2026

OECTs."® Collectively, these advantages have established
OECTs as versatile tools in a wide range of cutting-edge applica-
tions, including neural interfaces,'®'” chemical and biological sen-
sors,'®'? integrated circuits,"”*' and neuromorphic computing
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counterpart.”® Cicoira et al. reported that varying the gate area
can tune the response of their OECT sensors.”” In their find-
ings, the capacitance ratio [Cg/ (Cg + Cg)], (capacitance of
the gate (Cg) and capacitance of the channel (C)) plays the
critical role. The changes in the capacitance ratio leads to
changes in the other performance features, including Ip,, g,
and further sensing ability.”®***' Besides the influence of the
capacitance, the electrolyte is also viewed to change the perfor-
mance of OECT. Lin et al. pointed out that the type of ion in
the electrolyte could change the effective V, of OECTs, and
ions with one valence could play a more important role than
ions with two or more valencies.”> Romele et al. also observed
that higher ionic concentrations could shift the transfer curve
of OECTs to negative potentials.>* In addition, chemical com-
ponent variations within the electrolyte could induce profound
morphological rearrangements and even conformational transi-
tions, which drastically alter the charge transport properties.”*
Although the influence of the electrolyte is repeatedly observed,
none of the prior work established a theory capable of describ-
ing the performance changes by varying capacitance ratio and
electrolyte composition together.

In this paper, the influence of the electrolyte concentration
on the OECT performance is confirmed and explained. I,
and V. can be changed by tuning the concentration of the elec-
trolyte of OECT's with nearly fixed capacitance ratio. Electrolyte
resistance, which has been widely recognized as a dominant fac-
tor limiting the transient switching speed of OECTs via the
ionic RC time constant’ but surprisingly overlooked in classical
capacitance ratio theories, stands as the primary factor driving
the concentration-dependent shift in Vi. A new theory is
derived, which utilizes the impedance instead of the capacitance
to explain both the influence of the electrolyte concentration
and the capacitance, simultaneously. This theory proposes that
high frequency signals increase the Vi, which is also confirmed
by experiments. An operation point tuning strategy is proposed
as a new method to enhance the high-frequency amplification
ability of OECTs.

2. RESULTS AND DISCUSSION

All organic electrochemical transistor devices in this work were
fabricated on a S-pm-thick parylene-C (PaC) film, a biocompat-
ible material, supported by a quartz substrate (Figure 1a). The
channel between the source and drain consisted of
PEDOT:PSS (Figure S2a), a widely studied mixed ion—electron
conductor with high electronic and ionic mobility and large
transconductance. 3-Glycidoxypropyltrimethoxysilane (GOPS)
and dimethyl sulfoxide (DMSO) were added to the polymer
to improve the mechanical stability and the electrical conductiv-
ity, respectively.>®>” A transparent glass ring was used to define
the electrolyte reservoir on an OECT (Figure S1a), and a chip
test socket was employed to contact the metal pads of the chip
with its contact pins, which utilized the wire connections to
increase measurement efficiency (Figure S1b). During the elec-
trical characterization, the source contact was grounded, while
voltages were applied to the gate (Vg) and the drain (V).
Optical images and device geometry are shown in Figure 1b.
All electrodes were made from gold and photolithographically
patterned. A second S-pm-thick PaC layer passivated the elec-
trode edges, enhancing the device stability and lifetime.
Figure Ic illustrates the operating mechanism of the p-type
depletion-mode PEDOT:PSS based OECT. Under negative gate

bias, anions migrate into the channel with minimal impact on
the drain current, maintaining a hole-conducting on state.
Under positive gate bias, cations penetrate the channel and bind
with PSS™ to form PSSM (Figure S2b), reducing PEDOT™ to
PEDOT®. This dedoping process lowers the hole concentration
and diminishes I, corresponding to the off state. During all the
measurements, a constant negative V¢ was applied to facilitate
ion transport. The gate-voltage-dependent doping modulation
is reflected in the transfer characteristics (I—V), Figure 1d.
As Vi is swept from —0.4 to 1 V, the device transitions from
the on to off state, with I, decreasing from I_, to I 4 The trans-
conductance (g, = O0I,/0Vg) exhibits a clear maximum
(peak g), indicating the gate voltage at which the device pro-
vides maximum amplification. The V.. was extracted from the
transfer curve following the maximum transconductance method
as described in Figure S3. Output characteristics, obtained by
sweeping V¢ at fixed Vi g, are shown in Figure le. Increasing
Vgs from —0.4 to 1 V progressively suppresses I, consistent
with the transfer characteristics. In this work, I, and I g are
defined as the drain current at V5 = —0.4 and 1V, respectively,
with Vg = -1 V.

The geometry of organic electrochemical transistors plays a
critical role in determining their electrical performance and
has been extensively studied. Bernards and Malliaras established
the model to depict the relationship between the drain current
and the channel dimensions.® Based on this model, Rivnay et al.
transferred the equations more like a classical field-effect transis-
tor (FET) as shown in eqs 1-3.2° W and L denote the channel
width and length, respectively, and d is the channel thickness. p
represents the charge-carrier mobility of the channel material
while C* is the volumetric capacitance. In interdigitated
OECTs, varying the finger geometry effectively modifies W
and L, leading to corresponding changes in I and g_.*°
When Vg > Vg — Vi, the device operates in the saturation
regime, and eq 1 reduces to eq 2. Under these conditions, the
transconductance in saturation can be obtained by differentiat-
ing I, with respect to Vg, as shown in eq 3.

wd 1
Ip= Tﬂc Vr —Vgs + EVDS Vps (1)
Tpe = — uC*(Vip — V, 2
Dsat 2Lﬂ (Vr Gs) ()
wd
gn= T,MC (Vr = Vags) (3)

Changes in the OECT geometry affect not only the drain
current and transconductance but also the threshold voltage.
Figure S4a shows the dependence of V. on the channel thick-
ness. Increasing the spin speed during the spin-coating deposi-
tion of the gate material reduces the PEDOT:PSS thickness,
where thicker channels exhibit higher V... Figure S4b illustrates
the effect of the gate area, where increasing the gate area leads
to a decrease in V. These geometric variations modify the
device capacitance, as evidenced by changes in the enclosed
area of the cyclic voltammetry curves (Figure SS).
Electrochemical impedance spectroscopy (EIS) results also
reflect this trend (Figure S6). In general, V. increases with
increasing C, and decreases with increasing C,. This behavior
can be explained using the OECT equivalent circuit
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Figure 1. Structural design, working principle, and electrical characterization of the PEDOT:PSS-based OECT. (a) Schematic illustration of the
OECT structure. (b) Geometric configuration of the OECT. The central panel displays the actual device layout comprising the gate, source, and
drain electrodes. The left panel details the square gate geometry with a side length of 450 pm while the gate edges are passivated with a 20 pm
wide PaC layer. The right panel shows the interdigitated transistor channel consisting of four fingers, where the active channel area is built by
PEDOT:PSS (blue region). (c) Operating principle: The left schematic illustrates the doped state under negative gate bias (Vs < 0), where
the hole concentration in the channel is high. The right schematic depicts the dedoped state under positive gate bias (Vg > 0), characterized
by a reduced hole concentration. (d) Transfer curve of the OECT. The plot displays the transconductance (pink dotted line) and drain current
(black dotted line) as functions of V ;. Measurements were performed at a constant V¢ of —0.1 V. (e) Output characteristics of the OECT: V¢
was swept from —0.4 to 1.0 V in 0.2 V steps, while V},q was scanned from 0 to —1.0 V in —0.02 V steps. The electrical data in (d) and (e) were
obtained from an exemplary OECT using 1X PBS as the electrolyte. (f) Equivalent circuit model and potential distribution diagrams to explain the
V7 shift mechanism. The model consists of C,, R, and Cg,. The diagrams compare the voltage drops across the components for a thin channel
(left) versus a thick channel (right). An increase in channel thickness increases C,, which reduces the voltage drop across the channel and con-
sequently shifts the threshold voltage from V. 4, to a higher value, Vi ;.
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(Figure 1f, left), which consists of C,, the electrolyte resistance
R, and C,, connected in series."*’ C, corresponds to the elec-
tric double-layer capacitance at the gold—electrolyte interface,
while Cj, represents the volumetric capacitance of the
PEDOT:PSS channel, which scales with channel thickness.
Upon applying a gate voltage, the voltage is divided between
the gate and the channel, with no voltage drop across the elec-
trolyte. The threshold voltage is reached when channel voltage
drop V, induces sufficient channel dedoping, which sets the
OECT from the on state to the off state. Increasing the channel
thickness increases C, and reduces V for a given Vg
Consequently, a higher Vg is required to reach the threshold,
leading to an increased V. (Figure 1f, right). Similarly, increas-
ing the gate area enhances C,, increases V, and reduces V.
These observations highlight the critical role of the capacitance
ratio C,/ (Cg + C,,) in governing V., and its tunability through
geometry. This ratio is also known to influence the sensitivity of
OECT-based sensors.*

However, this capacitance-ratio model alone cannot account
for the observed dependence of the threshold voltage on the
electrolyte concentration. In our experiments, standard PBS
(137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO, and 1.8 mM
KH,PO,) was sequentially diluted, yielding electrolyte concen-
trations of 0.1X, 0.01X, and 0.001X PBS, respectively. As shown
in Figure 2a, as the electrolyte concentration decreases, the
transfer curves systematically shift toward higher gate voltages,
indicating an increase in V.

Statistical results from six devices confirm the reproducibility
of this trend (Figure 2c). Reducing the electrolyte concentration
decreases the ionic strength, which in turn lowers the electrolyte
conductivity (Figure 2b, black curve) and modifies the Debye
length of the electric double layer (Figure 2b, red curve).
These changes alter both the gate capacitance and the channel
capacitance, as shown in Figure 2d (Cg in pink, Cg, in green).
Notably, despite the variations in absolute capacitance values,
the ratio C,/(C, + Cg,) remains nearly constant (Figure 2d, pur-
ple curve). Consistent with this observation, variations in C, or
C,, alone lead to identical V. shifts across different lectrolyte
concentrations (Figure 2e,f), indicating that the capacitance
modulation is not the dominant mechanism. In addition, elec-
trolyte resistance emerges as the primary factor governing the
Vo shift. This interpretation is supported by the distance-
dependent behavior as shown in Figure S7: increasing the sepa-
ration between the gate and the channel increases the electrolyte
resistance, which also results in a systematic increase in Vi.

The influence of the electrolyte concentration extends
beyond the V1 modulation. Device-to-device performance vari-
ations for six representative devices are presented in
Figures S8-S15. As shown in Figure 3a, the absolute value of
the on-state current increased only slightly at lower electrolyte
concentrations. This behavior can be attributed to suppressed
dedoping, as reduced ionic concentration diminishes the ion
transport probability across the conductive polymer/electrolyte
interface. Simultaneously, the absolute value of the off-state cur-
rent increased with decreasing electrolyte concentration
(Figure 3b), which is a direct consequence of the elevated V..
A higher V. requires a larger V¢ to fully turn off the channel;
thus, at a fixed V5, the channel remains partially conductive,
resulting in higher I g For example, Vo = 1 V is sufficient to
fully turn off device 1 at 1x PBS (Figure S8), but not at
0.001x PBS (Figure S11). The on—off ratio (I /I ) decreased
with decreasing electrolyte concentration (Figure 3c), reflecting

the fact that I g increases more rapidly than I . In contrast, the
peak g remains largely unchanged across electrolyte concentra-
tions (Figure 3d), suggesting that the intrinsic charge-transport
properties of the channel are preserved.

Collectively, the observed variations in Vo, I, I g and on—
off ratio can be explained by electrolyte-induced voltage divi-
sion. In conventional models (Figure 3e), the applied Vi is
assumed to drop exclusively across the gate/electrolyte inter-
face and the channel. However, at low electrolyte concentra-
tions, the electrolyte resistance becomes non-negligible and
contributes significantly to the voltage drop. This electrolyte-
induced voltage division is further supported by the experi-
mentally observed distance-dependent V.. shifts (Figure S7).
This voltage-division mechanism is also supported by recent
literature on solid-state OECTSs, where thermally tuned elec-
trolyte resistance similarly drives systematic shifts in the
threshold voltage.*

Incorporating Ohm’s law into the voltage-division model
introduces an additional resistive term, yielding the channel
voltage drop V, as expressed in eq 4. Here, C, and C, denote
the gate and channel capacitances, respectively. R, is the elec-
trolyte resistance between the gate and channel, j is the imagi-
nary unit, and @ is the angular frequency (@ = 2nf, where f is
the frequency).

1

jooCen
Vch = 1 2 1 VGS (4)
oce tjac, TR

By taking the magnitude of the complex voltage drop, we
can obtain eq S

Cg
V(Co+Ca)* + QO R0

Vs (3)

|Vch|=

where | V, | is the effective voltage drop across the channel.
Although |V | is challenging to probe directly through experi-
mental means, its dynamic variations can be inferred through
shifts in the threshold voltage. Specifically, the threshold volt-
age can be considered as the Vg at which the channel transi-
tions from the on state to the off state, corresponding to a
change from the doped to the dedoped regime. At this condi-
tion, the magnitude of the channel voltage reaches a critical
value, denoted as V, which is the voltage sufficient to fully
turn off the channel. By substituting V¢ with Vi and |V
with V" in the voltage-division expression, the resulting rela-
tionship between V7, the gate and channel capacitances, and
the electrolyte resistance is obtained, as given in eq 6.

(Gt Ca)” + CICH R0
VT = Vch
Cg

(6)

This impedance-based relationship not only accounts for the
influence of gate and channel capacitances on the threshold
voltage but also explains why both electrolyte concentration
and the gate—channel separation significantly affect OECT
operation. By explicitly incorporating electrolyte resistance,
the voltage-division model can be revised as illustrated in
Figure 3e. In contrast to the conventional capacitive model
(Figure 3e, left), the impedance-based framework (Figure 3e,
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Figure 2. Influence of the electrolyte concentration on the OECT performance and capacitance. (a) Normalized transfer curves (Ip,/Ip, .Vis) for

OECTSs measured in PBS electrolytes of varying concentrations (1X, 0.1X, 0.01X, and 0.001X). The reference current, Ip, rep I8 Ip at Vg

=-04V.

Black dashed lines represent the tangents used to extract the V... (b) Electrolyte conductivity (black, measured) and ionic strength (red, calculated) as
a function of PBS concentration. Both parameters increase with higher electrolyte concentration. (c)Vy; as a function of electrolyte concentration. The
box plots show the statistical distribution of V. values, which systematically decreases with increasing electrolyte concentration. Individual data points
are overlaid as black dots. (d) C, (purple) and C,y (green), along with the ratio C / (C + C,,) (right y-axis), plotted against electrolyte concentra-
tion. C, and C, show a dependence on concentration, while their ratio remains relatlvely constant. (e, f) V. plotted against C,in (e) and Cg, in (f),
with data color-coded by electrolyte concentration. These plots decouple the effects of C, and C, on V. Data in (e) are from n = 28 devices, and
data in (f) are from n = 14 devices. All measurements were performed with a constant V3 =
30 pm X 35 pm channel. All the capacitance data are extracted by EIS fitting based on the circuit shown in Figure S6a.

—0.1V. The dev1ces featured a 450 pm square gate and a
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Figure 3. Impact of the electrolyte concentration on the OECT characteristics and introduction of a revised impedance model. (a—d) Statistical dis-
tribution of key OECT performance metrics as a function of electrolyte concentration: (a) on-state current, (b) off-state current, (c) on—off ratio, and
(d) peak g,... The box plots illustrate the data distribution, with individual measurements overlaid as black dots. (e) Comparison of equivalent circuit
models for potential distribution in an OECT. The classical “Capacitance theory” (left) considers voltage drops only across the C, and C,. The newly
proposed “Impedance theory” (right) incorporates the R, which introduces an additional voltage drop (“electrolyte voltage drop”). Data in (a—d)
were collected from OECTSs with a 450 pm square gate and a 30 pm X 35 pm channel, featuring a channel capacitance in the range of 18.9—26 nF.

All measurements were performed at a constant Vg = —0.1 V.
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right) introduces an additional voltage drop across the electro-
lyte. The magnitude of this electrolyte-induced voltage division
can be quantitatively determined from the impedance ratio of
the gate, channel, and electrolyte. This impedance model has
the potential to be applied to other material systems. For chan-
nel materials, other OMIECs, such as poly(benzimidazobenzo-
phenanthroline) (BBL),* can also follow this model because
these OMIECs operate based on volumetric ion injection and
volumetric capacitance. Therefore, their characteristic perfor-
mance scaling can be represented in a similar manner to
PEDOT:PSS. Regarding the electrolytes, our model can be uti-
lized in other water-based solutions where the mobile ions act
as an electrolyte resistance. It is worth noting that the present
impedance-based framework established here represents a
foundational baseline model for pristine OECTSs. However,
when specific surface modifications are implemented,
additional circuit elements must be integrated to capture the
reconfigured system behavior. For instance, incorporating an
ion-selective membrane (ISM) on the gate introduces an extra
phase-boundary potential,*’ whereby the gate voltage drop
and the equivalent circuit model must be thoroughly
re-evaluated.

Furthermore, the transconductance, defined as the derivative
of the transfer characteristic (Eq 3), also shifts along the Vi
axis, thereby displacing the operation point corresponding to
peak g . To experimentally investigate the frequency depen-
dence, an alternating gate bias was applied, as schematically
shown in Figure 4a. The applied V4 consists of a DC bias com-
ponent (Vi ) superimposed with a sinusoidal AC signal of
fixed amplitude (50 mV) and a variable frequency f. The V4
was held constant at —0.1 V.

As illustrated in Figure 4c, the sinusoidal modulation of Vg
(top panel) induces a corresponding periodic response in the I
(middle panel). The peak and valley values of I, were extracted
over time, and the current modulation amplitude was calculated
as (I eI qpey)/2- Dividing this value by the AC gate-voltage
amplitude (S0 mV) vyields the real-time transconductance
(dynamic transconductance), denoted as g, . (Figure 4c, bot-
tom panel). The extracted g, is initially time dependent and
influenced by Vg, as shown in Figure S16. Therefore, in this
study, a steady-state g, was defined as the time-averaged value
over the final 20 periods, during which g, . stabilizes.

Importantly, our proposed impedance model predicts that
Vi is also frequency dependent. An increase in V. leads to a
rightward shift of the transfer curve, as described by
Figure S4a,b.

By sweeping Vy,., at a fixed frequency (f= 1 Hz), the g, . vs
Vi relationship as shown in Figure 4b was obtained. The
green data points represent g, - extracted from the AC measure-
ments at different Vi values, while the pink points correspond
to g, values derived from the DC transfer curve, where Vi
contains only a static component. Both datasets exhibit the
same characteristic behavior: g, increases with Vi, , reaches a
maximum at the operation point, and then decreases at higher
Viaw confirming the consistency between AC and DC trans-
conductance analyses. However, it is worth noting that while
their overall trends are consistent, the static g, remains syste-
matically higher than the dynamic g, .. Microscopically, this dis-
crepancy stems from the fact that static g, reflects a fully
equilibrated, steady-state electrochemical doping process under
static DC biases. In contrast, the dynamic charge transduction
under AC modulation is fundamentally bound by the finite

kinetic relaxation of ion motion into and out of the polymer
bulk, which renders the transient current modulation less effi-
cient than its steady-state counterpart. Developing an advanced
dynamic transconductance model that integrates these transient
ion-transport parameters represents a critical and promising
direction for our future investigations. Macroscopically, this dis-
crepancy inherently reflects the fundamental performance dis-
tinction between static and dynamic operating regimes.
Subsequently, the frequency of the AC gate modulation was
increased from f = 1 to 100 Hz, and the resulting g, vs Vi,
curves at different frequencies are shown in Figure 4d.
Although the overall shape of the curves remains similar across
frequencies, the peak g = systematically decreases as the fre-
quency increases, consistent with previous reports that higher-
frequency inputs reduce the amplification capability of
OECTs.”> Notably, this frequency-dependent attenuation
occurs across the entire V. range.

More importantly, increasing the frequency induces a pro-
nounced shift in the operation point of the g ~V},  curve.
For example, the V& corresponding to peak g shifts from
0.4Vatf=1Hzto 0.6V atf=S Hz (Figure 4d). This behavior
is consistent with eq 6, which predicts a frequency-induced
rightward shift in V.. Physically, an elevated operating fre-
quency diminishes the capacitive impedance of the system,
causing R, to consume a larger share of the voltage drop.
Consequently, the effective voltage drop across the channel
|Vl is significantly reduced, meaning that a higher external
potential is required to achieve the critical channel potential
for depletion, which manifests macroscopically as the rightward
drift of V. As V.. increases, a higher gate bias is required to
reach the optimal transconductance regime. Furthermore, eq 6
indicates that modifying the relative contributions of C, and
C,, leads to different operation points. This effect is experimen-
tally confirmed in Figure 4d,e, which show the influence of gate
area on g, . Devices with larger gate areas require lower V;,  to
reach peak g, , whereas higher input frequencies consistently
demand higher V,, . to recover optimal amplification.

Leveraging this frequency-dependent operation-point shift,
we propose a new operation point tuning strategy as a simple
yet effective method to enhance the high-frequency amplifica-
tion performance of OECTs. For instance, as shown in
Figure 4d, when a 5 Hz signal is applied, g, . is 0.77 mS at
Viias = 0.4 V; increasing Vy;, to 0.6 V enhances g, by approx-
imately 12% to 0.86 mS. Similarly, at f = 50 Hz, adjusting V.
from 0.4 to 0.6 V yields an 18.0% increase in g, .. To the best of
our knowledge, this is the first demonstration of improving the
high-frequency performance of OECTs solely through electrical
bias optimization. Comparing with traditional OECT optimiza-
tion methods, which concentrate on channel material design
strategies,”*™*° geometrical optimization,***® or new structure
design,“’”‘8 our proposed operation point tuning strategy is very
convenient and powerful. This approach provides a powerful
and practical pathway to further unlock the potential of
OECTs for high-speed and high-sensitivity electrical sensing
applications.

3. CONCLUSION

In this work, we investigated the influence of device geometry
and channel thickness on the electrical characteristics of
organic electrochemical transistors. Variations in these param-
eters induce shifts in the threshold voltage, which can be
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Figure 4. Dynamic response of OECTs to sinusoidal gate voltage modulation and frequency-dependent transconductance: (a) Schematic illustrating the
experimental setup and applied waveforms. A DC bias (Vg = —0.1 V) is applied to the drain, while a combined DC and AC sinusoidal voltage (V55 =
Viias + Asin(27ft) ) is applied to the gate. (b) Analysis of the device’s transconductance: the four plots on the left show the I, response to a small sinusoidal
Vs at different DC bias points (V). The amplitude of the I, response is larger when V4, is near the peak g and decreases as V. moves away from the
peak. The plot on the right compares two methods of extracting g, : the static transconductance (g,, pink), calculated by differentiating the DC transfer
curve, and the dynamic transconductance (g,, , green), calculated from the ratio of the AC current and voltage amplitudes under sinusoidal modulation.
While both show a similar trend of increasing and then decreasing, the static g, is consistently higher than the dynamic g, . (c) Time-resolved electrical
response of an OECT under continuous sinusoidal gate modulation. Top: Applied V4. Middle: Resulting I, showing distinct peak and valley values
within each cycle. Bottom: Calculated instantaneous dynamic transconductance g, . over time, demonstrating stable operatlon (d, €) gy, as a function
of V,,,,. for devices with different gate areas at various modulation frequencies (1-100 Hz): (d) 0.72 and (e) 2.25 mm® Two key trends are observed:
(1) atafixed Vi, g, . decreases with increasing frequency. (2) The Vj,,,, position corresponding to the peak g, . shifts to higher voltages (rightward shift)
as the frequency increases. Specifically, in (d), the peak shifts from 0.4 (1 Hz) to 0.6 V (S Hz); in (e), it shifts from 0.2 to 0.4 V. This frequency-dependent

shift varies with gate area. All measurements were performed with a constant Vg

30 pm X 35 pm for all devices.

= —0.1 V and a fixed AC amplitude. The channel dimensions were

rationalized within the conventional capacitance-ratio frame-
work through corresponding changes in the relative gate and
channel capacitances. However, this model alone fails to
account for the pronounced performance variations observed
at fixed capacitance ratios when the electrolyte concentration
or the gate—channel distance are altered. To address this limi-
tation, we extend the capacitance-ratio model to an
impedance-based framework in which the electrolyte resis-
tance plays a non-negligible role in the voltage division.
Within this impedance theory, the electrolyte contributes an
additional voltage drop comparable to those across the gate
and along the channel, providing a unified explanation for
the effects of electrolyte concentration and gate—channel sep-
aration on OECT performance.

Beyond static bias conditions, the impedance model further
predicts a frequency-dependent modulation of device operation.
Specifically, increasing the signal frequency input induces a
rightward shift of the transfer characteristics, the g —Vq curve,
and the corresponding operation point. This prediction is suc-
cessfully validated through AC gate-bias measurements, which

reveal that higher-frequency signals require a larger Vi,  to
achieve their peak dynamic transconductance values. These
results confirm that the commonly observed degradation in
amplification capability at higher frequencies can be partially
attributed to frequency-induced shifts in V-, rather than solely
to intrinsic transport limitations.

Importantly, this insight enables a practical and previously
unexplored strategy for enhancing high-frequency OECT per-
formance: dynamic tuning of Vg, or equivalently its DC
component V., to compensate for frequency-dependent
operation-point shifts. This approach improves amplification
without modifying device geometry, materials, or fabrication
processes. While this strategy does not bypass the intrinsic
material-defined bandwidth limitations of OECTs under
ultra-high-frequency regimes, it effectively extends their oper-
ational frequency range as a convenient engineering solution.
Generally, the impedance-based framework and operation
point tuning strategy introduced here provide a universal
methodology for optimizing OECTSs and other electrolyte-
gated devices in frequency-sensitive applications, thereby

https://doi.org/10.1021/acsami.6c09414
ACS Appl. Mater. Interfaces XXXX, XXX, XXX=XXX

920z AInC 8z uo Jasn g g TNHOSHOOH NIHOWY HIWY Ad 4pd "8¥T¥60 -920C We /0TL9¥6S59 /PT¥6099 * Wesde /TZOT "0T / 10p /4pd -8 |9 11 1e /2 wee /6 1o "soe "sqnd //:d 11y wo 14 papeo jumwod


http://www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.6c09414

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

expanding their potential in high-speed bioelectronics and
electrical sensing technologies.

4. EXPERIMENTAL SECTION
Device Fabrication

OECTs were fabricated on 4 inch quartz glass wafers. The detailed pro-
cess flow is shown in Figure S17. Before the actual processing, the
wafers were washed with acetone, isopropanol, and water to clean
the substrate surface. Then a PaC layer with a thickness of 5 pm was
deposited using a PDS 2010 Labcoater 2 (Specialty Coating Systems
Inc., USA). To achieve an ideal undercut profile and improve the yield
and reliability of the lift-off process, a bilayer photoresist strategy was
employed. The photoresist LOR3B (Microchem, Newton, USA) was
spin coated (4 mL, 3000 rpm, 30 s) on the surface. After soft
baking the LOR3B for 5 min at 150 °C, 4 mL of nLOF2020
(MicroChemicals, Ulm, Germany) was spin coated (3000 rpm, 30 s),
followed by another soft baking step (110 °C, 1 min). For the exposure
of the photoresist, a maskless aligner (MLA 150, Heidelberg
Instruments Mikrotechnik GmbH, Heidelberg, Germany) was used
with a dose of 350 mJ/cm® After a post exposure bake (110 °C,
2 min) on a hot plate, devices were developed for 3335 s in the devel-
oper AZ 326 MIF (MicroChemicals, Ulm, Germany). Then, the metal
film consisting of 20 nm Ti as adhesion promoter and 100 nm Au was
deposited by an electron-beam evaporation system (Pfeiffer PLS 570,
Pfeiffer Vacuum, Asslar, Germany) after a 90 s Ar dry etching to
remove resist residuals. DMSO was chosen as the solvent for an over-
night lift-off. Afterward, the wafers were partially diced to support later
the separation of the wafer into individual chips. Then another PaC
layer with a thickness of S pm was deposited as passivation layer. To
etch the covering PaC layer on the OECT terminals, another photoli-
thography step was done using AZ 12XT (MicroChemicals, Ulm,
Germany) as resist and utilizing the same MLA machine with a dose
of 270 mJ/ cm?>. The soft bake was done at 110 °C for 2 min and the
post exposure bake was done at 90 °C for 1 min. The wafers were then
developed in AZ 326 MIF developer for 5 min. Reactive ion etching
was done using a mixture of CF, and O, in an Oxford PL100 system
(Oxford Instruments, UK) for 7 min 30 s. Extra resist was removed
by DMSO. To pattern the PEDOT:PSS, another photolithography
process was performed utilizing again the photoresist AZ 12XT with
the same condition as mentioned above. After development, the wafer
surface was activated by an oxygen plasma (Diener electronics GmbH,
Ebhausen, Germany) under 100% power, 0.8 mbar O, for 10 min to
increase the adhesion of the PEDOT:PSS film. A Clevios PH-1000
PEDOT:PSS solution (Heraeus Holding GmbH, Germany) was fil-
tered using a syringe filter with a pore size of 0.8 pm. 10% (v/v)
DMSO and 1% (v/v) GOPS (Sigma-Aldrich) were used as additives.
This solution was spin coated at 4000 rpm for 90 s by a WS-650Lz
spin-coater (Laurell Technologies, USA). After baking the chip at
120 °C for 20 min, DMSO was used to lift off the extra
PEDOT:PSS. Then, the wafer was broken along the predicted trenches
into pieces. Subsequently, home-made glass rings were glued onto the
central area of each chip to be used as liquid cell. The chips were elec-
trically connected through a socket with spring contacts (Yamaichi
Electronics Deutschland GmbH, Germany) to facilitate a parallel char-
acterization of multiple devices. All above chemicals were obtained
from Sigma (Sigma-Aldrich, Steinheim, Germany) and used without
further purification.

Electrical Characterization

The transfer curves and output curves were measured using a
parameter-analyzer Keithley 4200. For the transfer characteristics,
Vpg was set to —0.1 V, while V55 was swept. For the output character-
istics, Vg was scanned from 0 to -1 V, while V¢ was set to values
between —0.4 and 1 V. The data were then recorded and processed
by Origin software.

Electrochemical Characterization

Cyclic voltammetry measurements were recorded by an Autolab poten-
tiostat/galvanostat PGSTAT302 (Metrohm Autolab, Netherlands). A
three-electrode configuration was used, which comprised an Ag/AgCl
electrode as reference, a platinum wire as counter electrode, and the
OECT terminal (channel or gate) as a working electrode. The electro-
lyte was a standard phosphate buffered saline (1x PBS pH 7.4). The
scan range of the working electrode was from —0.7 to 0.7 V.

Electrochemical impedance spectroscopy was done by the same
potentiostat with a three-electrode configuration system. The fre-
quency was scanned in the range from 0.1 Hz to 10° Hz. The ampli-
tude of this alternating voltage was 0.01 V.

Frequency Characterization

All the OECT characterizations with alternating V¢ at varying fre-
quency were performed with an Arkeo parameter analyzer (Arkeo,
Cicci Research, Italy), which has two independent source measure
units (SMU). One SMU was used to apply a fixed —0.1 V direct volt-
age as Vpg. Another SMU applied a sine wave (A = S0 mV, f= 1, 5,
10, 50, and 100) with various Vi, as alternating V. A fixed sample
resolution of 20 points per period was chosen. After collecting 30
periods for each device, the data were analyzed by a Python code.
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