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Small signal analysis for the characterization
of organic electrochemical transistors

Youngseok Kim 1 , Joost Kimpel1, Alexander Giovannitti1 &
Christian Müller 1

A method for the characterization of organic electrochemical transistors
(OECTs) based on small signal analysis is presented that allows to determine
the electronic mobility as a function of continuous gate potential using a
standard two-channel AC potentiostat. Vector analysis in the frequency
domain allows to exclude parasitic components in both ionic and electronic
conduction regardless of film thickness, thus resulting in a standard deviation
as low as 4%. Besides the electronic mobility, small signal analysis of OECTs
also provides information about a wide range of other parameters including
the conductance, transconductance, conductivity and volumetric capacitance
through a single measurement. General applicability of small signal analysis is
demonstrated by characterizing devices based on n-type, p-type, and ambi-
polar materials operating in accumulation or depletion modes. Accurate
benchmarking of organic mixed ionic-electronic conductors through small
signal analysis canbe anticipated to guidebothmaterials development and the
design of bioelectronic devices.

Organic electrochemical transistors (OECTs) receive considerable
interest as sensor devices and as a basic building block of more
advanced bioelectronic circuitry1–5. Moreover, OECTs are widely
employed for the characterization of organic mixed ionic-electronic
conductors (OMIECs), which constitute the channel material. Hence,
accurate determination of the device performance6–8 as well as in-depth
studies of the electrochemical properties of OMIECmaterials9–12 require
accurate characterizationmethods. Themost important parameters are
the volumetric capacitance C�, representing the change of the number
of charge carriers stored per unit volume upon a small fluctuation in
potential, and themobility μ, i.e. the electric field-normalized velocity of
electronic charge carriers13. The product μC�� �

is often used to bench-
mark OMIEC materials, but techniques are lacking that allow to deter-
mine the two parameters and in particular μ independently, which leads
to ambiguities when comparing materials14.

A widely used method for the determination of C� and μ involves
twomeasurements: (1) OECT characterization and the analysis of transfer
curves and (2) electrochemical impedance spectroscopy (EIS)13. OECT
measurements allow to determine the volumetric transconductance g�

m

from transfer curves, i.e. the volumetric source-drain current I�DS is
recorded as a function of gate potential VGS, according to:

g�
m = gm=

wd
Lch

=
dI�DS
dVGS

=
� μC�� ��VDS, linear regime

μC�� � � VGS � Vth
� �

, saturation regime

(
ð1Þ

where gm is the transconductance, w, d and Lch are the width, thick-
ness, and length of the channel, respectively, VDS is the drain potential
and Vth is the threshold voltage. The product μC�� �

can thus be
obtained from transfer curves in either the linear (VDS >VGS � Vth for
p-type and VDS <VGS � Vth for n-type OECTs) or saturation regime
(VDS <VGS � Vth for p-type and VDS >VGS � Vth for n-type OECTs)9.
Subsequently, μ is obtained by dividing μC�� �

by corresponding C�

values, which must be independently determined through EIS (see
Table 1). The use of two distinct characterization methods for the
determination of μC�� �

andC� introduces uncertainty in the calculated
mobility due to the propagation of errors. In addition, the OECT active
layer, which swells during operation due to the uptake of hydrated
ions (i.e., ions that are accompanied by water molecules15), is typically
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only tens of nanometers thin. As a result, a large relative error in d can
arise due to an uneven film thickness across the channel, the
adventitious uptake of water, as well as errors inherent to film
thickness measurements with atomic force microscopy (AFM) or
surface profilometry. An analysis of the recent literature indicates a
coefficient of variation ĉv = SD=�μ of up to 100% for mobility values
obtained via the traditional transfer curve/EIS method (standard
deviation SD and mean mobility �μ; Fig. 1).

An alternative method for the determination of μ is an analysis of
the transient response in either the time or frequency domain. The
transit time τe of electronic charge carriers through the channel is
obtained by comparing the current values at the gate and drain elec-
trodes, IGS and IDS, in case of a constant gate current16 or a sinusoidal
gate potential signal17 according to:

dIDS
dt

= � IGS=τe ð2Þ

Then, μ can be obtained regardless of the active-layer thickness
according to:

μ=
L2ch

τeVDS

ð3Þ

While this approach facilitates amore accurate determination of μ
than the method using transfer curves and EIS, repeated measure-
ments with a stepwise gate current or gate potential would need to be
carried out to obtain information of the change in μ as a function of
gate potential. Further, the extracted μ tends to strongly deviate from
the true value once the electrochemical redox peak dominates the
output signal. It should be noted that IGS comprises both the non-
Faradaic (capacitive) current as well as the Faradaic (resistive) current.
Faradaic processes, which could be identified via the detection of
hydrogen or the oxygen reduction response, would need to be ruled
out for precise characterization (see Table 1 for summary of char-
acterization methods)18,19.

Here, we introduce a method for the determination of μ that is
based on vector analysis in the frequency domain and small signal
analysis. ForOECTswith awell-defined active layer, themobility can be
reliably extracted regardless of the channel thickness, yielding a very
low ĉv = 4% for 40 devices (Fig. 1). This is achieved by counting and
comparing the number of charge carriers associated with the non-
Faradaic part of IGS and the corresponding IDS. The here developed
method uses amixed VGS signal composed of a linear sweep towhich a
small sinusoidal signal is added. This approach allows to simulta-
neously characterize devices under steady-state and transient condi-
tions, yielding device parameters as a function of continuous gate
potential. Thus, essential parameters such as the conductance G, g�

m,
the conductivity σ, C� and μ can be extracted through one single
measurement (Table 1), which can be readily carried out with a com-
mercial two-channel AC potentiostat. Finally, versatility of the devel-
oped small-signal analysis method is demonstrated by characterizing
OECTs based on a range of n-/p-type and ambipolarmaterials aswell as
accumulation/depletion mode materials.

Results and discussion
We prepared OECTs with a Lch = 20μm and w = 100μm with two
contact regions with a length Lcontact = 100μm that served as the
source and drain electrode (Fig. 2a, seemethod section for fabrication
procedure). A three-electrode configuration was used consisting of an
Ag/AgCl reference and a Pt counter electrode. VGS comprised two
waveforms, i.e. a pseudo steady-state triangular potential (VGS,DC , from
+0.4 to −0.6V, scan rate SR = 10mV s−1) and a sinusoidal AC small
potential (VGS,AC =A sinð2πfACtÞ, amplitude A = 10mV, frequency
fAC = 10Hz), while a constant VDS = 10mV was applied. The conjugated
polymer p(g3TT-T2) with triethylene glycol side chains was used as the

Table 1 | Input/output signals and extractable parameters G,
σ, C�, gm, μC�½ � and μ for conventional OECT characterization
methods (transfer curve/EIS, constant gate current, sinusoi-
dal gate potential) and small signal analysis

Transfer
curve

EIS Constant
gate
current

Sinusoidal
gate
potential

Small signal
analysis

Input
signal

VGS, VDS Stepwise VDC
+ VAC

Stepwise
IGS, VDS

Stepwise
VDC
+ VGS,AC,VDS

Continuous
VGS,DC

+ VGS,AC, VDS

Output
signal

IGS, IDS IAC VGS, IDS IGS,AC, IDS,AC IGS,DC, IGS,AC,
IDS,DC, IDS,AC

G, σ, gm ✓ – ✓ ✓ ✓

μC*½ � ✓ – ✓ ✓ ✓

C* – ✓ ✓ ✓ ✓

μ (✓) – ✓ ✓ ✓
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Fig. 1 | Correlation between the mean mobility μ̄ and the coefficient of
variation ĉv. a Measurement scheme for the characterization of OECT devices.
b Coefficient of variation ĉv = SD=�μ, where �μ and SD are the mean mobility
and corresponding standard deviation, extracted from literature since 2014

(open symbols)6,9,10,31–46 and obtained in this work using the conventional transfer
curve/EISmethod (bluediamond) and small signal analysis (red circle); dashed lines
represent ĉv = 1, 5, 10 and 100%.
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active material (see Supplementary Fig. S1 for chemical structure),
which features a high electronic mobility upon electrochemical oxi-
dation (Supplementary Figs. S2 and S3) with good stability during
cyclic operation20.

OECT devices with a VDS = 10mV were operating in the linear
regime within the potential window of VGS ranging from −0.6V to
+0.4V (Supplementary Fig. S3b). Thus, IGS can be described by the
Bernards–Malliaras model16:

IDS = μC�� �wd
L

VGS � Vth

� �
VDS �

1
2
V 2
DS

� �
ð4Þ

We recorded IGS and IDS as a function of time t, which are the
mixed current responses from the steady-state VGS,DC and sinusoidal
VGS,AC input signals. As VGS,DC is scanned from +0.4 to −0.6 V, the
amplitude of IGS increases and reaches a plateau, while IDS gradually
increases. Considering the electrochemical double layer at the inter-
facebetween the electrolyte and active layer21 and thep-typeoperation
of the material20, a sinusoidal current response at the gate and drain
electrode, IGS,AC and IDS,AC is expected with a phase shift of −90° and
−180° relative to the VGS,AC signal, respectively. Hence, we can rule out
any unintended redox response (e.g., oxygen reduction response22),
which would contribute an additional real component to IGS and a
corresponding imaginary component to IDS, resulting in an additional

phase shift. We also separated the measured IGS and IDS values into the
real (I 0GS,AC and I 0DS,AC) and imaginary components (I 00GS,AC and I 00DS,AC ;
Fig. 2c). The measured current traces at the gate and drain electrodes
show an expected phase shift near −90° and −180° from the signal of
the gate potential at t = 95 s when the active layer is heavily
doped (Fig. 2d).

Subsequently, Fourier transform analysis wasused to separate the
current responses at the gate anddrain electrodes from themixed gate
input potential (Fig. 2e). The resulting steady-state gate and drain
current response (IGS,DC and IDS,DC) as a function of VGS,DC are in very
good agreementwith the transfer curves recorded in the linear regime,
which were obtained through the conventional characterization
method (Fig. 2f; seeMethod section for details). Upon dedoping of the
active material through application of a positive VGS,DC , the amplitude
of I 0GS,AC (denoted as ΔI 0GS,AC) approaches zero, while the amplitude of
I 00GS,AC (ΔI 00GS,AC) has a value of 4.5 nA. This offset is explained with the
capacitance of the electrical double layer between the active layer and
the underlying metal electrode. As the VGS,DC is changed to negative
values, ΔI 00GS,AC gradually increases and reaches a plateau with 85 nA,
reflecting the electrochemical capacitance C of the active material
(vide infra). At VGS,DC = −0.15 V, a distinct peak in ΔI 0GS,AC is observed in
both backward and forward scans (Fig. 2g). This peak is assigned to the
contact resistance between the active layer and metal electrode
(Supplementary Fig. S2d), which is also observed in corresponding EIS

Fig. 2 | Small signal analysis for OECT device characterization. a Device and
measurement scheme for small signal analysis. A gate potential VGS consisting of a
triangular potential VGS,DC and a small-amplitude sinusoidal potential VGS,AC is
applied to the 100mM NaCl aqueous electrolyte via a three-electrode configura-
tion with a counter (CE) and a reference electrodes (RE), with a constant drain
potential VDS. The lower inset depicts an optical microscopy image of the channel
region of anOECTdevice (scale bar = 100μm).b Time-varying input gate potential
VGS (black) as well as output gate IGS (red) and drain current IDS (blue). c Phasor
diagram of output currents relative to VGS, and (d) traces of VGS (black), IGS (red)
and IDS (blue) at t = 95 s + 4t, and centered at VGS =0.55V, IGS =0A, and IDS = 8μA
(y-axis scale bar = 10mV, 100nA, and 1μA for VGS, IGS, and IDS). Since the holes are

accumulated through the electrical double layer in case of p-type accumulation
mode OECTs (see inset of c), the gate and drain currents show a time delay from
the gate input bias of π/2 and π, respectively. e Amplitude of AC and DC compo-
nents of IGS (upper panel) and IDS (lower panel) as a function of VGS,DC . f Steady-
state current response IDS,DC (solid line) and IGS,DC (dashed line) as a functionof the
VGS,DC from small signal analysis, and transfer curve IDS vs. VGS,DC from conven-
tional analysis (open circles). g Amplitude of IGS,AC (upper panel) and IDS,AC (lower
panel) and its real and imaginary components as a function of VGS,DC , obtained
from small signal analysis. The real (red) and imaginary component (blue) were
extracted from the output current values (black) by vector analysis as shown in c.

Article https://doi.org/10.1038/s41467-024-51883-9

Nature Communications |         (2024) 15:7606 3

www.nature.com/naturecommunications


measurements (Supplementary Fig. S4; c.f. the resistive response
showing a flat region near fAC 10Hz in the Bode plot). Unlike the EIS
measurement, the small signal analysis is conducted with one fre-
quency value, so that the parasitic response is superimposed onto the
current value.

We used the output current values obtained from the small signal
analysis to extract material and device parameters as a function of
VGS,DC . Initially, the conductance G of the active material was deter-
mined by using a steady-state inputVDS,DC , which resulted in an output
IDS,DC with G= IDS,DC=VDS,DC (Fig. 3a). The conductivity σ was obtained
by normalizing G with wd=Lch (Fig. 3b). Concurrently, the capacitance
C, i.e. the accumulation of additional charge carriers dq upon a change
in electrochemical potentialdVGS, was extracted according to the ionic
non-Faradaic current value (I 00GS,AC =dq=dt). Then, C

� can be obtained
according to (see Supplementary Information for derivation of Eq. (5)):

C� =
ΔI 00GS,AC

2πfAC ΔVGS,AC � vol ð5Þ

where, vol =wd � ðLch +2LcontactÞ is the volume of the active layer
(Fig. 3c). The change in C� as a function of VGS:DC indicates that the
active layer material is gradually doped for VGS:DC < −0.1 V, which
agrees with the onset potential extracted from the x-axis intercept of
a linear fit near the maximum slope of the current transient of
p(g3TT-T2) recorded during oxidation (Eonset = +0.1 V, vs. Ag/AgCl,
see Supplementary Fig. S2a). We would like to point out that C�

obtained from the small signal analysis tends to be underestimated
compared with values obtained from EIS characterization (Supple-
mentary Fig. S2d), which can be explained with limited ionic motion
at fAC = 10Hz. A decrease in fAC would enable a more accurate
measurement of C� (see also Supplementary Fig. S5d).

The transconductance gm was extracted from the steady-state
(gm,DC =∂IDS,DC=∂VGS,DC) as well as transient response
(gm,AC = ∂I

0
DS,AC=∂VGS,AC). The benchmarking parameter μC�� �

was
obtained from both the DC and AC response via Eq. (1), denoted as
μC�� �

DC and μC�� �
AC , respectively (Fig. 3d, e). Note that μC�� �

AC is
identical to theproductofμAC (vide infra) andC�, whichwere extracted
separately from the transient response. Since small signal analysis
underestimates C�, values for μC�� �

AC obtained from the AC response
are about 7% smaller than μC�� �

DC from the DC response. Before
extracting the mobility, the transit time τe, the time taken for charge
carriers to traverse the channel, was obtained according to Eq. (2),with
IGS given by the non-Faradaic gate current, i.e. IGS = I

00
GS,AC � Ach=Aactive,

and IDS given by the modulated drain current, i.e. IDS = I
0
DS,AC . The area

correction factor Ach=Aactive, where Ach and Aactive are the area of the
channel region and total active layer, respectively, is introduced to
account for the additional charge carriers that are generated in the
active layer in contact with themetal electrodes. Then, μAC can then be
obtained according to Eq. (3). It is noteworthy that the mobility
extracted through small-signal analysis does not depend on the
thickness d of the active layer. For p(g3TT-T2), μAC gradually increased
with increasing doping level for VGS,DC < −0.3 V (solid line, Fig. 3f), and
a highest value of 1.95 cm2 V−1 s−1 was achieved at VGS,DC = −0.6 V. At
VGS,DC < −0.6 V, μAC tends to decrease slightly (data not shown), which
is expected due to formation of less-mobile bipolarons23,24 and/or an
increased distance between polymer chains due to excessive
swelling25. Also, the traces agree with those obtained from the steady-
state response (μDC = μC�� �

DC=C
�). Moreover, μAC only changed by 1%

when increasing fAC from 5 to 60Hz even though C� decreased by 10%
when increasing fAC from 5 to 60Hz (Supplementary Fig. S5).

Aswith traditional small signal analysis, which is often used for the
analysis of field-effect transistors26, a decrease in the magnitude of the
offset potential between source and drain electrodes i.e., VDS, increa-
ses the accuracy of the extracted parameters. For the same reason, the
slope ofΔIGS,AC and C� near the onset potentialVGS,DC = −0.1 V became

sharper as the amplitude of VDS was decreased from 100 to 1mV
(Supplementary Fig. S6). However, a reduction in VDS also reduces IDS
leading to a lower signal-to-noise ratio at VDS < 5mV. Further, a lower
scan rate of VGS,DC is desirable not only for minimizing the undesired
transient response from the VGS,DC signal, but also for reducing com-
putational errors during Fourier transform analysis (Supplemen-
tary Fig. S7).

To compare the accuracy of different OECT characterization
methods, we measured 40 devices with each method and compared
the extracted μC�� �

and μ values (Fig. 4). The evolution of μC�� �
AC with
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VGS,DC , obtained from small signal analysis, matches that of μC�� �
lin

and μC�� �
sat obtained through the conventional characterization

methods that utilize the transfer curves in the linear or saturation
regime, respectively (Fig. 4a). In case of the analysis of transfer curves
in the saturation regime, the potential at maximum μC�� �

sat tends to
be shifted from VGS,DC < −0.6 V to −0.55 V because the operation
regime is at the boundary between the saturation and linear regimes
(see Supplementary Fig. S3b). The small signal analysis at fAC = 10Hz
yields lower μC�� �

values because C� is underestimated but that does
not affect the extracted value of μ, which is determined independently
(see Figs. 3c, 4b and Supplementary Fig. S2d). With regard to the
extraction of μC�� �

values, all threemethods require knowledge of the
thickness (d = 36.1 ± 1.7 nm from AFM), which results in a similar
SD ≈ 7% for μC�� �

AC , μC�� �
lin and μC�� �

sat . However, the mobility
obtained through the small signal analysis has a lower SD = 4% than
values from the conventional methods with SD ≈ 9% (Fig. 4c, d)
because only the latter two require knowledge of d as well as C�.

Similar to other characterization methods (see Table 1), the film
quality of the active layer, e.g. its roughness and thickness uniformity,
is important for an accurate determination of μ with small signal
analysis. Furthermore, it is necessary to consider additional capacitive
or resistive components that contribute to ionic conduction such as (1)
a parasitic capacitanceat thegate electrode (especially incaseof a two-
electrode configuration with a small gate electrode consisting of a
noble metal or OMIEC such as PEDOT:PSS)27 and/or at the metal
source/drain electrode (e.g., electrical double layer capacitance), or (2)
a parasitic resistance at the leadwires and interface between the active
layer and source/drain metal electrode28,29. Those parasitic compo-
nents can lead to an incorrect gate potential at the channel, an

overestimated C�, and an incorrect drain potential through the chan-
nel, respectively.

To establish to which extent small signal analysis can be applied
to a wide range of materials, we characterized OECT devices based
on various OMIECs including p(g42T-T) (p-type, accumulation
mode), PEDOT:PSS (p-type, depletion mode), and p(gNDI-gT2)
(n-type/p-type, accumulation mode) (see Supplementary Note 1 and
Supplementary Figs. S8–13 for detailed results of various OMIEC
material based OECTs).

The μAC and C� values, which were obtained by the small signal
analysis, are summarized in aμ –C� plotwith four quadrants according
to the type of electronic (y-axis) and ionic charge carriers (x-axis)
that are associated with the different operation regimes of the
various investigated devices (Fig. 5; see Supplementary Note 1 and
Supplementary Figs. S8–13 for detailed results of p(g42T-T), PED-
OT:PSS and p(gNDI-gT2) based OECTs). Evidently, the suggested
method is valid not only for the evaluation of OECTs based on
high-mobility polymers such as p(g3TT-T2) that show hole-anion
conduction (p-type, accumulation mode), but also for various devices
exhibiting different combinations of hole-cation (p-type, depletion
mode), and electron-cation conduction (n-type, accumulation mode).
In addition to providing accurate values of the electronic mobility as
a function of continuous gate potential, small signal analysis allows
to monitor the ionic and electronic behavior simultaneously. As a
result, it would allow not only to characterize ionic, electronic and
mixed conduction through one single measurement, but also to gain
additional information about device degradation during cyclic
operation, e.g. by monitoring the charge-carrier density or contact
resistance.
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We have introduced an accurate method for determination of the
electronic mobility of OMIECs, which is based on small signal analysis
of OECTs. Gate and drain currents, which were acquired from a com-
mercial two-channel AC potentiostat, were analyzed through vector
analysis in the frequency domain, so that parasitic components from
the materials and devices could be separated and excluded when cal-
culating various device parameters. The number of charge carriers
through the gate and drain electrodes were recorded simultaneously.
As a result, the precise determination of the electronic mobility with a
low standard deviation of 4% was achieved within a designated gate
potential window for 40 OECT devices, which did not require knowl-
edge of the active layer thickness. Moreover, various material and
device parameters such as the conductance, transconductance, con-
ductivity and volumetric capacitance could be obtained as a function
of the continuous gate potential through one single OECT device
measurement. Lastly, the small signal analysis of OECTs could be used
for characterizing a range of devices based on both n- and p-type as
well as ambipolar materials operating in accumulation or depletion
mode, showing that the here introduced method is of general applic-
ability. Small signal analysis allows to accurately benchmark the elec-
tronic charge-carrier mobility of OMIECs and likely also other types of
materials such as MXenes and semiconducting single-walled carbon
nanotubes. It can be anticipated that small signal analysis will aid the
identification of best-performing materials that are required for the
development of viable bioelectronic devices.

Methods
Chemicals and materials
P(g3TT-T2) (number-average molecular weight Mn,SEC = 29 kgmol−1,
Mn,NMR = 39 kgmol−1, polydispersity index PDI = 2.2) and p(g42T-T)
(Mn,SEC = 24 kgmol−1, PDI = 3.3) were prepared as previously
described20,30. p(gNDI-gT2) (Mn,SEC = 30 kgmol−1, PDI = 2.5) and PED-
OT:PSS dispersion (PH-1000) were purchased from 1-Material Inc and
Heraeus, respectively. Ethylene glycol (extra pure grade), chloroform
(analytical reagent grade) and sodium chloride (analytical reagent
grade) were purchased from Thermo Fisher Scientific.

Organic electrochemical transistor (OECT) device fabrication
Source and drainmetal electrodes were defined via a conventional lift-
off process using a Karl Suss MA6 contact aligner and a Kurt J Lesker
PVD e-beam evaporator on cleaned Marienfeld soda lime glass slides,
resulting in channels with a length Lch = 20μm. Two parylene films
were sequentially depositedwith a thickness of 1 and 2μmwith an anti-
adhesive soap layer between them. Two parylene filmswere patterned
via a conventional dry-etching process using a Karl Suss MA6 contact
aligner and reactive ion etcher (O2, 300W). Then, a solution of the
active layer material (7–8 g L−1 in chloroform for p(g3TT-T2), p(g42T-T)
andp(gNDI-gT2), andas receivedPEDOT:PSS solutionwith 5%ethylene
glycol) was spin-coated onto the patterned substrate, followed by
peeling away of the second parylene film to pattern the active layer.
For PEDOT:PSS thinfilms, the deviceswere treatedwith oxygenplasma
before spin-coating for better wetting.

Electrochemical characterization
Cyclic voltammetry (CV) and electrochemical impedance spectro-
scopy (EIS) were conducted using 100mM NaCl aqueous electrolyte
and a three-electrode configuration (Ag/AgCl reference electrode (3M
KCl), and Pt wire as the counter electrode) using an electrochemical
workstation (Biologic, SP-300). Before and during characterization,
the electrolyte was purged with nitrogen gas.

OECT device characterization
All OECT characterization was conducted with a nitrogen-purged
100mM NaCl aqueous electrolyte using a three-electrode configura-
tion with an Ag/AgCl reference electrode and Pt counter electrode for
applying the gate potential. All analysis was conducted using MATLAB
and Origin software (see Data Availability for MATLAB source code).

Steady-state transfer/output type characterizationwas conducted
with twoMatlab-controlled source-measure units (Keithley 2400). For
the gate electrode the built-in ‘four-wire mode’ function of the source-
measure unit was used. The Ag/AgCl reference electrode and Pt
counter electrode, which were immersed in the electrolyte, were
electrically connected to the HP and HC ports of the source-measure
unit, respectively, and the other LP and LC were connected to the
source electrode (HP: high potential, HC: high current, LP, low
potential, LC: low current). For the drain-source potential, drain and
source electrodes were connected to the high and low ports of the
other source-measure unit using a conventional ‘two-wire mode’. The
applied potential values for transfer and output characteristic curves
are described in the manuscript.

Small signal analysis was conducted with a two-channel electro-
chemical workstation (Biologic, SP-300). Both channels for the gate
anddrain potentialwere set to the ‘CE to ground’ electrode connection
mode available through the EC-Lab software, to assign the voltage
based on the potential of the source electrode. The former and latter
electrode were operated with a three-electrode and two-electrode
configuration, respectively. For application of the gate potential, the
Ag/AgCl electrode and Pt electrode were connected to the S1 and P1
ports respectively, and the source electrode of the device was con-
nected to the S2, S3 andGNDports (S1: high potential, P1: high current,
S2 and S3: low potential, GND: ground). For application of the drain
potential, the drain electrode was connected to the P1 and S1 ports,
and the source electrode was connected to the S2, S3 and GND elec-
trode ports of the instrument. The gate and drain potentials were
assigned with the ‘AC-Voltammetry’ and ‘Constant-Voltage’ functions
available through the EC-Lab software, respectively (AC-Voltammetry;
triangular potential with superimposed small sinusoidal waveform,
Constant-Voltage; constant voltage bias, Waveform parameters are
described in the manuscript). The specific potential values for each
type of device are described in the manuscript. For a synchronized
measurement on both channels, the built-in ‘synchronize’ function
was used.
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Data availability
The data used in this study are available in the Zenodo database under
accession code 11093663.

Code availability
The Matlab code for carrying out small signal analysis of OECTs is
available in the Zenodo database under accession code 11093663.
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