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phase separated structure of conjugated 
polymer:electrolyte blends, gives rise to 
percolating pathways for ionic as well as 
electronic carriers and accordingly such 
blends are termed organic mixed ionic 
and electronic conductors (OMIECs). 
Currently, there is a large interest in opti-
mizing the mixed charge transport prop-
erties of OMIECs in order to achieve novel 
and optimized materials for bioelectronic 
devices such as low-impedance soft elec-
trodes[6,7] organic electrochemical transis-
tors (OECTs) or neuromorphic circuits.[8] 
At the same time, the mixed conductivity 
renders the experimental characteriza-
tion of individual ionic or electronic car-
rier mobilities difficult as both processes 
are intrinsically entangled and both can 
lead to the screening of electric fields or 
introduce local contact resistances.[9,10] 
Progress on all fronts is predicated on 
an advance in understanding the inter-
relations between ionic transport, elec-
tronic transport and ionic–electronic 

coupling and their dependence on processing, synthetic struc-
ture, microstructure/morphology, and electrolyte choice.[11] 
The extraction of the charge carrier mobility is crucial for the 
analysis of the transport properties of OMIECs. High-mobility 
values allow fast device operation and amplified transduction 
as needed in many applications.[12] Novel methods to charac-
terize carrier mobilities reducing possible artifacts are highly 
wanted to promote the understanding of OMIECs transport 
physics and to achieve a rational optimization of this class of 
materials.

Typical measurements of the electronic mobility of OMIECs 
are conducted in an electrolyte gated transistor geometry 
called OECT. OECTs make use of ions injected from an elec-
trolyte to change the doping state and hence the electrical con-
ductivity of the OMIEC semiconducting channel, patterned 
between the source and drain contacts.[13] These ions are 
driven by the voltage applied via a gate electrode immersed 
in the electrolyte, while the source-drain current, flowing in 
the channel, represents the electrical output.[14] OECT signal 
transduction is investigated by means of the transfer curves, 
which highlight the dependence of drain current on gate 
voltage. The derivative of the transfer curve is the transcon-
ductance, gm, a figure-of-merit describing transduction effi-
ciency. The volumetric capacitance in OMIECs combined with 
a high electronic mobility endows these devices with very high 
gm values.[15]

Organic mixed ionic–electronic conductors (OMIECs) combine electronic 
semiconductor functionality with ionic conductivity, biocompatibility, and 
electrochemical stability in water and are currently investigated as the active 
material in devices for bioelectronics, neuromorphic computing, as well as 
energy conversion and storage. Operation speed of such devices depends 
on fast electronic transport in OMIECs. However, due to contact resistance 
problems, reliable measurements of electronic mobility are difficult to achieve 
in this class of materials. To address the problem, the electrolyte-gated van 
der Pauw (EgVDP) method is introduced for the simple and accurate deter-
mination of the electrical characteristics of OMIEC thin films, independent 
of contact effects. The technique is applied to the most widespread OMIEC 
blend, poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulfonic acid) 
(PEDOT:PSS). By comparing with organic electrochemical transistor (OECT) 
measurements, it is found that gate voltage dependent contact resistance 
effects lead to systematic errors in OECT based transport characterization. 
These observations confirm that a contact-independent technique is crucial 
for the proper characterization of OMIECs, and the EgVDP method reveals to 
be a simple, elegant, but effective technique for this scope.
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1. Introduction

Conjugated polymer:electrolyte blends are fascinating compos-
ites that rely on a delocalized π-electron system along the con-
jugated polymer backbone and an electrolyte acting as an ionic 
dopant to introduce mobile electronic charges.[1] The most 
widespread blend is composed by poly(3,4-ethylenedioxythio-
phene) doped with poly(styrenesulfonic acid) (PEDOT:PSS).[2] 
PEDOT:PSS finds wide application in several electronic devices 
ranging from chemical and biological sensors[3,4] to printed 
circuits[5] and solar cells due to its high conductivity, good 
chemical stability and facile processing properties. The nano 
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Despite OECTs are studied in a wide range of applications, 
the interpretation of their characteristic curves and the extrac-
tion of the figures of merit still represent a difficult challenge. 
Experiments show that OECT transconductance has a non-
monotonic dependence on gate voltage, decreasing at both high 
and low gate voltages.[16] This behavior is an ubiquitous prop-
erty of OECTs, reported in devices exploiting different organic 
semiconductors[13–17] having various electrode geometries[18] and 
realized using a wide range of fabrication technologies.[19,20] 
However, existing OECT models do not predict this effect. For 
example, Bernards’ model[14] predicts that transconductance is 
constant in the linear regime and decreases linearly with gate 
voltage in the saturation regime. Contact resistance effects can 
be a possible cause of this behavior.[20] Paterson et al. measured 
a contact resistance dependency on the gate voltage in n-type 
OECTs via transmission line measurements.[21] A similar result 
was obtained by Kaphle et  al. for PEDOT:PSS-based OECTs 
working in depletion mode.[22] This effect was interpreted as the 
consequence of ion accumulation at the drain contact caused by 
lateral ion currents in the OECT channel, which were included 
in a finite element simulation.[9]

Gate-dependent contact effects are typically observed also 
in normal thin film transistors (TFTs) based on organic semi-
conductors.[23] A contact-independent technique was developed 
by Rolin et  al. for a more accurate characterization of organic 
field-effect transistors (OFETs) and was called the gated van 
der Pauw (gVDP) method.[12] It is based on the normal van der 
Pauw (VDP) method that is a geometry-independent four-con-
tact electrical measurement widely used to evaluate the sheet 
conductance σs of thin continuous films.[24] In gVDP charac-
terization, a common gate is used to modulate the charge den-
sity in VDP devices. gVDP characteristics can be interpreted 
with a simple model, allowing for the extraction of charge car-
rier mobility and threshold voltage Vt, as performed by Rolin 

et al.[12] on several materials. Afterward, Jiang et al. generalized 
the gVDP method to probe Coulomb interactions on charge 
transport in few-layer organic crystalline semiconductors.[25] 
The gating of conjugated polymers immersed in an aqueous 
electrolyte was observed by Wang et al. in P3HT-based van der 
Pauw structures.[26]

Here we adapt the electrolyte-gated van der Pauw method 
to characterize electronic carrier transport in OMIECs. 
PEDOT:PSS thin films are used as a widely applied model 
system for OMIECs. We introduce control of the electrolyte gate 
potential by a potentiostat and measure the sheet conductance 
in four-point probe geometry as a function of gate potential. 
We show then for the electrolyte gated van der Pauw method 
(EgVDP) a simple analysis to extract the threshold voltage Vt 
and the hole mobility μp. Results are compared with two-point 
probe measurements done in OECT devices, where a simple 
model is discussed for the quantification of contact resistance 
effects. The reproducibility of the EgVDP method, combined 
with its intrinsic independence from contact resistance effects 
and the straightforward data analysis, validates this technique 
as an effective strategy for the accurate characterization of elec-
tronic mobility in OMIEC thin films.

2. Results

The microstructured PEDOT:PSS thin film devices resulting 
from the fabrication procedure described in the Experimental 
Section are shown in Figure 1a,b. The optical micrographs dem-
onstrate the well-defined gold contacts serving as electrodes for 
the measurements. The area covered by PEDOT:PSS gets vis-
ible by its slightly blue color. Four symmetric gold electrodes 
are placed at the edges of the PEDOT:PSS thin film for EgVDP 
measurements (Figure 1a). As required by VDP’s method, the 

Figure 1.  Experimental setup for electrolyte gated van der Pauw measurements to characterize electronic transport in PEDOT:PSS thin films. a) Optical 
micrographs of a four-contact measurement structure with the PEDOT:PSS active layer patterned at the center of the device. b) Optical micrographs 
of an organic electrochemical transistor. c) Schematic of the experimental setup for EgVDP characterization.

Adv. Electron. Mater. 2021, 7, 2100086



www.advancedsciencenews.com
www.advelectronicmat.de

2100086  (3 of 7) © 2021 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

dimensions of the metallic contacts are maintained as small as 
possible with respect to the film size. The PEDOT:PSS film is 
patterned with a square shape in order to reduce contact dis-
placement errors in VDP measurements.[27] The PEDOT:PSS 
layer is designed with the same dimensions in two-contact 
OECTs (Figure  1b). Here, the metallic contacts are patterned 
with the same width of the PEDOT:PSS film to provide well 
defined dimensions to the semiconducting channel undergoing 
electrical measurements.

A schematic of the experimental setup realized for EgVDP 
characterization is reported in Figure  1c. The PEDOT:PSS 
active layer is immersed in an electrolyte (PBS 0.1 m). A current 
is injected between the high-force and the low-force contacts of 
the device (contacts 1 and 2 in Figure 1c, respectively) and the 
corresponding voltage drop is measured between the other two 
(the high and low-sense, contacts 4 and 3, respectively). Simul-
taneously, a potentiostat is employed to generate an electrical 
potential (the gating voltage VG) between an Ag/AgCl reference 
electrode (RE) and the low-sense contact.

We measured the channel capacitance of the fabricated thin 
films by characterizing the PEDOT:PSS–electrolyte interface 
with electrochemical impedance spectroscopy (EIS). Results 
for EgVDP devices and OECTs are presented, respectively, in 
Figure 2a,b. The acquired Bode plots were fitted with the equiv-
alent circuit shown in the inset. Both interfaces can be modeled 

with a simple RC circuit, representing the electrolyte resistance 
Rel and the channel capacitance C of the device.[14] As expected, 
the frequency response of EgVDP devices reproduces the one of 
OECTs, since the PEDOT:PSS layers under investigation have 
the same dimensions. The resulting average volumetric capac-
itance of PEDOT:PSS is (29  ±  2)  F cm−3, which is consistent 
with literature values.[28] The channel capacitance was meas-
ured as a function of the gate voltage (Figure  2c) for two dif-
ferent macroscopic EgVDP devices, with an active PEDOT:PSS 
film area of 35 mm2. C resulted to be independent from VG 
and approximately constant in the voltage range in which the 
EgVDP characterizations were performed (−0.2 V < VG < 0.6 V). 
Therefore, measurements were fitted with a constant line, and 
the resulting mean capacitances are compatible to each other.

Next we investigate the timescales at which gating is effec-
tive in electrolyte-gated van der Pauw structures. Figure  2d,e 
shows the behavior of two EgVDP structures with different 
dimensions when gate voltage steps are applied. The time 
response of a larger, macroscopic device (Figure  2d), with an 
active PEDOT:PSS film area of 35 mm2, is compared with 
the one of a microscopic EgVDP structure (Figure  2e), with 
film area 0.25 mm2 (see Figure  1a). During each step, VG 
is kept constant for 10s, and then increased by 0.04  V (scan 
rate 4 mV s−1). In both cases, the voltage drop on the sample 
between the sensing contacts 4 and 3 reaches a stationary state 

Figure 2.  Electrical characterization of electrolyte-gated PEDOT:PSS thin films. Electrochemical impedance spectroscopy of OECT a) four-contact and 
b) two-contact structures. The Bode plot was fitted with the circuit shown in the inset. The values obtained for the capacitance are shown in c) for different 
potentials applied to the OECT gate. Time response of d) macroscopic and e) microscopic four-contact structures during electrolyte gated van der Pauw 
measurements. The voltage drop on the sample between the sensing contacts 4 and 3 is measured in time while varying the applied gate voltage VG.
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after a transient RC response. The time duration of the transi-
tory state depends on the time constant of the device (τ), which 
is proportional to its capacitance. Many studies demonstrate 
that the electrical capacitance of a PEDOT:PSS film depends 
on its volume.[29] As the polymeric layers present the same film 
thickness in macroscopic and microscopic devices, the differ-
ence in capacitance is only related to the different film area. 
Figure  2d demonstrates that the large capacitance of macro-
scopic EgVDP samples poses a strong limitation during the 
EgVDP characterization. In particular, when the carrier con-
centration in PEDOT:PSS is small (high channel resistance), 
the charge/discharge processes are too slow for a reasonable 
scan rate on VG and the circuit fails to reach the stationary 
behavior. For this reason, during the characterization of mac-
roscopic sized samples it was not possible to apply gating volt-
ages above 0.4 V, and only a limited range of carrier concentra-
tion was studied. Miniaturization is therefore crucial to study 
low carrier concentration regimes.

The results of the electrolyte gated transport measurements 
are reported in Figure 3a,b. The gate voltage is scanned between 
−0.2 and 0.6 V (forward and backward scans), while a constant 
current I1–2 = 10 µA is injected between the High and Low force 

contacts 1 and 2. The gate potential range of the experiment 
was selected to avoid material degradation and water splitting 
processes. The measured sheet conductance of the thin film 
(Figure 3a) is plotted as a function of the difference between VG 
and VC, with VC being defined as half the voltage drop meas-
ured on the sample (VC = V4–3/2). For comparison, the transfer 
curve of a two-contact OECT measured in linear regime (VDS = 
0.05 V) is presented in Figure 3b. In both cases, the behaviors 
of the samples are reproducible during the gate voltage scan, 
and measurements show only a small hysteresis. Both EgVDP 
devices and OECTs reach a linear operation regime below a 
threshold voltage Vt. The linear behavior of an OECT is com-
monly described by the Bernard’s model[14]

µ= − +



I C

W
L

V V
V
2

VDS p t GS
DS

DS 	 (1)

Where C indicates the capacitance per unit area of the 
PEDOT:PSS–electrolyte interface, and W, L are respectively 
the channel width and length. Equation  (1) can also be used 
to describe EgVDP operation. The probed region between the 
sensing contacts 4 and 3 in EgVDP structures can be treated 

Figure 3.  Analysis of the van der Pauw and OECT transport characterizations. a) Sheet conductance of an electrolyte gated van der Pauw structure 
plotted as a function of VG − VC (with VC = V4–3/2). A constant current I1–2 = 10 µA is injected between the forcing contacts. b) Transfer curve of an 
OECT. The drain voltage is fixed at 0.05 V. The linear regime of the EgVDP and OECT characteristics is fitted to extract the mobility and the threshold 
voltage. c) Comparison between the sheet conductance of an EgVDP (red line) and an OECT (blue line). d) Evaluation and exponential fit of the contact 
resistance as a function of the gate voltage in an OECT. e) Comparison between the contact resistance and the channel resistance of an OECT device 
at different gate voltages.
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as a semiconducting channel with source and drain at poten-
tials V3 and V4, respectively. The geometrical dimensions of the 
channel are related by L/W = ln(2)/π, as demonstrated by van 
der Pauw for square VDP structures.[24] The injected current 
I1−2 can be expressed in terms of the sheet conductance σs as

π
σ=− −

ln(2)
I V1 2 s 4 3 	 (2)

with

σ µ= − +C V V Vs p t G C 	 (3)

The space charge density accumulated in the PEDOT:PSS 
layer is δ  =  C|Vt–VG+VC|, where VC = V4–3/2 approximates the 
potential in the probed region of the EgVDP structures.

Figure 3a,b was fitted with Equations (3) and (1), respectively 
to extract the charge carrier mobility and the threshold voltage 
of the devices. Quantitative results obtained from different 
samples are reported in Table 1.

The mobilities measured in OECT devices are in good com-
parison with findings described in literature. Typically values 
measured in OECTs are on the order of 1–10 cm2 V–1 s–1.[10–15] 
In general, high mobilities for transport in OECT are reason-
able, as the mobility is extracted in the high carrier density 
regime, were carrier trapping at band-edge states has only 
limited importance. At the same time, the accumulation does 
not exceed a critical limit at which energetic and structural dis-
order set-in due to PEDOT overoxidation.[30] Table  1 also con-
firms that the EgVDP method allows for a very reproducible 
parameter extraction on the three different samples. Mobilities 
measured with the contact-independent EgVDP characteriza-
tion are systematically higher than the ones measured with 
OECTs. A similar value for mobility was determined in contact 
independent measurements based on terahertz and infrared 
spectroscopy.[31]

In order to compare in detail the difference between the 
OECT and EgVDP measurement techniques, we compare for 
both the calculated sheet conductances in Figure  3c. At high 
gate voltages (low carrier concentrations) both curves are super-
imposed. Instead at low VG, the EgVDP measurement shows 
the linear increase in conductance due to accumulation of 
carriers, while the two-contact OECT measurement flattens 
and shows a significantly limited conductance. The difference 
between the two measurements can only be attributed to con-
tact resistance effects. The presence of a contact resistance 

RC generates an additional potential drop along the semicon-
ducting channel of an OECT: IDS = VDS/(Rch + RC), where Rch 
indicates the channel resistance

µ
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By substituting in the transfer curve equation the contact-
independent mobility 〈μp〉 = (11.7 ± 0.3) cm2 V–1 s–1 (obtained by 
averaging the EgVDP mobilities), the following equation can be 
solved to calculate RC as a function of the gate voltage
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The results of this analysis are reported in Figure  3d. We 
thus obtain that, in linear regime, the contact resistance of an 
OECT is exponentially dependent on the gate voltage, and the 
equation

= ∗ ∗ +R (V ) a exp(b V ) cc GS GS 	 (6)

is fitted to the data, obtaining a  = (0.0351  ±  0.0012)  V, b  = 
(8.76  ±  0.07)  V–1 and c  = (0.483  ±  0.005)  V. Hence carrier 
injection from the contact into the semiconductor channel is 
strongly mediated by the gate voltage in OECTs. This aspect is 
clearly visible in Figure 3e, which compares the OECT channel 
resistance with the contact resistance, both as a function of the 
gate potential. From this plot it is possible to observe that the 
gate-dependent contact resistance dominates on the channel 
resistance at low gate voltages. Consequently, contact resistance 
effects strongly affect the modulation of the PEDOT:PSS con-
ductivity when the electronic carrier density in the material is 
high, causing the conductivity saturation typically observed in 
OECTs. Previous works demonstrate that this effect can lead 
to mobility underestimations[23–32] consistent with the results 
of our experiment. In contact-resistance free measurements 
this effect is not observed and the conductivity of van der Pauw 
structures increases linearly with negative gate voltages in the 
potential range of measurements.

A contact resistance exponentially dependent on the gate 
voltage was already found in OECTs by Kaphle et  al.[22] This 
observation was interpreted as the consequence of ion accumu-
lation at the drain contact, caused by lateral ion currents in the 
OECT channel.[9] Lateral ion transport can also be responsible 
for the threshold voltage overestimation in OECT characteris-
tics. According to Kaphle’s simulation,[9] the application of a 
positive drain-to-source voltage (VDS = 0.05 V) generates an equi-
librium ion distribution in the channel which partially depletes 
from cations the region nearby the drain contact. Consequently, 
the electronic conductivity of PEDOT:PSS is locally increased, 
as the concentration of ionic de-dopants is reduced.[33] This 
effect can shift the threshold voltage of an OECT working in 
depletion mode toward higher gate voltages. In the EgVDP 
such a systematic error in threshold voltage determination 
cannot occur. A pair of high impedance electrodes measures 

Table 1.  PEDOT:PSS mobilities and threshold voltages measured from 
EgVDP and OECT characterization.

Sample μp [cm2 V–1 s–1] Vt [V]

EgVDP 1 12.0 ± 0.5 0.436 ± 0.011

EgVDP 2 11.7 ± 0.4 0.44 ± 0.02

EgVDP 3 11.3 ± 0.4 0.45 ± 0.02

OECT 1 5.9 ± 0.3 0.57 ± 0.02

OECT 2 6.7 ± 0.2 0.520 ± 0.012

OECT 3 4.2 ± 0.2 0.530 ± 0.010
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the electric field strength relevant for carrier acceleration and 
is thus not affected by local ion-accumulation. We remark that 
in our experiment, we used a potentiostat and a well-defined 
reference electrode (Ag/AgCl 3 m KCl) to have a precise con-
trol of the electrochemical potential in both van der Pauw and 
OECT characteristics. Under such conditions, the threshold 
voltage is reproducible and can be related the materials prop-
erties. Therefore, it is possible to compare the threshold volt-
ages extracted with both techniques. In doing so, we observe 
that contact resistance affects the linearity of the OECT transfer 
curves and renders the extraction of Vt difficult. On the other 
hand, the transfer curves acquired with EgVDP measurements 
are perfectly linear at high carrier densities, allowing for an 
accurate determination of the contact-independent threshold 
voltage. For such an ideal case, one can refer to more advanced 
models on carrier transport that relate Vt to the energy levels of 
the semiconductor and work function of the gate terminal (see 
Figure S1 in the Supporting Information for further details).[34] 
In particular, Vt results to be dependent on the position of the 
valence band edge of PEDOT in its pristine state, which electro-
chemical measurements indicate to be WPEDOT = 4.5 eV.[35] The 
contact independent threshold voltage extracted from EgVDP 
characterizations allows for a better estimate of this value 
(WPEDOT, EgVDP = (4.36 ± 0.04) eV) with respect to OECT meas-
urements (WPEDOT, OECT = (4.25 ± 0.03) eV).

Finally, we note that alternative contact-independent tech-
niques such as FPP[16] and transmission line method (TLM)[22] 
can be used to extract the charge carrier mobility in the high-
charge density regime of OMIECs. However, we think that 
the EgVDP method has many advantages over them[12]: TLM 
requires multiple devices with different channel length and 
mobility extraction is weakened by the problematic determina-
tion of the threshold voltage.[36] As shown in Figure 3c, transfer 
curves of OECT are not linear and therefore threshold voltage 
depends strongly on the mathematical extraction procedure. On 
the other hand, gated four-point probe (gFPP) devices require 
the precise alignment of the voltage probes along the very edge 
of the semiconductor channel, and mobility extraction is typi-
cally compromised by small variations in device geometry.[37] 
In contrast, measuring the EgVDP device is of the same com-
plexity as the gFPP device measurement (both require five 
contacts). However, the data obtained are more precise than in 
gFPP thanks to the averaging over different sides and the inde-
pendence from geometric dimensions.

3. Conclusions

In this paper, we introduce a four-point probe characterization 
technique for organic mixed OMIECs, the electrolyte-gated van 
der Pauw’s method. This technique is applied for the first time 
to PEDOT:PSS thin-film devices for an accurate extraction of 
the mobility and the threshold voltage that are representative 
of the transport properties of the blend. The EgVDP method 
combines many advantages: 1) the device structure and fabrica-
tion constraints are the same as for standard OECTs, allowing 
easy device integration and comparison; 2) the method is inde-
pendent from contact effects that are detrimental to transistor 
characteristics; 3) a straightforward data analysis allows precise 

parameter extraction owing to the inherent averaging and inde-
pendence from geometrical dimensions. We tested this method 
on three different EgVDP devices, obtaining highly reproducible 
results. The average PEDOT:PSS mobility and threshold voltage 
obtained from measurements are 〈μp〉 = (11.7 ± 0.3) cm2 V–1 s–1 
and 〈Vt〉  = (0.44  ±  0.02)  V. By comparing this result with two-
point probe measurements, we found that contact resistance 
effects complicate the extraction of both the mobility and the 
threshold voltage, leading to an underestimation and an overes-
timation for the former and the latter, respectively. These obser-
vations indicate that a contact-independent technique is crucial 
for the proper characterization of PEDOT:PSS, and the EgVDP 
method is revealed to be a simple, elegant, but effective tech-
nique for this scope. Given its general applicability and good 
accuracy, the EgVDP method can be a promising and useful 
tool to characterize new semiconducting materials with mixed 
ionic and electronic conductivity.

4. Experimental Section
Device Fabrication: Both four-contact devices for EgVDP 

characterization and OECTs were fabricated with photolithography. 
Glass substrates (25 × 25 mm2) were cleaned by sonication in distilled 
water/acetone/isopropanol baths, and then blow dried using nitrogen 
flux. Afterward, substrates were dehydrated for 10 min at 110  °C. The 
Microposit S1818 positive photoresist was spin coated (4000 rpm for 10 s) 
and annealed at 110 °C for 1 min. Metallic contacts were patterned through 
direct laser lithography by using the ML3 Microwriter (from Durham 
Magneto Optics). The photoresist was developed with Microposit 
MF-319 developer. Then, 15  nm of chromium and 20  nm of gold were 
deposited by thermal evaporation. Samples were immersed in acetone 
for 4 h for photoresist lift-off, and then rinsed by sonication in acetone/
isopropanol/distilled water baths. A double layer of S1818 was deposited 
and treated for 6 min in chlorobenzene for the photolithography of the 
PEDOT:PSS channel.[38] After the development, substrates were treated 
with air plasma (15 W for 2 min) and the PEDOT:PSS solution was spin 
coated at 3000 rpm for 10 s. The solution was made of 94% PEDOT:PSS 
(Heraeus, Clevios PH1000) with 5% of ethylene glycol (EG) (Sigma 
Aldrich), 1% of 3-glycidoxypropyltrimethoxysilane (GOPS), and 0.25% 
of 4-dodecylbenzenesulfonicacid (DBSA). This suspension was treated 
in ultrasonic bath for 10 min and filtered using 1.2 µm cellulose acetate 
filters (Sartorius) before the deposition. The resulting film thickness was 
(100 ± 10) nm. The samples were subsequently baked at 120 °C for 1 h. 
Finally, the photoresist was lifted off with the procedure discussed before.

Electrochemical Characterization: Samples were immersed in an 
electrochemical cell containing PBS (0.1 m). A thin PDMS film prevented 
the direct contact between the metallic electrodes and the solution. 
A nitrogen-saturated environment was maintained in the cell during 
measurements. EIS was performed with the potentiostat Metrohm 
Autolab PGSTAT204. A sinusoidal wave with 10  mV rms amplitude 
was generated in the frequency range between 0.1 and 1000  Hz. The 
Amelchem 373/SSG/12 Ag/AgCl was used as RE, while a platinum 
wire was used as counter electrode. The device contacts (the working 
electrode) were short-circuited during measurements.

Electrical Measurements: The four contacts of the EgVDP structures 
were connected to the Keysight B2912A source-measure unit (SMU) for 
four-point probe characterization. A current I1–2 = 10 µA was sourced in 
contact 1 and drained at contact 2, while the potential difference V4–3 
between contacts 4 and 3 was measured. The working electrode (WE) of 
the potentiostat was connected to the Low-sense contact to generate a 
voltage VG = VAg/AgCl − V3. A gate voltage staircase was applied between 
−0.2 and 0.6  V. During each step, VG was kept constant for 10 s and 
then increased (or decreased) by 0.04 V. The potential scan was repeated 
twice for each characterization, in order to test the reproducibility of the 
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sample response. For σs extraction, R1–2 = |V4−3|/I1−2, the resistance in the 
probed region alongside 1–2. The measurement of R2–1 along the same 
side was obtained by reversing the direction of the current. Next, the 
resistances along the adjacent side of the square (R2−3 and R3−2) were 
measured in the same way, and the four resistance values were averaged 
as 〈R〉. Finally, thanks to the fourfold symmetry of the film,[24] the sheet 

conductance was calculated as σ π=
R

ln(2)
s . OECTs were characterized by 

measuring their transfer characteristic. A constant voltage VDS = 0.05 V 
was applied between the drain and the source contacts. The potentiostat 
generated a gate voltage VGS between the Ag/AgCl RE and the source 
contact (WE). A VGS staircase was scanned between −0.2 and 0.6  V 
with the same parameters adopted for EgVDP measurements, and the 
corresponding drain current IDS was measured with the SMU.
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