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for converting ionic signals into electronic 
ones thanks to the unique property of 
organic mixed ionic-electronic conductors 
(OMIECs).[4] Ionic concentration from an 
analyte or ionic currents from electroac-
tive cells can be efficiently sensed/probed 
and amplified, thus making OECTs attrac-
tive sensors.[5] In the perspective of neu-
romorphic engineering, the same devices 
are capitalizing on the possibility to engi-
neer devices where ion–electron cou-
pling can be used to implement various 
synaptic plasticities, from short-term to 
long-term memory effects.[3,6–9] These two 
aspects have been so far mostly developed 
independently from each other. In con-
trast, synapses in biology are combining 
sensing capabilities with plastic properties 
to provide some essential aspects of bio-
computing. Through their adaptation prop-
erties, synapses are enhancing/depressing 
relevant/irrelevant signals from neurons. 
They also provide a rich set of non-linear 
operations to process the spike signals 

from neural cells.[10] As sensors, synapses are converting chem-
ical signals from sensed neurotransmitters into transduced 
post-synaptic electric signals as ionic concentration modulation. 
Such ambivalence existing in biology is the natural example of a 
non-Von Neumann computing architecture that embeds highly 
complex biochemical sensing at all nodes in its network, and 
demonstrates reciprocally the power of the local adaptation of a 
sensing array that programs according to its environment.

In this paper, we show how OECTs can combine these two 
important features for bio-signal sensing and processing. The 
corner stone of OECTs behavior is the transconductance, which 
couples ionic signals to electronic ones.[11] Transconductance can 
be well described by the coupling between: i) volumetric ionic 
capacitance allowing for a very large effective surface of inter-
action between the analyte and the polymer; and ii) efficient 
electronic transport along the π-conjugated organic chains. Sev-
eral works have demonstrated routes for optimizing transcon-
ductance through either volumetric capacitance or electronic 
mobility tuning.[12,13] Notably, side-chain engineering on the con-
ductive backbone of the polymer have been recently proposed 
as a promising chemical engineering route.[14] Here, we show 
how electropolymerization can be used to adapt post-fabrication 
of these two intrinsic parameters of OECTs (i.e., volumetric 
capacitance and electronic mobility) and how this technique 
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1. Introduction

Organic electro-chemical transistors (OECTs) have emerged as 
a key technology in both bio-sensing and neuromorphic engi-
neering.[1–3] As bio-sensors, OECTs offer very attractive solutions 
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the Creative Commons Attribution-NonCommercial-NoDerivs License, 
which permits use and distribution in any medium, provided the original 
work is properly cited, the use is non-commercial and no modifications 
or adaptations are made.
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results in bio-inspired adaptive sensing. We combine standard 
spin-coating deposition technique with post-fabrication poten-
tiostatic electropolymerization (EP) to show how OMIECs prop-
erties can be adjusted finely. Organization of the poly(3,4-ethyle
nedioxythiophene):polystyrene sulfonate (PEDOT:PSS) domains 
are revealed by scanning electron microscopy (SEM) and atomic 
force microscopy (AFM) for different EP conditions. Raman 
spectroscopy is used to highlight π-conjugated domains organ-
ization and redox state of the PEDOT under different deposi-
tion conditions. We combine DC electrical measurements with 
electrochemical impedance spectroscopy to extract volumetric 
capacitance and electronic mobility. These material aspects are 
then employed to show how transconductance of OECTs from 
a multi-sensor array can be adapted on-demand to an optimal 
transconductance value, which mimics the long-term poten-
tiation process in biological synapses. We further demonstrate 
how tuning OECTs intrinsic properties can result in tunable 
frequency filters, which provides a unique opportunity for pro-
cessing spike-based signals equivalently to short-term plasticity 
effects as a memory mechanism enabled in biological synapses.

2. Results and Discussion

OECTs’ electrodes were realized following a conventional route 
involving Au source (S) and drain (D) electrodes metal patterning 

through optical lithography and lift-off. A two layers parylene C 
was subsequently used to define a 30 μm dia meter opening on 
top of the S and D contacts. The resulting W/L for OECTs was 
30/12. The first layer was used for contact line insulation while the 
second one acts as a sacrificial layer. PEDOT:PSS (Clevios PH1000) 
was first spin-coated before sacrificial layer removal resulting in 
a 200  nm thick spin-coated PEDOT:PSS in between S and D 
contacts (Figure 1). This standard process for OECTs fabrication 
results in well-established transconductance performances Gm 
∝ μ × C*. Hole mobility (μ) is the effective mobility of electronic 
carriers along the π-conjugated system and results from both  
delocalized states: i) intra-macromolecular π–σ–π electron delo-
calization along the thiophene backbone; or ii) hoping from π–π-
stacked intermolecular thiophene rings; and iii) intermolecular 
hoping between two PEDOT macro-molecules that are adjacent 
to a same PSS macromolecular chain.[15] Intermolecular hoping 
is the most limiting mechanism that largely defines the effective 
mobility of electronic carriers through the material. Volumetric 
capacitance C* is describing the permeability of PEDOT:PSS 
to ions allowing positively charged ions to interact with PSS− 
fixed charges in the bulk of the material.[16,17] Direct correlation 
between Gm and both μ and C* justifies why transconductance 
is the main figure of merit describing both ionic and electronic 
properties of OMIECs.[18]

It turns out that improving transconductance has been real-
ized following either volumetric capacitance or electronic 

Figure 1. Electropolymerization technique for OECTs. a) OECT glass chip. b) Microscopic image of the array of 30 OECTs. c) Colorized SEM image 
for a PEDOT:PSS OECT. d) Schematic representation showing the experimental setup to perform potentiostatic electropolymerization of EDOT on top 
of spin-coated PEDOT:PSS OECT. e–g) Microscopic images (from left to right) of spin-coated PEDOT:PSS OECT, spin-coated and electropolymerized 
PEDOT at 0.6 V, spin-coated and electropolymerized PEDOT at 0.7 V.
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mobility tuning. For spin-coated PEDOT:PSS, improving volu-
metric capacitance has been realized by material engineering  
routes consisting in addition of hydrophilic chains and 
molecules[19,20] to the spin-coated solution that results in larger 
volumetric capacitance values of up to 40 F cm−3. A more 
straightforward solution is to increase the total thickness of 
PEDOT:PSS in order to increase the total capacitance of the 
OECT.[21] This technique has resulted in record transconduct-
ance of ≈4000 μS, surpassing 2D materials mobility such as gra-
phene.[1] Nevertheless, as a soft fabrication process, spin-coating 
by itself does not allow adjusting the volumetric capacitance. 
Successive spin-coating steps are required and lead to a poor con-
trol over the total material thickness and variability. This holds 
also for the control of the effective mobility (i.e., organization of 
the π-conjugated system in PEDOT:PSS) that is mostly defined 
by chemical interaction of the polymer in its solution and its 
kinetics for drying upon a specific process. Notably, PEDOT 
molecules have been reported to organize along the PSS chains 
resulting in a fiber-like structure.[15] Addition of heterogeneous 
elements in the solution have demonstrated improved mobility 
of spin-coated PEDOT:PSS.[22] Recently, effective mobility 
improvement was obtained by mechanical-stress engineering 
in PEDOT-PSS fibers resulting in improved organization of the 
π-conjugated system along the fiber with effective mobility as 
high as 12.9  cm2 V−1·s−1.[23] It turns out that both capacitance 
and effective mobility improvement for high transconductance 
are only accessible via various material synthesis and engi-
neering techniques that cannot be necessarily combined. This 
lack of engineering flexibility represents a strong limitation for 
the future development of OECTs applications.

2.1. Microstructural Analysis of Electropolymerized PEDOT:PSS

In our approach, we propose to combine spin-coating with 
electropolymerization in order to gain an additional level of 

freedom in adjusting ionic and electronic properties of OECTs.  
Electropolymerization (EP) has been largely investigated for 
PEDOT materials deposition.[24,25] Here, EP of PEDOT:PSS was 
realized in a potentiostatic configuration as shown in Figure 1d 
with S and D as working electrode (VIN) and grounded Pt wire 
as reference electrode (VOUT) dipped into the electrolyte that 
contained the monomer (0.01 m EDOT + 0.1 m PSSNa). EP was 
realized on top of a standard spin-coated layer of a PEDOT:PSS 
(see Experimental Section). A fiber-like structure was obtained 
for spin-coated PEDOT and granular structure was obtained for 
electropolymerized materials as shown in the scanning electron 
microscopy (SEM) and AFM images of Figure 2. Statistical anal-
ysis of these AFM images was realized to reveal the grain size, 
surface roughness, and thicknesses of the electropolymerized 
thin films. For 0.6  V EP potential, AFM images showed gran-
ular growth with a grain size of ≈5 nm whereas grains of ≈9 nm 
were formed for 0.7  V potential. Surface average roughness 
increased from ≈3, ≈4, and ≈8 nm for the spin-coated, 0.6 and 
0.7 V electropolymerized PEDOT films, respectively. A clear rela-
tion between grain size and roughness can be drawn from these 
measurements with similar ratios of ≈1:2 for both 0.6 and 0.7 V 
EP potentials. Moreover, height profiles of AFM images before 
and after EP revealed electropolymerized thin films of (100 ± 4) 
and (200 ± 8) nm for 8 s of EP at 0.6 and 0.7 V, respectively. The 
thickness of the two thin films presented a ratio of 1:2, which 
might explain the increase of the roughness and the creation of a 
less organized surface for higher deposition rate. More interest-
ingly, EP gave us access to various thin-film microstructures that 
should relate to different electrical properties of the materials.

Figure 2j shows the Raman spectra of PEDOT:PSS grown by 
spin-coating (black line) and by EP at 0.6 V (green line) and at 
0.7 V (blue line) potentials. These spectra are typical of the ones 
shown in the literature for PEDOT:PSS.[26–28] The bands assign-
ment are presented in Table S1, Supporting Information. From 
these measurements, we identified different orientations of 
polymers deposited on the surface and doping levels among the 

Figure 2. Impact of electropolymerization on PEDOT:PSS microstructure. a–c) SEM images of the channel material for spin-coated PEDOT:PSS, 
electropolymerized PEDOT at 0.6 V, and electropolymerized PEDOT at 0.7 V OECTs. d–f) AFM height images of the channel’s material for spin-coated 
PEDOT:PSS, electropolymerized PEDOT at 0.6 V, and electropolymerized PEDOT at 0.7 V OECTs. g–i) AFM phase images of the channel material for 
spin-coated PEDOT:PSS, electropolymerized PEDOT at 0.6 V and electropolymerized PEDOT at 0.7 V OECTs. j) Typical Raman spectra (λexc = 477 nm) 
of spin coated PEDOT:PSS (in black), electropolymerized at 0.6 V (in green), and electropolymerized at 0.7 V (in blue). k) Schematic representation of 
the PEDOT thiophene ring structure and its planar and perpendicular orientation structure.
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three different deposition conditions. Concerning the doping 
level, the peak for the Cα  = Cβ symmetric vibrations shifted 
from 1439  cm−1 for the spin-coated PEDOT to 1444  cm−1 for 
both electropolymerized PEDOT. This shifts indicates a higher 
level of oxidation for the polymer[26,28–33] in correlation with 
the peaks at 1266  cm−1 that corresponded to the oxidized state 
of PEDOT.[26,28–33] In addition, these blue-shifts (i.e., to higher 
wavenumbers) could be associated to oxidized states with qui-
noid form of polymer chains, which may have a key role to play 
on the conductivity of the polymers.[31] Moreover, electropo-
lymerized PEDOT at 0.6  V presented the narrowest peak at 
1444  cm−1 which suggested a larger rate of π–σ–π conjugation 
and thus higher crystallinity and conductivity as shown by Zhao 
et al.[29,34] On the other hand, the decrease in the intensity of the 
peaks in the 400–1000 cm−1 region (dioxyethylene ring deforma-
tion) whereas an increase is observed at 1450–1650 cm−1 (Cα = Cβ 
vibrations region) for both electropolymerized PEDOT relatively 
to spin-coated PEDOT indicated a perpendicular orientation of 
the thiophene rings with respect to the surface and thus an edge 
on the growth of PEDOT:PSS on the surface.[30,35–37] To complete 
the discussion on the Raman measurements, electropolymer-
ized PEDOT at 0.6 and 0.7  V showed different intensity peaks 
in the 1300–1600 cm−1 region for the Cβ–Cβ stretching and the 
Cα  = Cβ asymmetric vibrations. These differences in relative 
intensities also indicated a different structure orientation of the 
polymer chains with respect to the surface, and thus different 
electrical properties. As illustrated in the schematic of Figure 2k, 
the relative orthogonality of thiophene rings organization to the 
substrate plane leads to a higher rate of in-plane π–π stacking 
which in turn increases the mobility in the thin films. In agree-
ment, narrower peaks for PEDOT at 0.6 V indicate better crystal-
linity and thus better conductivity. Wu and coworkers[37] showed 
that a π–π stacking order in a lamella inter-chain stacking struc-
ture for an edge-on PEDOT orientation increased the conduc-
tivity of the thin-film polymer. Therefore, we can expect here a 
better crystallinity structure for PEDOT grown at 0.6 V with the 
latter ordering, which led to a better conductivity of the thin film  
polymer.

From a structural and organizational standpoint, the Raman 
and AFM results correlated. The results were in agreement 
with a smoother and more organized PEDOT:PSS chains for 
the 0.6  V EP. These different growth characteristics (thick-
ness, organization) revealed by AFM and Raman might give 
us a hint on the electrical properties of the PEDOT:PSS thin 
films. The growth at 0.6  V potential is expected to present a 
better conductivity while the growth at 0.7 V is expected to pre-
sent higher capacitance. These findings suggest that electrical 
properties can be tuned by applying different conditions of 
electropolymerization.

2.2. Transconductance and Impedance Evaluation

The combination of spin-coating with EP is offering an inter-
esting option for accessing different material microstructures. 
Different microstructures are affecting the transconductance 
through a change either in capacitance or in electronic mobility. 
To access the ionic and electronic properties of the film, we 
conducted both DC electrical characterization of the OECTs and 

electrochemical impedance spectroscopy for various EP condi-
tions. EP was realized sequentially on the same OECTs by steps 
of 2  s. Transfer characteristics and impedance spectrum were 
recorded between each step. In the case of OECT operation, an 
Ag/AgCl wire is used as a gate, while Pt was previously chosen 
as an electrochemically inert counter electrode for electropoly-
merization. While both having different roles, the choice for a 
same Pt wire as both a gate electrode can even be a fair compro-
mise as an electrode acting either as an electrochemically stable 
counter electrode for EP and as gate for the transistor: Though 
former studies showed that this material choice for a gate elec-
trode is rather limiting in depletion, the large difference in size 
between the OECT device and the gate compensates it, and 
would allow one single three-wire setup to be generic for both 
sensor modification and its operation. Figure  3 presents the 
evolution of transfer characteristic and impedance for poten-
tiostatic EP on top of spin-coated PEDOT:PSS at Vp  = 0.6  V. 
Transfer characteristics provide a direct access to transconduct-
ance through Gm = dIds/dVg, with Ids the channel current and Vg 
the gate voltage. Impedance spectroscopy was modeled with an 
equivalent electrical circuit (Figure 3c) giving access to the total 
capacitance of the OECT. Combining ID–VG with capacitance 
measurement, we extracted hole mobility μ ranging from 0.3 
to 1.1 cm2 V−1·s−1 (see Supporting Information for details on μ 
extraction and Table S1, Supporting Information, for the abso-
lute values). A clear increase of transconductance was observed 
as well as a clear increase in the capacitance (i.e., shift of the  
−1 slope part of the impedance modulus spectrum below 
1 kHz). We conducted the same experiment for various poten-
tiostatic conditions. Figure  3d presents the relative change 
of maximum transconductance as a function of the relative 
change of capacitance. Following the work of Rivnay et  al.,[21] 
the dashed line in Figure  3d presents the linear relation 
expected in the case of a simple increase of material thick-
ness. In this scenario, an increase of Gm is solely related to an 
increase of volume leading to higher capacitance. Interestingly, 
we observed that 0.6 V EP condition led to an evolution above 
this unity line while a larger potential led to an evolution below 
it. Since transconductance depends on capacitance, mobility, 
and threshold voltage,[20] these deviations from the unity line 
indicates that EP should also affect mobility μ and/or threshold 
voltage Vth of the OECT. We report in Figures S3a and S3b, 
Supporting Information, the relative change of μ and Vth as a 
function of the relative change of Gm. Vth showed only a weak 
variation (below 10%) whereas μ showed a clear dependency 
with Gm for the different EP conditions. A low EP potential of 
0.6 V led to a higher mobility material and higher EP potentials 
of 0.65 and 0.7 V led to a lower mobility material with respect 
to spin-coated PEDOT:PSS (note that we can only access the 
average mobility of both spin-coated and electrodeposited 
PEDOT:PSS). In other words, EP provides a versatile tech-
nique that can be used to tune both electronic mobility and 
ionic capacitance. Note that although ionic diffusivity through 
PEDOT:PSS couldn’t be directly evaluated on this electrical 
measurement protocol, EP should also modify its value due 
to the different morphologies observed in Figure  1. Overall, a 
120% increase in the peak transconductance and 40% increase 
in mobility with potentiostatic EP of PEDOT:PSS OECTs is 
demonstrated.
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2.3. Capacitance and Effective Mobility Tuning for Adaptive 
OECTs Sensors

Versatility of electropolymerization is an attractive solution 
to engineer post-fabrication ionic and electronic properties in 
OMIECs. Having independent control over OMIECs capaci-
tance and mobility can be used to adapt OECTs responses 
depending on the targeted application. In biological neural 
networks, synapses are experiencing long-term modification 
of their strength through learning to process bio-signals effi-

ciently. This property is extensively used in an artificial neural 
network through supervised training of networks to imple-
ment fundamental tasks such as signal classification or feature 
extraction. Equivalently, tunable OECTs sensors with adaptive 
transconductance could be used to extract important features 
from the biological medium by weighting the transconductance 
of each sensor individually. Figure  4a presents the evolution 
of peak transconductance when successive electropolymeriza-
tions were realized to reach a 1 mS transconductance value. In 
our experiment, the transconductance was recorded after every 

Figure 3. Impact of electropolymerization on OECTs’ electrical properties. a) Bode’s diagram of the impedance spectroscopy for an OECT during suc-
cessive EP steps of 2 s at Vp = 0.6 V on top of spin-coated PEDOT:PSS. b) Effect on the transconductance for the same device as in (a). c) Equivalent 
electrical circuit used to extract the total capacitance Cp of the OECT. d) Correlation graph between the equivalent capacitance (from the impedance 
spectrogram fitting) and the device transconductance (from the OECT transfer characteristics) for different EP voltages. Each point from a line is 
obtained by repeating the same EP conditions for 2 s.

Figure 4. Adaptive OECT implementation with EP. a) Green: distribution of the maximum transconductance (mS) for an array of 30 OECTs. An adaptation 
procedure with target of 1 mS is used to gradually change the transconductance of each OECT sequentially. (blue) Final transconductance reach after device 
adaptation. b) Distribution of the capacitance before (green) and after (blue) OECT adaptation. Lines are the Gaussian fitting of the histograms.
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2 s of EP. When the transconductance of more than 1 mS was 
reached or the EP time was larger than 10 s, the transconduct-
ance tuning was stopped. In addition to a mean transconduct-
ance value of 0.98  mS (i.e., 2% deviation from the targeted 
value) a large decrease of standard deviation in transconduct-
ance from 0.24 to 0.086  mS was obtained for a batch of 30 
devices belonging to the same array. Figure 4b shows the evo-
lution of the capacitance for the same experiment. The low 
initial variability in capacitance associated to the large initial 
variability in the transconductance of spin-coated PEDOT:PSS 
points to variability in mobility rather than variability in capac-
itance as the initial source of variability in transconductance. 
The increase in capacitance variability after EP suggests that 
variability in transconductance was reduced by adjusting capac-
itance rather than mobility. It is to note that transconductance 
tuning could be optimized further by using an automated setup 
that could allow for fine-tuning over time by combining EP and 
transconductance measurements in the same environment. In 
our case, the setup was limited by the manual operation. Also, 
this demonstration implemented only long-term potentiation 
effects (i.e., increase of the transconductance). As suggested by 
the decay of transconductance for a long EP time in Figure 3d, 
long-term depressions (LTD) should also be available. The 
origin of LTD could be explained by either: i) a degradation 
of mobility of the previously deposited material by decreasing 
thiophene rings organization when more material was added; 
or ii) ions diffusivity limitation when too thick materials are 
deposited. Further investigations are required to conclude on 
this aspect. We also note that both LTP and LTD are irrevers-
ible mechanisms. By analogy with biological cells, which show 
different forms of plasticity, combining these structural modi-
fications with long-term doping/de-doping of the PEDOT:PSS 
could offer more flexibility for OECT programming in the con-
text of adaptive and plastic sensors.

A second bio-inspired feature available with adaptive OECTs 
is to implement short term plasticity (STP). Here we capital-
ized on the bottom-up tuning of OECTs capacitance to show 
how an additional degree of freedom can be obtained with EP. 
Figures  5a and  b compare the response to a train of 100  μs 
pulses at 1 and 8 kHz before and after EP, respectively. The STP 

effect results from the balance in between the ions charging 
during the 200 mV pulse and discharging during the 0 V inter-
pulse interval. After EP at 0.7  V, the capacitance of the OECT 
was increased from 10 to 19 nF, thus increasing the time con-
stant of the equivalent resistor–capacitor circuit. Before EP, 
OECTs response presented higher modulation than after EP at 
low frequency. Note that in this low frequency regime, charge 
and discharge were completely balanced. At high frequency, 
both devices reached an equivalent saturation regime corre-
sponding to the maximal accumulation of positive ions. In this 
later case, charging was not balanced by discharging due to the 
short inter-pulse interval and the current reached the saturation 
level. Comparison between the two responses demonstrates the 
possibility to tune the high-pass filtering property of the OECT 
with EP. For instance, OECT after EP can discriminate the 
low frequency signals from the high frequency one whereas it 
cannot before EP. It was recently proposed that STP effects in 
neural networks can be modeled as a combination of various 
frequency filters.[38] Here, the adaptive property of OECTs with 
in-situ EP represents an attractive feature for neuromorphic 
synapses engineering that could allow us to reproduce complex 
STP mechanisms.

3. Conclusion

We report in this paper on the utilization of EP as an in-situ 
technique for tuning the iono-electronic properties of OECTs. 
OMIEC optimization has been largely proposed with either 
volumetric capacitance or effective mobility tuning. We showed 
here that EP provided a unique technique that allowed for the 
controlling of both properties simultaneously. This solution is 
opening new perspectives for the engineering of OECTs where 
transconductance and impedance can be finely adjusted. More 
fundamentally, this work is showing how ionic and electronic 
properties are governing the OECTs responses (see Figure S3, 
Supporting Information), which contributes to a better under-
standing of mixed ionic electronic processes in OMIECs.

Along this line, an important bottleneck of OECTs devel-
opment as bio-sensors is associated with the large variability 

Figure 5. Capacitance tuning for adaptive OECTs sensors. Current output response to a train of 100 μs and 200 mV pulses on the gate electrode at  
1 and 8 KHz of an OECT before (a) and after (b) capacitive tuning by EP. EP allows tuning the frequency response of the OECT with a clear discrimina-
tion of the low/high frequency signal after EP and a low discrimination before EP.
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of soft technologies when circuits and systems need to be 
designed. Spin-coating as well as inkjet printing, which are 
the most popular OMIECs fabrication routes, are room-
temperature and ambient atmosphere deposition conditions 
that are prone to high amount of defects in the OMIECs. EP 
can offer an interesting alternative to adjust the iono-electronic 
properties of the material post-fabrication to match a tolerable 
range of variability in these properties. Notably, we showed that 
standard deviation in transconductance can be reduced by 60%.

This approach is also offering a new strategy for the develop-
ment of adaptive sensors that can adapt to their sensing environ-
ment. For instance, electrophysiological recording could benefit 
from sensor arrays that could be adapted to the specific organi-
zation of the biological neural network. Equivalently to learning, 
adaptive protocols could be designed to adjust the OECTs 
response to match biological neural network organization. It has 
to be noted that EDOT molecules are non-cytotoxic[39,40]—at least 
in the range of concentration reported in this study—and PSS:Na 
is non acidic. Future work could consider in-situ EP with living 
cells in the medium. In addition, since electro-active cells/elec-
trode coupling is based on capacitive effect, OECTs fine-tuning 
can be used to optimize cells/OECTs coupling or to adjust the fil-
tering of complex bio-signals. Finally, EP can also open new per-
spectives for the development of non-standard OECTs structures 
that are not bounded to standard top-down design technics. Along 
this line, electropolymerized dendritic OECTs are emerging as a 
new direction for bio-inspired computing deployment.[41]

4. Experimental Section
Materials and Instrumentation: Electropolymerization was done 

by potentiostatic configuration in an aqueous electrolyte containing 
0.1 m of poly(sodium-4-styrene sulfonate) (NaPSS) and 0.01 m of 
3,4-ethylenedioxythiophene (EDOT). All chemicals were purchased 
from Sigma Aldrich. Source and drain as working electrode (VIN) and 
grounded Pt wire as counter electrode (VOUT) dipped into the electrolyte.

Raman: A 473  nm excitation laser (≈1  mW) focused with a  
100× objective was used for confocal Raman spectroscopy 
measurements in air at room temperature. Raman data were treated 
with Labspec5 software provided by Bruker.

AFM: ICON, Bruker AFM, tapping, and phase mode images taken 
in air atmosphere at room temperature ≈293 K. The authors used Si 
cantilevers with a free oscillating frequency f0  ≈ 320  kHz and a spring 
constant k ≈ 42 n m−1. AFM images were treated with Gwyddion.[42]

Optical Microscopic Images: Optical microscopic images were done 
with a Keyence numerical microscope.

Electrical Characterization: The transistors were characterized using a 
PBS solution as the electrolyte. An Ag/AgCl wire was immersed in the 
electrolyte and used as the gate electrode. The same type of wire was 
used as a gate electrode during electrochemical impedance spectroscopy 
(see below). Agilent B1500A semiconductor device analyzer was used to 
bias the transistor and record the drain current.

Electrochemical Impedance Spectroscopy (EIS): EIS was performed 
with a Solartron Analytical (Ametek) impedance analyzer from 1  MHz 
to 1 Hz. All impedance measurements were done in the same electrical 
(VDC = 100 mV and Va = 20 mV) and electrochemical conditions (PBS as 
electrolyte). Source and drain as working electrode (VIN) and grounded 
Ag/AgCl wire as reference electrode (VOUT) dipped into the electrolyte.

Circuit Impedance Modeling: Circuit impedance modeling was 
performed using an open-source EIS Spectrum Analyzer software.[43] The 
RC parameter fitting was manually adjusted by simultaneous comparison 
of the Nyquist plots, Bode’s modulus, and Bode’s phase plots.
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