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Tuning the Organic Electrochemical Transistor (OECT)

Threshold Voltage with Monomer Blends

Diana Priyadarshini, Changbai Li, Rebecka Rilemark, Tobias Abrahamsson,
Mary J. Donahue, Xenofon Strakosas, Fredrik Ek, Roger Olsson, Chiara Musumeci,
Simone Fabiano, Magnus Berggren, Eva Olsson, Daniel T. Simon,

and Jennifer Y. Gerasimov*

A novel approach is introduced to modulate the threshold voltage of organic
electrochemical transistors (OECTs) that are fabricated by electropolymerizing
the channel material between the source and drain electrodes. To achieve this,
we adjust the ratio of two water-soluble tri-thiophene monomers, which share
the same backbone, but present either anionic or zwitterionic sidechains,
during channel formation. This approach allows for a continuous modulation
of both the electropolymerization onset potential and the native doping state
of the film. We attribute the effect of monomer blends displaying properties
that are a weighted average of their components to the formation of
nanoscale monomer aggregates that have a uniform internal charge density.
Through an investigation of monomer aggregation behavior, polymer film
growth, and device properties of OECTs fabricated by electropolymerization,
we highlight the importance of monomer aggregation in the
electropolymerization of conducting polymers. The ability to tune both

fine-tune the minimum gate voltage that
is required to form a conducting path,
i.e., their threshold voltage. Threshold
voltage is a key device specification to
be considered when designing integrated
circuits for sensors, amplifiers, and logic
gates. The capacity to precisely tune the
threshold voltage can be exploited to
optimize sensitivity and reduce power
consumption, as well as avoid undesir-
able reaction pathways.['?] To date, the
threshold voltage of an OECT has been
tuned by changing the electrochemical
potential of the gate electrode by vari-
ous methods, such as changing the gate
electrolyte,’! chemical doping of poly-
mer deposited at the gate* using a

electropolymerization onset and the OECT threshold voltage has significant
implications for the development of more complex circuits for integrated
neuromorphic computing, biosensing, and bioelectronic systems.

1. Introduction

Increasingly complex analog systems implementing organic
electrochemical transistors (OECTS) necessitate the ability to

secondary gate,®! changing the channel
length,l®l and even changing the device
operating temperature.”] While copoly-
merization of monomers with different
conjugated backbones by electrochemical
methods has been demonstrated in the past, the properties
of the resulting copolymers are unpredictable,®! do not fol-
low a given trend,!”! and have never been used to fabricate
OECTs.
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In this context, a simplified material-based method of ad-
justing the threshold voltage by copolymerizing water-soluble
tri-thiophene monomers with a common conjugated back-
bone (2,5-bis(2,3-dihydrothieno(3,4-b][1,4]dioxin-5-yl)thiophene,
(i.e., EDOT-thiophene-EDOT, abbreviated as ETE), but with dif-
fering sidechains is introduced. The two ETE structural vari-
ants used are functionalized on the central 3-thiopheneethanol
unit with either a butanesulfonic acid sodium salt sidechain
(ETE-S) or a phosphocholine sidechain (ETE-PC). Previously,
the sidechain was shown to affect the oxidation potential of the
monomer as well as act as an intrinsic dopant for the polymer,
which directly influences the threshold voltage of an OECT pro-
duced by electropolymerization.l'%l Here, it is reported that when
the monomers are mixed in different ratios, they do not retain
their individual properties, but rather the values of oxidation po-
tential and threshold voltage are a weighted average of the compo-
nents. Since ETE-S and -PC are inherently surfactants that form
nanoscale aggregates in aqueous solutions,['!) it is hypothesized
that by blending the monomers, the intrinsic doping level of the
OECT channel materials can be adjusted continuously. A contin-
uously tunable threshold voltage is expected to greatly facilitate
the construction of more complex circuits for integrated neuro-
morphic computing, biosensing, and bioelectronic systems.

2. Results and Discussion

Monomer blends of ETE-S and ETE-PC were evaluated at a range
of relative concentrations (ETE-S 100%, 75%, 50%, 25%, and 0%)
to investigate the aggregation behavior of the monomers, the
properties of the films formed by electropolymerization, along
with the characteristics of the OECT devices fabricated by elec-
tropolymerization of these monomer blends.

2.1. Characterizing the Aggregation Behavior of the Monomers

The ETE-S and ETE-PC monomers used in this work are inher-
ently surfactants, and previous reports have shown that they form
nanoscale aggregates in aqueous solutions.['!! To verify that the
monomer blends investigated herein form uniform aggregates
that incorporate both components at the given blend ratios, the
photophysical, electrochemical, and structural properties of the
monomers and blends are evaluated, and the results are pre-
sented in Figure 1.

One way to assess the internal structure of the aggregates is
to observe the photophysical properties of the monomers. Close
spacing of the ETE cores within an aggregate allows for en-
ergy transfer between neighboring monomers that can be ob-
served as a new red-shifted low-intensity peak in the correspond-
ing absorbance spectrum (Figure 1a,b), and as the evolution of
a fluorescence peak when the excitation wavelength (450 nm)
falls within the range of this red-shifted peak in the absorbance
spectrum (Figure 1¢; Figure S1, Supporting Information).['!) It
should be noted that the presence of the additional peaks in the
absorbance and fluorescence spectra does not quantify the aggre-
gates, but rather provides information about the organization of
monomers within the aggregates.['!] All samples (ETE-S, ETE-
PC, and their blends) show an absorbance peak at 350 nm corre-
sponding to their monomer state, and a low-intensity peak cen-
tered at 475 nm. While the intensity of the peak at 350 nm does
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not correlate with the ETE-S:ETE-PC ratio, the absorbance at 450
nm is the lowest for samples containing predominantly ETE-PC
and the highest for samples containing predominantly ETE-S,
with the 50:50 blend roughly in the middle. This is consistent
with previously reported behavior of ETE-S and ETE-PC, each at
a concentration of 0.001 M in DI water, where monomer peaks
are centered near 350 nm, while aggregation and z—z stacking
interactions cause the formation of another absorbance band
~460 nm, which is more pronounced for ETE-S than for ETE-
PC.I"!I This trend of more pronounced z—= stacking within ag-
gregates of ETE-S compared to ETE-PC is even more seen in
Figure 1c, where excitation at 450 nm produces continuously
decreasing peak emission values with increasing percentages of
ETE-PC. In contrast, excitation at 350 nm produces an emission
peak that increases in intensity with increasing ETE-PC concen-
trations. Interestingly, the emission peak at an excitation of 350
nm is mostly unaltered below an ETE-PC ratio of 50%, which
potentially indicates another form of energy transfer that is not
probed in these spectra. These results suggest that ETE-S aggre-
gates in a way that promotes z—= stacking, resulting in more lin-
ear aggregates and more efficient energy transfer between neigh-
boring monomers, while ETE-PC forms amorphous aggregates
and continuously breaks up the structure of ETE-S aggregates
when introduced.

While spectroscopic characterization provides valuable insight
into the internal morphology of ETE-X aggregates, it is insuf-
ficient in determining whether the aggregates are composed
of both ETE-S and ETE-PC at nominal proportions, or if ho-
mogeneous aggregates (containing molecules with the same
sidechain) are formed in different proportions. To resolve this
ambiguity, the oxidation potential of the monomer blends is eval-
uated by CV (Figure 1d,e). As reported previously, ETE-S and
ETE-PC are oxidized at different potentials due to the differences
in the charge density provided by the sidechain.['%] Relative to an
Ag/AgCl reference, it is observed that ETE-S is oxidized at 0.35 V
while ETE-PC is oxidized at 0.48 V when a gold QCM-D crys-
tal is used as the working electrode and a platinum plate is used
as a counter electrode. If homogeneous aggregates were present
in different proportions, distinct oxidation peaks for ETE-S and
ETE-PC would be expected in the blended samples. Instead, there
is a smooth transition in the oxidation potential of the blends be-
tween the two values, indicating a uniform distribution of ETE-
S and ETE-PC within the aggregates. There is evidence of two
peaks only in the 25% ETE-S sample, which potentially indicates
that there is a limit past which phase segregation begins to occur
in the monomer aggregates.

Structural characterization of the ETE-X aggregates is per-
formed via LPTEM (Figure 2a—c), DLS (Figure 2d,e), and SEM
(Figure S2, Supporting Information). LPTEM and SEM imag-
ing are performed on 0.005 M solutions of pure ETE-S, pure
ETE-PC, and ETE-S:PC 50:50, since the working concentration
of 0.001 M did not provide sufficient contrast to be imaged using
the available microscope. Both LPTEM (dark features) and SEM
(bright features) show the presence of aggregated monomers
distributed in the solution. Pure ETE-S solution shows aggre-
gates whose shape can be described as thin platelets or discs,
with thickness ranging from 15 to 30 nm, and diameter ranging
from 50 to 300 nm. Pure ETE-PC solution shows circular aggre-
gates of ~30 to 70 nm in diameter, as well as elongated fiber-like
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Figure 1. a) Absorbance spectra for the five monomer solutions, along with an inset showing the chemical structures of anionic ETE-S and zwitterionic
ETE-PC molecules; b) magnified view (dotted rectangle) of the red-shifted peak of each absorbance spectrum; c) maximum peak intensity of the emission
spectrum for each monomer sample upon excitation at 350 and 450 nm; d) first scan cycle of the cyclic voltammogram for the five monomer samples (Au
working electrode, Pt counter electrode, single junction Ag/AgCl reference electrode, scan rate 0.1V s™') and the e) corresponding electropolymerization

onset potential for the five samples.

clusters, which are 15-30 nm wide and 50-150 nm long.
These fiber-like clusters resemble a line of round clusters,
like a string of pearls. The ETE-S:PC 50:50 solution, how-
ever, contains a mixture of round clusters having a diameter
in the 30-50 nm range, along with elongated structures sim-
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ilar in shape and size to the fibrous clusters in the ETE-PC
100% solution.

Evaluation by DLS (Figure 2d,e) provides a complementary es-
timation of the size distribution of the monomer aggregates in
pure ETE-S, pure ETE-PC, and ETE-S:PC 50:50 solutions. Both
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Figure 2. Bright-field LPTEM images of a) ETE-S 100%, b) ETE-S:PC 50:50, and c) ETE-PC 100% monomer solutions, each at a concentration of 0.005 m
in 0.01 m NaCl electrolyte (0.01 M concentration too low to visualize in the instrument), scale bar 500 nm; average size distribution for the pure ETE-S
and ETE-PC along with ETE-S:PC 50:50 samples, each at a concentration of d) 0.001 m and e) 0.005 m, in 0.0T m NaCl electrolyte.

the working concentration of 0.001 M and the higher concen-
tration of 0.005 M are measured to verify the similarity of the
aggregates at these concentrations. DLS measurements of the
three samples reveal the presence of what appears to be two
distinct populations of particles, one with an apparent hydrody-
namic diameter in the range of 3-4 nm and a population with
a larger apparent diameter of 190-255 nm (assuming spheri-
cal particles). A similar bimodal distribution has been reported
for DLS measurements of gold nanorods,!'*"'*! and silver-spiked
stars.[’’] The two distributions are variously reported to corre-
spond to either the different dimensions (diameter and length)
of the nanorods or to the rotational and translational diffusion
constants of the particles. Since the presence of a small radius
(0.5-3 nm) population has also been reported for slightly elon-
gated gold nanoparticles with an average radius of 65 nm,['*l the
latter explanation is presumed to be more valid. Thus, the poly-
disperse distribution observed in the DLS results is determined
to be consistent with the evaluation of LPTEM images in both the
approximate size of the aggregates and the anisotropic geome-
try, as rotational diffusion can only be observed for non-spherical
particles.
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2.2. In Situ Electropolymerization and Film Properties

The growth of polymer films formed by in situ electropolymer-
ization of ETE-S, ETE-PC, and their blends is evaluated using
EQCM-D (Figure 3). During an in situ electropolymerization ex-
periment, a constant flow of 0.01 M NaCl electrolyte is applied
to establish a baseline, after which the monomer sample is in-
troduced at 360 s, which causes a minimal shift in f; and D;
values (#—10 Hz and 0.1 ppm, respectively), corresponding to
monomer adhesion to the Au surface of the EQCM-D sensor. At
540 s, an electrodeposition protocol, consisting of three poten-
tial steps that are identical to those used in OECT fabrication,
is initiated. While the monomer is still flowing within the mod-
ule, a constant voltage of —0.05 V is first applied for 60 s. Then,
a potential corresponding to the electropolymerization onset po-
tential that is determined for each sample (Figure 1d,e), with an
additional offset of +0.2 V, is applied for 60 s. Electropolymeriza-
tion is performed at different potentials to account for differences
in the thermodynamic barriers to oxidation between the samples.
Finally, a potential of —0.05 V is applied for 60 s. Monomer flow
is stopped at 900 s, whereupon the capacitance of the films is

© 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BA 181D 3ol dde ay) Aq pauenob ae Sappiie O ‘8sN JO Sa|Nn 10} ARl aUIUO AB[IM UO (SUONIPUCD-pUe-SWBIAL0O" A 1M Al jBulU0//SANL) SUORIPUOD PUe swie | 8y} 88S *[6z02/0T/0g] Uo Aeiqauluo A8 |im ‘Bulupsseg suetels A 8900202 WBe/200T OT/I0p/W0d As | Akeiq pul|uo’paoueApe//sdny Wwolj pepeojumod ‘LT ‘G202 ‘X09T66TZ


http://www.advancedsciencenews.com
http://www.advelectronicmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ELECTRONIC
MATERIALS

Open Access,

www.advancedsciencenews.com

www.advelectronicmat.de

a b
o 7 NaCl 4 04
5004 Monomer | 500 4
A
—_ —— ETE-S 100% —_
T 10004 | ETESSPC7525 T 40004
- ETE-S:PC 50:50 -
& —— ETE-S:PC 2575 e
< -1500+ 1 —— ETE-PC 100% < -1500 4
-2000 e 1 -2000 4 Onset Potential
+
_____ -0.05V 05V -0.05V
2500 . . . . 2500 ; ] : . ;
300 600 900 1200 1500 540 570 600 630 660 690 720
Time [s] Time [s]
c d
500 : . . 500 . . . . .
NaCl Onset Potential
| 005V A 0,05V
400 1 400 - 02V .
g 3001 & 3004 F
= &
[ [
% 200 % 200 .
a Q
< i <
100 1 Monomer 100 1
0 0 -
0 300 600 900 1200 1500 540 570 600 630 660 690 720
Time [s] Time [s]
e 8 f 500
-500 é 400
_ T .
N _1000 g 300 - 2
= : a
™ i
5 -1500 g 200
2000 o | 100 +
-2500 . . . . . 0
ETE-S ETE-S.PC ETE-SPC ETE-SPC ETE-PC ETE-S ETE-S.PC ETE-SPC ETE-SPC  ETE-PC
100% 75:25 50:50 2575 100% 100% 75:25 50:50 25:75 100%
< 250
o
L
g 200
c
[}
=
S 150
®©
Q.
3
o 100
=
3
o 50 T
(7] = T é
” @
8 o
=

ETE-S
100%

ETE-S:PC ETE-S:PC ETE-S:PC ETE-PC

75:25 50:50 25:75 100%

Figure 3. Third overtone-normalized a) frequency and c) dissipation shifts for the five samples over time, along with b,d) corresponding magnified views
(dotted rectangle) during the three-step CA procedure for 60 s each, as indicated by the two gray (—0.05 V applied) and one green (onset + 0.2 V applied)
rectangles; average values for the e) frequency and f) dissipation shifts of the third overtone at the end of EQCM-D measurement (after electrolyte rinse),
along with g) mass-normalized capacitance, calculated using CV and EQCM-D data at ~960 s (before electrolyte rinse); error bars represent standard

deviation, n = 3.
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measured by a CV measurement (Figure S5, Supporting Infor-
mation). The flow is restarted with 0.01 m NaCl at #1200 s to
rinse off poorly adhered portions of the electropolymerized film.

Representative frequency and dissipation data, corresponding
to the third overtone for the five monomer samples, are shown
in Figure 3a—d. Negative frequency shifts are indicative of an in-
crease in the hydrated mass adsorbed to the sensor surface while
positive dissipation shifts indicate an increase in viscoelasticity
of the adsorbed material.['®!7 Some notable differences are ap-
parent in the electropolymerization kinetics between the ETE-S-
containing samples and the pure ETE-PC sample. The initial de-
position rate is more rapid for all ETE-S samples, after which they
show signs of saturation within the 60 s electropolymerization
window. In contrast, the rate of ETE-PC film growth is relatively
constant within the timeframe of electropolymerization. These
effects are presumed to be caused by the negative charge on the
sulfonate sidechain of ETE-S. When the potential is initially ap-
plied to the QCM-D sensor, the sulfonate promotes electromigra-
tion of the aggregates toward the surface of the positively charged
electrode. However, once the polymer layer passivates the gold
substrate, the surface charge repels additional aggregates from
approaching within a distance that allows for efficient electron
transfer at the electrode-polymer interface. When the potential is
stepped back to —0.05 V after electropolymerization, all samples
that contain ETE-S exhibit a negative shift in frequency, which is
attributed to the swelling of the film due to the removal of the
positive potential at the electrode.

The average magnitude (n = 3) of the f; and D, shifts after
the NaCl rinse at the end of each measurement is shown in
Figure 3e,f. While the f; shifts of pure ETE-S and pure ETE-PC
are not statistically different (P-value 0.8382, which is >0.05),!8
the ETE-PC film is clearly more rigid than ETE-S due to its
lower AD/Af ratiol!®?% (Figure S4a, Supporting Information).
The blends, however, follow a clear trend where the increasing
proportion of ETE-PC exhibits a decrease in the magnitude of
measured Af; values and an increase in the percentage of the
mass removed during the final rinse with NaCl (Figure S4c, Sup-
porting Information). For all samples, the proportion of mass re-
moved in the rinse correlates with layer thickness, suggesting
that the mass is being removed from the surface of the film in
contact with the electrolyte. This loss in mass is attributed to the
removal of residual monomer that is entrapped in the film during
electropolymerization.

Capacitance values are extracted from the fifth cycle of the cor-
responding CV plot (Figure S5, Supporting Information) by in-
tegrating between 0 and +0.11 V, a region with negligible contri-
butions from redox peaks or other parasitic contributions.[222]
Specific mass values are extracted from corresponding QCM-D
data by applying Kelvin—Voigt viscoelastic modeling (‘broadfit’
feature; overtones 3, 5, 7, and 9; 5 mm of the active sensing spot
diameter)[162324] and are used to calculate the gravimetric capac-
itance values for the five samples (Figure 3g). The capacitance
values are relatively uniform across the samples, with the excep-
tion of the 25% ETE-S sample, which has the highest standard
deviation, the lowest adsorbed mass (Table S1, Supporting In-
formation), and the highest fraction of material removed dur-
ing the rinse with NaCl (Figure S4, Supporting Information).
It is impossible to conclusively deduce the cause of this phe-
nomenon based on the available data, but one possible explana-
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tion is that there is less entrapped monomer within the 25% ETE-
S layer due to its comparatively lower thickness (corresponding
to lower mass). The increased values of specific capacitance can
then be attributed to the reduced presence of electrically insulat-
ing monomer aggregates within the bulk of the material.

To determine the qualitative morphology and quantitative to-
pography information of the polymer surfaces, electropolymer-
ized films from the EQCM-D measurement are evaluated by
AFM (Figure 4). The surface roughness values determined using
these images are listed in Table 1.

A higher percentage of ETE-S compared to ETE-PC in the mix-
ture seems to result in similar morphology and roughness in the
film. The ETE-PC 100% has the smoothest surface of all the five
samples. The ETE-S:PC 25:75 mix, however, shows the most un-
even feature distribution and roughest surface, which may be ev-
idence of non-uniformity caused by phase separation that was
seen in the CV of the monomer.

2.3. OECT Characterization

While QCM-D and AFM are useful in evaluating the properties
of a film grown on an electrode, several additional factors con-
tribute to the effectiveness of OECT formation by electropoly-
merization. Previous study showed that surface treatment of the
SiO, substrate by an amine-terminated silane (APTES) is essen-
tial to control the interactions between the substrate and ETE-S
and ETE-PC monomers, thereby pre-concentrating the monomer
at the surface and promoting the lateral growth of the polymer
film.[1% Without APTES pre-treatment, the lateral growth of the
PETE-S polymer encounters the same saturation limits observed
in QCM-D experiments (Figure 3), extending only several hun-
dreds of nanometers away from the electrode. Conveniently, both
ETE-S and ETE-PC spread well on APTES-modified surfaces.!*’!

To evaluate the process of channel formation, OECT devices
are fabricated by electropolymerizing ETE-S, ETE-PC, and each
of the polymer blends, between a set of Cr-backed Au source and
drain electrodes patterned on an APTES-modified silicon wafer
(Figure 5a). The active electrode area is defined by an opening
in the SU-8 photoresist. Monomer solution is deposited directly
onto a device consisting of 46 independently addressed channels
(W =100 um, L = 10 um) and a larger gold electrode (1 X 2 mm?)
inside a PDMS well. The potential of electropolymerization on-
set is determined separately for each of the five monomer sam-
ples from the first cycle of the corresponding cyclic voltammo-
gram, obtained using the larger Au electrode as the working elec-
trode and an Ag/AgCl pellet as the reference electrode in a two-
electrode configuration. The onset potential determined by CV,
with an additional offset of +0.2'V, is applied for 60 s (Figure S6a,
Supporting Information) between the OECT source contact and
an Ag/AgCl pellet shorted with the OECT drain contact to elec-
tropolymerize the monomer sample and form a polymer channel
between the source and drain electrodes. A potential of —0.05 V
is also applied for a period of 60 s before and after channel growth
(Figure 5b) to evaluate channel conductance at a potential below
the polymerization threshold.

The kinetics of the current change during OECT channel for-
mation again show a distinct difference between pure ETE-PC
and the ETE-S-containing samples (Figure 5b). As observed in
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Figure 4. AFM images at the central region of dried EQCM-D Au/Ti quartz sensors showing height information for a) bare Au, and electropolymerized
b) ETE-S 100%, c) ETE-S:PC 75:25, d) ETE-S:PC 50:50, e) ETE-S:PC 25:75, and f) ETE-PC 100%; 5 um? scan size and 500 nm scale bar for all images,

common color scale for all images except the first.

the QCM-D data, ETE-S-containing samples exhibit a higher ini-
tial growth rate but show signs of saturation within the 60 s
electropolymerization timeframe (Figure 3b—d). This is again
likely due to the electromigration of ETE-S toward the pos-
itively charged source electrode and the thickness limit im-
posed by the negative charge of the deposited polymer. In con-
trast, the charge-balanced ETE-PC requires more time to bridge
the gap and is furthest from saturation. Aside from the ETE-
S sample, the current reached at the end of electropolymer-
ization correlates with the adsorbed mass (or thickness) of the
electropolymerized film as determined by QCM-D (Table S1,

Table 1. Surface roughness values for each image are shown in Figure 4.

ETE-S:PC RMS roughness [nm]
0:0 (bare Au) 1.46

100:0 24.24

75:25 21.93

50:50 22.72

25:75 34.69%)

0:100 6.03

) Average roughness over the entire image. Local RMS roughness ranges from
7.87 nm in the apparently smoother region (bottom) to 37.61 nm in the rougher
region (middle), indicated by the ~1 pm? dotted white squares in Figure 4e.
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Supporting Information), which can be expected of a mate-
rial where the entire bulk participates in ionic and electronic
conduction.

To assess the effects of the monomer composition on the
threshold voltage of the resulting polymers, the monomer solu-
tion is replaced by 0.01 M NaCl electrolyte, whereupon the trans-
fer curves are collected at a fixed drain voltage V, of —0.4 V
and a varying the gate voltage V, in the range of +0.6- —0.8 V
(Figure 5c). As seen in Figure 5d, the normalized transfer curve
of the OECT shifts toward positive voltages with increased pro-
portions of ETE-S, indicating a higher native doping level in the
absence of applied gate voltage with higher proportions of ETE-
S. The gradual transition in the transfer characteristics indicates
that, like the monomer aggregates, the polymer material is uni-
form and displays properties proportional to the weighted aver-
age of its components. While the normalized transfer curves ex-
hibit very little variance among trials, raw current values of the
transfer curves do not correlate with the trend observed during
electropolymerization and have very large standard deviations
(Figure S6b, Supporting Information). This effect is attributed
to the inefficient removal of entrapped monomers from the poly-
mer film. A protocol to remove excess monomer that is embed-
ded in the polymer channel is expected to improve the channel
conductance and reproducibility of these devices.

In general, aggregation effects are rarely considered during
electropolymerization of conducting polymers because the best
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Figure 5. Schematics depicting the structure of a sample OECT device along with the corresponding circuit connections used for a) channel formation
and c) transfer characteristics measurements; OECT measurements consisting of b) measured output current overtime during the three-minute CA
procedure to grow the polymer channels, along with d) measured output current vs applied input voltage for the five samples; error bars represent
standard deviation calculated from at least four device channels per sample.

practice for setting up an experiment is to choose a solvent in
which the monomers are well-dissolved. Nevertheless, aggrega-
tion is shown to impact the electropolymerization process and
the properties of the films thus formed in this work. Some in-
dicators of the significance of aggregation exist in the litera-
ture. There has been extensive evidence that adding a small
quantity of bad solvent improves the properties of electropoly-
merized polythiophene (PTh) and polypyrrole (PPy) films.[2>-28]
The accepted theory is that water acts as a base that helps ex-
tract the protons in the deprotonation step, but this effect could
also potentially be due to water-promoting monomer aggrega-
tion, which reduces the spacing between monomers and in-
creases the likelihood of two electrogenerated radicals encoun-
tering one another within their lifetime. Here, it is shown that
rather than being an undesirable effect, aggregation can be
exploited to fine-tune the properties of devices fabricated by
electropolymerization.

3. Conclusion

Here, the aggregation of heterogeneous monomers is exploited
to fine-tune both the electropolymerization parameters and the
properties of OECT devices fabricated by electropolymeriza-

Adv. Electron. Mater. 2025, 11, 2400681 2400681 (8 of 10)

tion. Monomers with a common ETE backbone, but differing
sidechains, are found to form aggregates with homogeneous dis-
tributions, exhibiting properties that are roughly a weighted av-
erage of their constituents. Spectroscopic and structural analy-
ses indicate that ETE-S, the anionic monomer, exhibits higher
degrees of backbone stacking and produces 2D nanoscale ag-
gregates, presumably due to the dominance of sidechain repul-
sion in its intermolecular interactions. The z—x stacking is less
prominent in ETE-PC aggregates, which have the morphology
of circular beads on a string. Electrochemical evaluation of the
electropolymerization onset shows that blends of ETE-S and -
PC mostly behave as uniform amalgams rather than maintaining
the characteristics of their separate entities. Likewise, the thresh-
old voltage of OECTs produced by electropolymerization of the
monomer blends changes continuously in accordance with the
monomer ratio. This simple approach to fine-tune device proper-
ties can serve as a significant advantage in building circuits with
electropolymerized OECTs.

4. Experimental Section

In this study, monomer solutions of ETE-S and ETE-PC at various relative
concentrations were investigated; each at a concentration of 0.001 ™ in
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0.01 m NacCl electrolyte used as was, and also mixed together at ratios
of 75% and 25%, 50% and 50%, and 25% and 75%, respectively, to get
corresponding five sample solutions: ETE-S 100%, ETE-S:PC 75:25, ETE-
S:PC 50:50, ETE-S:PC 25:75, and ETE-PC 100%. Varying aggregation be-
havior was observed using UV-vis spectroscopy. The monomer samples
were also electropolymerized in situ and monitored via electrochemical
quartz crystal microbalance with dissipation (EQCM-D) to simultaneously
determine the polymerization onset potential along with the mass and vis-
coelastic properties of the resulting polymer films. These films were fur-
ther characterized using atomic force microscopy (AFM). The five ETE-
X blends were electropolymerized between the pre-patterned source and
drain electrodes to form OECTs. Lastly, three of the five monomer solu-
tions i.e., pure ETE-S and ETE-PC, along with their 50:50 mix, were ob-
served through dynamic light scattering (DLS) and liquid phase transmis-
sion electron microscopy (LPTEM) to determine the size and appearance
of these monomer aggregates in aqueous NaCl, as well as through scan-
ning electron microscopy (SEM) for dried monomer aggregate samples.

Chemical Synthesis:  ETE-S and ETE-PC were synthesized as previously
published.l'%2°] Fabrication of OECT devices along with surface modifica-
tion using (3-aminopropyl) triethoxysilane (APTES, Sigma-Aldrich), were
also carried out as previously published.['%2%30] The common electrolyte
for all measurements and sample preparations was 0.01 m NaCl (Sigma—
Aldrich) in deionized (DI) water.

UV-Visible Spectroscopy: Absorbance spectra of the monomer solu-
tions were obtained using a Synergy H1 microplate reader (Bio-Tek) for
100 pL sample volumes at room temperature in a polypropylene 96-well
F-bottom clear microplate (Greiner Bio-One). After a linear shake of 1 min,
wavelengths were scanned from 300 to 999 nm at 1 nm per step and three
reads per microplate well were measured and subtracted from correspond-
ing data for 0.01 m NaCl, to determine the average UV-vis spectra of the
five monomer samples. Similarly, fluorescence emission spectra for the
samples were also obtained for excitation wavelengths of 350 and 450 nm,
and corresponding scan ranges of excitation+50 to 700 nm at 1 nm per
step and three reads per microplate well.

EQCM-D: EQCM-D measurements were carried out using a QSense
E4 Analyzer (Biolin Scientific), an integrated pneumatic control (IPC) high-
precision multichannel pump (ISMATEC), and a pAutolab Il potentiostat
(Metrohm). The 3-electrode setup consisted of Au/Ti coated quartz sen-
sor (5 MHz, Biolin Scientific) as the working electrode, Pt plate (Biolin
Scientific) of the EQCM-D module as the counter electrode, and an exter-
nal Dri-Ref Ag/AgCl (World Precision Instruments) as the reference elec-
trode. EQCM-D sensors were cleaned by immersing them in a cleaning
solution (DI water, 31% H,0,, and 25% NH,OH mixed in a ratio of 5:1:1)
for 7 min at 100 °C, rinsing using DI water, drying using N, stream, then
UV-Ozone (Novascan Technologies) cleaning for 30 min. Cyclic voltam-
metry (CV) and chronoamperometry (CA) measurements were performed
using a single junction Ag/AgCl electrode (3 m KCI) as a reference. A
0.1V s~ scan rate was used for the CV measurements, and a 0.01 s inter-
val time was used for the CA measurements. Results were obtained and
analyzed using QSoft, QTools, QSense Dfind 1.2.7, Nova 2.1, and Origin
2024 software.

Device Fabrication and Characterization: OECT devices made up of
Cr-backed Au electrodes microfabricated on a silicon wafer with a 1 um
thick thermally deposited oxide layer (Silicon Valley Microelectronics) and
surface-modified with APTES treatment as per published protocol,13% were
characterized using a Keithley 2612B SourceMeter, with a polydimethyl-
siloxane (PDMS) well. The devices were structured as a 46-channel array of
input contacts that could be addressed independently, and a common out-
put contact that was used as the ground in all experiments (W = 100 um,
L = 10 um). Within the well, there was also a 1 x 2 mm? Au/Cr electrode
that was used to measure the onset potential of the monomer by CV before
each set of electropolymerization experiments relative to an E-206 Ag/AgCl
pellet (Science Products) reference electrode. OECT channels were then
grown between the chosen device drain and source electrodes by applying
the corresponding electropolymerization onset potential plus a common
offset potential of 0.2 V for 1 min, between the independently addressed
input electrode and the Ag/AgCl reference electrode that was shorted with
the common output electrode and grounded. A potential of —0.05 V was
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also applied for 1 min before and after this channel growth step. After each
set of depositions on a single device, the sample was rinsed once with 300
uL of aqueous 0.01 m NaCl, then replaced with fresh 300 pL of the same
electrolyte solution to obtain the transfer curves for the electropolymer-
ized channels. Transfer data for the OECTs were acquired at a fixed drain
voltage of —0.4 V and a gate voltage within the range of +0.6 to —0.8 V at
0.05 V s~ scan rate.

AFM (Atomic Force Microscopy): Polymer-coated substrates formed
during EQCM-D measurements were dried under ambient conditions
and observed under a Dimension Icon XR (Bruker) instrument, using
ScanAsyst-Air cantilever operating in ScanAsyst-Air mode. Images were
acquired using Nanoscope v10 and analyzed using Gwyddion 2.65 after
basic operations like correcting horizontal scars, levelling data by mean
plane subtraction, aligning rows using median method, and shifting min-
imum data value to zero.

DLS (Dynamic Light Scattering): Monomer samples of ETE-S 100%,
ETE-PC 100%, and ETE-S:PC 50:50 mix, each at a concentration of
0.001 m in 0.01 m NaCl electrolyte, were observed using Zetasizer Nano
7590 (Malvern Panalytical) fitted with a 4 mW 632.8 nm laser. UV-
transparent disposable polystyrene cuvettes with cap (Sarstedt) contain-
ing 100 pL of the sample were measured at 22 °C. The selected settings
were material as protein, dispersant as water, equilibration time of 60 s,
and scattering detector angle of 90° in the Zetasizer Software v. 8.02. The
average size distribution was obtained using data from 3 measurements
per sample, with a total of 100 runs of 10 s each per measurement, and
processed using general purpose analysis model.

LPTEM (Liquid Phase Transmission Electron Microscopy): Monomer
samples of ETE-S 100%, ETE-PC 100%, and ETE-S:PC 50:50 mix, each
at a concentration of 0.005 m in 0.01 M NaCl electrolyte were imaged by
bright-field TEM at 300 KV using Titan 80-300 (FEI Company) instrument.
A stream liquid biasing holder (DENSsolutions) containing 0.6 uL of the
drop-cast sample in the nano-cell was introduced into the microscope.
This closed-cell system enabled in situ visualization of liquid samples in
the high vacuum (=107 Pa) TEM environment.

SEM (Scanning Electron Microscopy): Monomer samples from LPTEM
experiments were dried by opening the Nano-Cell and allowing the so-
lution to evaporate at ambient conditions. The dried monomer samples
were then imaged using a JEOL 7800F Prime instrument at an accelera-
tion voltage of 1KV and high vacuum (~107> Pa) conditions. Information
about the morphology of the dried monomer aggregates was obtained us-
ing secondary electron imaging.
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