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Abstract
Organic electrochemical transistors (OECTs) have emerged as a promising platform for biosensing, electrophysiology, and neuromorphic devices. 
However, OECTs are often limited by the stability of the channel materials. Here, we systematically investigate the stability of OECT channels under 
varied operating voltage ranges. We find that OECT materials can be operated with high stability when the voltage range is reduced. We show that 
repeated full voltage cycling degrades device performance. The results indicate that to maximize stability, OECTs should either be operated in the 
saturation regime to maximize current gain (transconductance) or in the subthreshold regime to maximize the on/off ratio.

Introduction
Organic electrochemical transistors (OECTs) have recently 
gained attention for electrophysiology,[1] biosensing,[2] and 
neuromorphic devices.[3] OECTs are well suited for bioelec-
tronic applications due to their low voltage operation (< 1 V), 
high gain as characterized by their transconductance (gm), and 
ability to integrate with aqueous and living systems.[4,5] OECTs 
use organic mixed ionic-electronic conductors (OMIECs) as 
the transistor channel, leveraging the reversible doping of the 
channel by shuttling ions from an external electrolyte into or 
out of the bulk material.[6]

One often overlooked characteristic of OECT-based tech-
nologies is their stability. In biosensing, it is not possible to 
acquire accurate measurements without strong current stability 
due to the need to resolve small changes in current.[7,8] This 
current stability is especially relevant when considering that the 
physiological range of many analytes is significantly narrower 
than those tested with novel technologies. Likewise, in neuro-
morphic devices, stability is important as synaptic weights are 
encoded in the conductance of OECT channels.[9] If the con-
ductance decays with each read or write operation, the weights 
would deviate from their intended values, degrading the accu-
racy of the network.[10] Complementary logic introduces addi-
tional complexity as there is dependence on the stability of 
both the p- and n-type subunits with often highly unbalanced 
duty cycles.[11,12] Degradation of either channel will result in 

fluctuations in the switching threshold which could degrade the 
logic performance or gain.

The reported causes of instability can broadly be divided 
into two categories: degradation via parasitic electrochemi-
cal reactions and disruption of the OMIEC microstructure. 
Electrochemical degradation is dominated by the presence of 
hydroxide radicals generated when the OECT channel is fully 
reduced.[13] The concentration of such radicals is increased 
as a result of oxygen reduction reactions (ORRs) which lim-
its the range of applied voltages over which stable operation 
can be achieved.[14] Microstructural degradation is observed 
when solvated ions are injected into the film causing both 
reversible and irreversible swelling.[15] It has been shown that 
when a film is excessively doped this swelling can cause irre-
versible changes in the crystallinity of the film, reducing the 
conductivity.[16]

Several stability-improving strategies have been explored 
which aim to prevent instabilities caused by either of these 
mechanisms. Electrochemical degradation is often avoided 
by suppressing ORRs either by changing the energy levels 
of the system or blocking molecular oxygen from reaching 
the OMIEC channel. Previously reported energetic methods 
include modification of the polymer structure to change the 
ionization potential[14] suppressing the peroxide forming ORR 
or by doping the polymer film to shift the operating window to 
lower applied potentials.[10] Oxygen can be blocked from the 
channel with oxygen-trapping additives[17] or by employing 
a secondary polymer layer with low oxygen permeability.[13] 
These methods are most effective for positive gate voltages 
as ORRs occur when the potential of the polymer is reduc-
ing (i.e., at a negative relative to Ag/AgCl). The second group 
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of strategies improves stability by reducing the expansion of 
the amorphous regions of the film resulting from the injection 
and extraction of hydrated ions during (de)doping. This has 
been demonstrated previously by modifying the arrangement 
of polymer sidechains[18] and using additives.[17] These changes 
are particularly important at high doping levels (negative gate 
potentials) but also improve the cycling stability as the degree 
of active swelling is reduced. Another consideration in the sta-
bility of conducting polymer films is the removal of excess low 
molecular weight fraction which is usually done by soaking and 
can be enhanced by preconditioning.[19]

Most previous studies focus on stability of OECTs when 
operated over the full range of voltages to access the mini-
mum in channel current and maximum in transconductance. 
However, many of the OECT-based bioelectronic devices do 
not require use across the full operational range. For example, 
biosensors[20] and neuromorphic devices[10] often leverage the 
near linear change in drain current in response to a change in 
gate potential which is only possible in the saturation regime. 

In contrast, when large signal-to-noise is required and linearity 
is not important, the operation of OECTs in the subthreshold 
regime where the subthreshold slope (SS) is maximized can be 
advantageous.[21] Thus, in most cases, OECTs do not need to 
operate across in both the saturation and subthreshold regimes 
simultaneously.

Here, we study the role of the applied gate voltage range 
on the stability of OECTs operated in 0.1 M aqueous NaCl 
with an Ag/AgCl gate electrode [Fig. 1(a)]. To understand 
whether the instability is material specific, we explore a range 
of polythiophene-based OMIECs including the most commonly 
used OMIEC, PEDOT:PSS [Fig. 1(b)], as well as a series of 
polythiophenes with varied side chain distributions,[18] p(g1T2-
g5T2) [Fig. 1(c)], p(g2T2-g4T2) [Fig. 1(d)], and p(g3T2) 
[Fig. 1(e)]. The transfer characteristics show that PEDOT:PSS 
operates as a depletion-mode transistor, while the OMIECs 
operate as enhancement-mode devices [Fig. 1(f)]. Each device 
additionally displays hysteresis in the transfer characteristics 
where the forward and reverse sweeps are indicated by arrows. 
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Figure 1.   Stability testing of OECT channel materials. (a) Schematic drawing of an OECT structure. (b–e) Chemical structures of the stud-
ied channel OECT channel materials (b) PEDOT:PSS, (c) p(g1T2-g5T2), (d) p(g2T2-g4T2), and e p(g3T2). (f) Transfer curve measurements 
for the pristine devices for each OMIEC. The drain-source currents are normalized to the OECT geometry (Wd/L) for comparison. Arrows 
denote the forward and reverse sweeps. (g) Operating regimes for OECTs used for stability testing consisting of (I) the full range (VG,min to 
VG,max), (II) the saturation regime (VG,int to VG,max), and (III) the subthreshold regime (VG,min to VG,int).
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We investigate the stability of each OECT in three different 
operating regimes: (I) the typical full OECT range (VGS from 
− 0.6 to 0.4 V, − 0.6 to 0.8 V for PEDOT:PSS), (II) the satura-
tion regime where the device is operated about the maximum 
transconductance (gm,max) (VGS from − 0.6 to − 0.2 V, − 0.6 
to 0.0 V for PEDOT:PSS), and (III) the subthreshold regime 
where the subthreshold slope is maximized (VGS from − 0.2 to 
0.4 V, 0.0 to 0.8 V for PEDOT:PSS) [Fig. 1(g)]. For all materi-
als tested, we find that the channel is least stable when cycled 
across the full operating voltage range. This indicates that chan-
nel degradation is not specific to a particular voltage or the 
result of bias stress, but instead due to cycling between the on 
and off states.

Materials and experiments
Preparation of conducting polymer 
solutions
The PEDOT:PSS dispersion was prepared by mixing Clevios 
PH1000 (Heraeus) with 6%v/v ethylene glycol and 1%v/v 
(3-glycidyloxypropyl)trimethoxysilane (GOPS), sonicating for 
10 min, and then filtering through a 0.45 µm polyvinylidene 
fluoride syringe filter. The solutions of p(g1T2-g5T2), p(g2T2-
g4T2), and p(g3T2) were prepared by dissolving in chloroform 
(5 mg mL−1) and stirring at room temperature overnight.

Device fabrication
Fabrication of organic electrochemical transistors started with 
10 min of sonication of borosilicate glass wafers (900 µm 
thick, double-side polished Microchemicals) submerged in 
acetone followed by IPA then baked at 150°C to remove any 
residual moisture. Gold contacts are patterned using metal lift 
off which consisted of coating with AZ nLoF 2035 negative 
photoresist (Microchemicals) (spin coating at 500 RPM for 
5 s, acceleration of 1000 RPM s−1, followed by 3000 RPM for 
45 s, acceleration of 8000 RPM s−1, then soft baked at 110°C 
for 60 s) followed by UV exposure (60 mJ cm−2), a post expo-
sure bake (110°C for 180 s), and development in AZ 726 MIF 
(Microchemicals) for 30 s. The patterned wafer was coated 
with 5 nm titanium then 100 nm gold (E-beam Evaporator, Kurt 
J. Lesker Company), and lift off was performed by submerg-
ing the wafer in acetone for 25 min followed by rinsing with 
acetone then IPA. The patterned metal-coated wafers are then 
coated with a parylene bilayer by first treating the wafer with 
oxygen plasma for 60 s followed by submerging the wafer in a 
dilute silane solution (3%v/v A174 silane dissolved in 0.1%v/v 
acetic acid in deionized water) for 45 s to improve parylene 
adhesion to the wafer. The silane-treated wafer is rinsed with 
ethanol and heated for 1 h at 75°C then coated with a 2 µm 
layer of parylene (PDS 2010 Labcoter 2, Specialty Coating 
Systems) followed by coating with a soap surfactant layer 
(2%v/v Micro 90 soap in deionized water spin-coated at 1000 
RPM for 30 s and dried in air for 20 min) followed by a sec-
ond deposition of a 2 µm layer of parylene. The trenches for 
depositing polymer channels are defined in the parylene bilayer 

with photolithography by coating with AZ10XT positive resist 
(Microchemicals) (spin coating at 3000 RPM for 45 s, accelera-
tion of 8000 RPM s−1, soft bake at 115°C for 120 s) followed 
by UV exposure (540 mJ cm−2) and developing in AZ 726 MIF 
developer (Microchemicals) for 10 min. Then, trenches are 
etched using reactive ion etching and the wafers were diced 
with a diamond scribe and tile cutter tool. Conducting poly-
mers are spin-coated at 1000 RPM for 40 s. The resulting film 
thicknesses were 218 ± 56 nm, 89 ± 20 nm, 129 ± 22 nm, and 
56 ± 20 nm for PEDOT:PSS, p(g1T2-g5T2), p(g2T2-g4T2), and 
p(g3T2), respectively. PEDOT:PSS coated wafers were baked 
at 120°C for 20 min for crosslinking of GOPS and soaked in 
deionized water overnight to remove excess PSS molecules. 
The conducting polymer channels are defined by peeling off the 
top parylene layer using Kapton tape, leaving conducting poly-
mer only in the patterned trench. The channel width (W) and 
length (L) were W = 400 μm, L = 100 μm for the PEDOT:PSS 
OECT, W = 400 μm, L = 50 μm for the p(g1T2-g5T2), p(g2T2-
g4T2), and p(g3T2) OECTs. A silicone well is defined using 
an adhesive-backed silicone (McMaster-Carr) to confine the 
electrolyte.

Electrical characterization
Electrochemical transistors were characterized using a Key-
sight B2902A Source-Measure Unit controlled custom Python 
code. All experiments were performed using 0.1 M NaCl dis-
solved in water as the electrolyte and an Ag/AgCl pellet (2 mm 
diameter, 4 mm length) (World Precision Instruments) as the 
gate electrode. Cycling stability was tested using a constant 
sweep rate of 0.2 V s−1 and pulsing stability was tested by 
holding the device in the on and off states for 1 s each (pulse 
frequency of 0.5 Hz). Stability was tested for a single device 
of each material in the saturation regime first, followed by 
the subthreshold regime, and then the full range stability was 
tested last. Transconductance (gm) was calculated by taking 
the derivative of the drain current with respect to the gate volt-
age for the forward sweep of the transfer curve. The transfer 
curve was smoothed using a Savitzky–Golay filter in Python 
(window length of 53, polynomial order of 3) before taking the 
derivative to reduce the noise in the gm curve. The subthreshold 
slope (SS) was calculated as the inverse of the derivative of the 
logarithm of the drain current with respect to the gate voltage 
for the reverse sweep of the transfer curve. The transfer curve 
was smoothed using a Savitzky–Golay filter in Python (window 
length of 33, polynomial order of 3) before taking the deriva-
tive to reduce the noise in the SS curve. The maximum gm and 
minimum SS were taken as the maximum and minimum values 
of the curves, respectively.

Film thickness measurements
Film thicknesses were measured using a DekTak XT Profilom-
eter with a scan rate of 67 µm s−1 and a stylus force of 1 mg. 
Each sample was measured in 6 locations and averaged.
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Results
The OECT materials in this study all display some degree of 
hysteresis in their transfer characteristics [Fig. 1(f)]. For both 
PEDOT:PSS and p(g1T2-g5T2), the magnitude of the forward 
sweep IDS is always less than for the reverse sweep [Fig. 1(f)]. 
In contrast, the hysteresis for p(g2T2-g4T2) and p(g3T2) 
depends on the VGS range. At positive gate biases, the forward 
sweep has a lower IDS compared to the reverse sweep, but at 
negative gate biases, the forward sweep IDS is much larger than 
that of the reverse sweep [Fig. 1(f)]. We attribute the hysteresis 
profile for p(g2T2-g4T2) and p(g3T2) to the energetics of fill-
ing hole sites. During the forward sweep, aggregated regions 
of the film dope first but have poor conduction due to their 
spatial separation.[22] Then, at high doping levels, bipolarons 
first occupy the amorphous regions leading to a substantial con-
ductivity enhancement, but the generation of bipolarons in the 
aggregated regions leads to a decrease in the carrier transport 
properties.[23]

To examine the stability of the OECT channel materi-
als, we adopted two different methodologies commonly 
used in the literature. First, we tested the stability of OECTs 
when cycled between the on and off state with a constant 
gate voltage sweep rate and a constant drain-source bias of 
VDS = − 0.6 V (cycling stability).[17,19] The cycling stabil-
ity yields transfer curves which can be used to derive the 
transconductance (gm) of the device by taking the derivative 
with respect to voltage. To quantify the transistor perfor-
mance with increasing cycles, we use the maximum drain 
current (IDS,max) and the maximum transconductance (gm,max) 
for each cycle as figures of merit. To quantify stability, we 
compare IDS,max and gm,max to the values for the first cycle 
(IDS,max,0 and gm,max,0, respectively).

During full range cycling stability tests, all channel materi-
als show moderate decay in the gm,max and IDS,max over 100 
cycles [Fig. 2(a)–(d)]. The PEDOT:PSS OECT is the most sta-
ble with a gm,max and IDS,max of 80% and 79% of their original 
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(gm,max) (lower) for devices utilizing (a) PEDOT:PSS, (b) p(g1T2-g5T2), (c) p(g2T2-g4T2), and (d) p(g3T2) as channel materials. Each OECT 
is cycled 100 times between Vmin, − 0.6 V, and Vmax, 0.8 V for PEDOT:PSS and 0.4 V for p(g1T2-g5T2), p(g2T2-g4T2), and p(g3T2), 
with the drain-source current (IDS, solid lines, left y-axis) and transconductance (gm, dashed lines, right y-axis) plotted for each 10th 
cycle. IDS,max and gm,max for each cycle are plotted as a percentage of the initial maximum current (IDS,max,0) and initial gm,max (gm,max,0), 
respectively. The arrows in panels (c) and (d) indicate the forward and reverse voltage sweeps. Pulsing stability for OECTs utilizing (e) 
PEDOT:PSS, (f) p(g1T2-g5T2), (g) p(g2T2-g4T2), and (h) p(g3T2) channel materials. The source-drain current (IDS) is normalized to the 
maximum source-drain current of the first pulse (IDS max,0).
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values, respectively, after 100 cycles [Fig. 2(a)]. The VGS corre-
sponding to gm,max also shifts slightly toward lower potentials. 
Similarly, the p(g1T2-g5T2) OECT has a decay in the IDS,max 
and gm,max to 72% and 69%, respectively, and shows little shift 
in the VGS corresponding to gm,max. Interestingly, the p(g2T2-
g4T2) and p(g3T2) OECTs show an initial increase in both 
the IDS,max and gm,max, but the values quickly decay to 71% for 
p(g2T2-g4T2), and to 51% and 54%, respectively, for p(g3T2).

We also investigate the stability of OECTs when the channel 
is alternated between two gate voltages using pulses (pulsing 
stability) under a constant VDS = − 0.6 V.[13,18] Here, we moni-
tor the stability of IDS as a percentage of the original maximum 
drain-source current (IDS max,0) as the gate potential is alternated 
between − 0.6 and 0.8 V for PEDOT:PSS, and between − 0.6 
and 0.4 V for the other materials. At the end of the series of 
pulses, we compare the maximum current of the last VGS pulse 
to see the percentage decay of IDS. All materials show a steady 
decay in the on-state IDS with increased pulsing, and following 

100 pulses, the IDS is reduced to 67% for PEDOT:PSS and ca. 
60% for the enhancement-mode materials.

In many OECT applications, the device does not need to 
be cycled between the fully off and fully on states. The satura-
tion regime is where gm peaks and thus yields the maximum 
changes in IDS for small changes in VGS. Operating near the 
peak in gm is ideal for applications where a linear IDS response 
to changes in VGS is desired, such as biosensing, electrophysi-
ology, and neuromorphic devices.[1,8,9] Additionally, operating 
in the saturation regime is necessary for applications where 
high currents (100 µA up to 10 mA) are required. For satura-
tion operation, IDS,max and gm are again the figures of merit to 
monitor for stability.

In contrast to full range cycling, the OECTs operated in 
the saturation regime all showed excellent stability. Follow-
ing 100 cycles, the IDS,max and gm,max for the PEDOT:PSS 
remain at 100% and 98% of their original value, respectively, 
and the curves from different cycles overlap with one another 
[Fig. 3(a)]. The performance of the p(g1T2-g5T2) transistor 
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Figure 3.   Saturation regime OECT stability. Source-drain current (IDS, solid lines, left y-axis) and transconductance (gm, dashed lines, right 
y-axis) during OECT cycling (upper) and corresponding decay in the maximum current (IDS,max) and maximum transconductance (gm,max) 
(lower) for devices utilizing (a) PEDOT:PSS, (b) p(g1T2-g5T2), (c) p(g2T2-g4T2), and (d) p(g3T2) channel materials. Each OECT is cycled 
100 times between Vmin, − 0.6 V, and Vmax, 0.0 V for PEDOT:PSS and − 0.2 V for p(g1T2-g5T2), p(g2T2-g4T2), and p(g3T2), with the 
drain-source current (IDS, solid lines, left y-axis) and transconductance (gm, dashed lines, right y-axis) plotted for each 10th cycle. IDS,max 
and gm,max for each cycle are plotted as a percentage of the initial maximum current (IDS,max,0) and initial transconductance (gm,max,0), 
respectively. Pulsing stability for OECTs utilizing (e) PEDOT:PSS, (f) p(g1T2-g5T2), (g) p(g2T2-g4T2), and (h) p(g3T2) channel materials. The 
source-drain current (IDS) is normalized to the maximum source-drain current of the first pulse (IDS max,0).



Organic and Perovskite Materials and Devices Research Letter

MRS COMMUNICATIONS · VOLUME 14 · ISSUE 2 · www.mrs.org/mrc                 163

improved slightly with cycling, with a final IDS,max and gm,max 
of 105% of their original values [Fig. 3(b)]. Surprisingly, the 
performance of both the p(g2T2-g4T2) and p(g3T2) OECTs 
improves substantially over 100 cycles with IDS,max and gm,max 
increasing to 127% and 136%, respectively, for p(g2T2-
g4T2) and to 107% and 125%, respectively, for p(g3T2) 
[Fig. 3(c)–(d)]. All channel materials are stable during puls-
ing in the saturation regime, retaining 95% or more of the 
original IDS.

Based on previous reports,[15] we expect that the largest 
reversible mass uptake (and therefore degree of swelling) 
occurs in the saturation regime where the modulation of the 
carrier density is largest. Thus, we would expect degradation 
due to swelling/deswelling of the material would be present 
in this VGS range. However, the increase in performance for 
the p(g2T2-g4T2) and p(g3t2) OECTs suggests that some 
degree of reversible swelling can be beneficial for device per-
formance. The reversible swelling and increasing solvation 
may allow chains to rearrange, improving tie-chain connec-
tions between aggregated regions or increasing ion conduc-
tivity, allowing for higher carrier densities to be reached for 
the same gate potential.[16] This result partially contradicts 
the hypothesis that a high degree of active swelling is respon-
sible for the instability.[16,18] The high stability of the devices 
in the saturation regime also indicates that charging to high 
carrier densities does not necessarily cause instability from 
overoxidation.

In applications where low power consumption and high 
signal-to-noise ratios are critical, subthreshold operation 
of OECTs is most practical.[11,21] The subthreshold regime 
yields the sharpest relative change in IDS with respect to small 
changes in VGS. OECTs exhibit relatively high subthreshold 
swing, approaching the thermodynamic limit of silicon devices 
(60  mV dec−1).[11,21] OECTs operated in the subthreshold 
regime could be of potential use for potentiometric sensors 
which have a logarithmic relationship between concentration 
and potential output (i.e., ion-selective OECTs[20] and enzy-
matic sensors[24]) to achieve a linear response. For subthresh-
old operation, we again use the maximum current as one of 
the figures of merit. However, instead of using gm,max which 
is relevant when operating in the linear regime, we use the 
minimum subthreshold slope (SSmin) as a figure of merit for 
subthreshold operation. Furthermore, to quantify instability in 
subthreshold performance, we divide the initial subthreshold 
slope (SSmin,0) by the SSmin for each cycle. This quantification 
yields a percentage of < 100% when SSmin increases, thereby 
decreasing the performance of the OECT.

The PEDOT:PSS OECT appears unstable when operated in 
the subthreshold regime [Fig. 4(a)] with the maximum current 
at VGS = 0 V dropping to 50% of the original value after 100 
cycles. However, the SSmin is only slightly larger after cycling 
(SSmin,0/SSmin = 96%), indicating that the decrease in IDS results 
from a shift in the transfer characteristics to lower voltages 
rather than a decay in the electronic transport properties of 
the channel. Previous reports show that PEDOT:PSS produces 

H2O2 when reduced,[14] and that the production of H2O2 can 
shift the pH of the aqueous electrolyte.[13] From these two 
reports, we hypothesize that the shift in the transfer character-
istics of PEDOT:PSS during subthreshold cycling may be due 
to shifts in the electrolyte pH.[25]

In contrast to PEDOT:PSS, p(g1T2-g5T2), p(g2T2-g4T2), 
and p(g3T2) all are highly stable when operated in the sub-
threshold regime [Fig. 4(b)–(d)]. Furthermore, they all have 
much better subthreshold performance than PEDOT:PSS 
(SS0 = 133 mV dec−1) with SS0 of 82, 101, and 90 mV dec−1, 
for p(g1T2-g5T2), p(g2T2-g4T2), and p(g3T2) OECTs, respec-
tively. The p(g1T2-g5T2) OECT shows no degradation in its 
performance after 100 cycles in the subthreshold regime, with 
a final IDS,max of 104% and SSmin,0/SSmin of 101%. The IDS,max 
for p(g2T2-g4T2) and p(g3T2) increase to 112 and 184% of 
IDS,max,0, respectively, following 100 cycles, showing a simi-
lar enhancement in drain-source current as when the OECTs 
are cycled in the saturation regime. The SS for p(g2T2-g4T2) 
stays roughly the same following cycling (SSmin,0/SSmin = 103%) 
and is enhanced for p(g3T2) (SSmin,0/SSmin = 115%). Since the 
enhancement in SS observed for p(g3T2) only occurs over the 
first 5–10 cycles, we expect that it may be related to a slow 
equilibration process which occurs when switching operation 
from the saturation regime to the subthreshold regime.

Discussion
Our results show that OECTs utilizing the polythiophene 
OMIEC channels studied here are least stable when operated 
over the full range of voltages, or in other words, when the 
device is repeatedly cycled from the fully off state to the peak 
in transconductance (Figure S1). Furthermore, by separately 
testing the saturation regime and subthreshold regime stability, 
we conclude that there is no specific gate voltage range which 
is responsible for the degradation in performance. Instead, the 
decay in OECT performance during operation is primarily due 
to effects related to transitioning from the highly oxidized (on) 
state and the highly reduced (off) state or vice versa. While 
the root cause of the instability is not addressed in this work, 
we believe the results here provide a framework for utilizing 
OECTs while avoiding instability in the device response.

Our findings help narrow the potential causes for instabil-
ity in OECTs, as often operation in or to a particular voltage 
regime is cited as the root cause for degradation of the chan-
nel. For the electrochemical degradation process, it is possi-
ble that reactive oxygen species are produced at positive gate 
biases, but these species only react with the highly oxidized 
polymer.[13] If the lifetime of the reactive oxygen species is 
sufficiently short, the degradation will only occur when the 
device is quickly cycled from the ORR potential to the highly 
oxidized state. For structural degradation, our results indicate 
that swelling/deswelling alone does not degrade the channel 
given that OECTs show high stability in the saturation regime. 
Instead, the transition between the highly oxidized state and the 
highly reduced state is the main driver of instability.
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In our cycling stability tests, we observe a hysteresis 
between the forward and reverse sweeps which is quite large 
when the OECTs are cycled across the full voltage range but 
is reduced substantially in the reduced range cycling, similar 
to previous observations.[30] The correlation between the deg-
radation and the hysteresis brings up the question if the two 
processes are related. For example, the increased charge density 
on the polymer backbone druing oxidation may enhance the 
enthalpic interactions between the polar solvent and charged 
backbone, thereby increasing the energy required to return the 
reduced state. The polar solvent–polymer interactions during 
solvation and desolvation of chains could additionally break 
some of the weaker π–π interactions and add additional dis-
order to the aggregated regions[16] or slowly solubilize the 
channel into the aqueous electrolyte. Thus, we hypothesize the 
structural degradation may be the accumulation of irreversible 
reorganizations of polymer chains in addition to the parasitic 
electrochemical reactions with reactive oxygen species.

One interesting result is the enhancement in performance 
for p(g2T2-g4T2) and p(g3T2) OECTs when cycled in either 

the saturation or subthreshold regimes. While the mechanism 
for this conductivity enhancement is not clear from our results 
alone, we discuss some of the possible mechanisms which 
could cause this enhancement. First, during reversible cycling, 
some anions, which are charge-compensated by holes on the 
polymer backbone, may remain in the film after each cycle.[26] 
These trapped anion-hole pairs can then shift the effective 
potential of the OMIEC channel and cause retention of water, 
which hydrates the anion. Over the course of repeated cycling, 
the channel typically accumulates excess water carried in by 
ions, where most of the excess water remains in the amorphous 
regions of the polymer[27] and could thus improve ion con-
ductivity through the material in following cycles. The excess 
water may also solubilize individual polymer chains and allow 
them to rearrange, possibly bridging conductive aggregated 
regions.[16] Finally, added water may screen charge–charge 
interactions and lower the energy for bipolarons to form in the 
disordered regions of the film, where bipolarons in disordered 
regions have been shown to notably enhance the electrical 
conductivity.[23]
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Figure 4.   Subthreshold regime OECT stability. Cycling stability (upper) and corresponding decay in the maximum current (IDS,max) and 
minimum subthreshold slope (SSmin) (lower) for OECTs utilizing (a) PEDOT:PSS, (b) p(g1T2-g5T2), (c) p(g2T2-g4T2), and (d) p(g3T2) chan-
nel materials. Each OECT is cycled 100 times between Vmin, 0.0 V and Vmax, 0.8 V for PEDOT:PSS, and Vmin, − 0.2 V and Vmax, 0.4 V for 
p(g1T2-g5T2), p(g2T2-g4T2), and p(g3T2), with the drain-source current (IDS, solid lines, left y-axis) and subthreshold slope (SS, dashed 
lines, right y-axis) plotted for each 10th cycle. IDS,max and SSmin are plotted as a percentage of the initial maximum current (IDS,max,0) and 
initial subthreshold slope (SSmin,0), respectively. Pulsing stability for OECTs utilizing (e) PEDOT:PSS, (f) p(g1T2-g5T2), (g) p(g2T2-g4T2), 
and (h) p(g3T2) channel materials. The source-drain current (IDS) is normalized to the maximum source-drain current of the first pulse 
(IDS max,0).
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OECTs are increasingly leveraged to measure, amplify, and 
compute bioelectronic signals on-site. The goal of these works 
is to develop tools for human health monitoring, often with 
life-saving implications ranging from COVID-19 detection[7] 
to monitoring epileptic[28] seizures. However, any tool which 
may influence a patient’s diagnosis or treatment must produce 
a stable output signal for patient safety and treatment efficacy. 
While we show that OECTs are unstable when cycled over 
large gate voltage ranges, this study demonstrates that devices 
are generally robust to cycling within either the saturation or 
subthreshold regimes. The findings presented here should be 
considered to ensure high measurement precision and reliabil-
ity in these critical healthcare applications. For example, one 
method of OECT biosensing is to measure subtle shifts in the 
transfer response, which has been reported to indicate sensitiv-
ity for picomolar analyte concentrations.[29] Our results sug-
gest that these measurements, which were taken over the full 
operating range, may be prone to cyclic instability, making it 
difficult to differentiate between shifts due to the biomarker 
and due to instability. In this case, alternate techniques, or 
saturation regime limited operation, should be considered to 
ensure accurate measurement. In contrast, the use of OECTs for 
electrophysiology[1,28] only requires a limited operating volt-
age window near the peak in transconductance (i.e., saturation 
regime), meeting the criteria for the stable operation that is 
desired for prolonged neuroelectronic measurements. In some 
cases, the sharp change in conductivity in the subthreshold 
regime is needed to enhance the signal-to-noise for feature 
detection in electrophysiology[21] or complementary invert-
ers.[11] Our results suggest that OECTs can be utilized in the 
subthreshold regime with high stability with the caveat that 
gate potentials driving high doping densities should be avoided. 
The results from this work help to elucidate the specific path-
ways causing degradation in the performance of OECT channel 
materials, which can be leveraged to find new ways of engi-
neering more stable devices for high-performance bioelectronic 
tools.
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