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Abstract

A key component of organic bioelectronics is electrolyte‐gated organic field‐
effect transistors (EG‐OFETs), which have recently been used as sensors to

demonstrate label‐free, single‐molecule detection. However, these devices

exhibit limited stability when operated in direct contact with aqueous

electrolytes. Ultrahigh stability is demonstrated to be achievable through the

utilization of a systematic multifactorial approach in this study. EG‐OFETs
with operational stability and lifetime several orders of magnitude higher than

the state of the art have been fabricated by carefully controlling a set of

intricate stability‐limiting factors, including contamination and corrosion. The

indacenodithiophene‐co‐benzothiadiazole (IDTBT) EG‐OFETs exhibit opera-

tional stability that exceeds 900min in a variety of widely used electrolytes,

with an overall lifetime exceeding 2 months in ultrapure water and 1 month in
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various electrolytes. The devices were not affected by electrical stress‐induced
trap states and can remain stable even in voltage ranges where electrochemical

doping occurs. To validate the applicability of our stabilized device for

biosensing applications, the reliable detection of the protein lysozyme in

ultrapure water and in a physiological sodium phosphate buffer solution for

1500min was demonstrated. The results show that polymer‐based EG‐OFETs
are a viable architecture not only for short‐term but also for long‐term
biosensing applications.
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1 | INTRODUCTION

Electrolyte‐gated organic field‐effect transistors (EG‐
OFETs) are a variation of the regular, three‐terminal
organic field‐effect transistor (OFET) architecture in
which an aqueous electrolyte replaces the solid‐state
dielectric (Figure 1A).1 When the gate electrode of an
EG‐OFET is biased e.g., negatively, a layer of electrolyte
cations is electrostatically attracted towards the metal/
electrolyte interface, forming a layer and partially
screening the electric field. The two layers of charges in
the metal and the electrolyte form an electrical double
layer (EDL). Similarly, a layer of anions is repulsed
towards the electrolyte/semiconductor interface, and
attracts a layer of charge carriers in the semiconductor
side. Hence, two Å‐thick EDLs form, with one being at
the gate/electrolyte and the other at the electrolyte/
semiconductor interface. In electrolytes with low ionic
strength, such as ultrapure water, the two EDLs form
over much longer timescales and multiple measurement
cycles. Each layer has a capacitance on the order of
μF/cm2,2 which allows for low‐voltage (<1 V) transistor
operation.3 This feature, combined with their intrinsic
sensitivity, makes EG‐OFETs ideal candidates for biosen-
sing applications. In the context of biosensing, the
detection of target molecules is often done in real time
using consecutive measurements and, depending on the
application, the measurements may last between minutes
to days.4‐7 This necessitates the development of biosen-
sors with long‐term operational stability in a variety of
electrolytes. While EG‐OFETs have recently achieved
label‐free, single‐molecule detection,8 they exhibit

limited operational stability, similarly to other organic
electronic devices that are operated in direct contact with
aqueous electrolytes. A typical manifestation of this
instability is a significant current drift (i.e., increase or
decrease) over time.9‐14 The physical mechanisms that
cause this instability are not clearly understood. It is
believed that one of the mechanisms is the formation of
water‐induced traps when water molecules diffuse into a
semiconducting polymer. These traps are generated due
to the high dipole moment of water molecules, which
introduces torsional and other defects in the polymer
backbone, as well as dipole‐induced energetic disorder.15

Electrolytes with larger ionic strength, such as
biosensing‐relevant saline solutions or buffers, introduce
even more pronounced instabilities.10

There are additional physical mechanisms that cause
EG‐OFETs to degrade in aqueous media, which are not
yet fully understood. It is known that the operating
voltages (i.e., gate voltage: VG, drain voltage: VD) of EG‐
OFETs play a critical role in their stability performance.
Exceeding a so‐called “stable operational window”
results in electrochemical reactions that rapidly decrease
the ON current and irreversibly degrade the device, even
if the operating voltages are reduced again.10,14,16–18 This
is attributed to the electrochemical doping (oxidation) of
the organic semiconductor.17,18 It is believed that the
high voltages cause ions to penetrate deeper in the
semiconductor thin film,19,20 which changes the surface
wettability21,22 and leads to changes in the dimensional-
ity of charge transport.23,24 The signature of this
irreversible degradation is a Faradaic leakage current
(i.e., from the gate electrode to the semiconductor) that
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increases with consecutive device measurements.16,17

Moreover, the stable operational window is limited by
the hydrolysis limit of −1.23 V (vs. standard hydrogen
electrode—SHE).25 Hence, the overall potential differ-
ence between electrodes in a field‐effect transistor (FET)
cannot exceed 1.23 V, without detrimental H2 and O2

production.
Other components might affect the oxidation and

reduction potentials and further reduce the EG‐OFET's
stable operational window. These include the semi-
conductor material26 and/or any additives incorporated
therein,15,27 as well as the type and/or the ionic strength
of the electrolyte.10 In device studies, the electrochemical
potential at which degradation sets in due to a specific
electrochemical process is often not of so much of
interest and therefore typically not reported. Even when
these values are reported, there is still some uncertainty
due to the mismatch between an FET and a redox cell.
FET operating voltages are referenced versus the
grounded source electrode (source voltage: VS = 0 V),
whereas in electrochemistry conventions, the potentials
are reported versus a reference electrode (e.g., SHE, Ag/
AgCl). Since an FET is a two‐terminal cell with the gate
being both a working and reference electrode, the
absolute potential in the electrolyte is not exactly defined,
even at VG = 0. Hence, the maximum potential difference
that can be applied (the stable operational window)
is more relevant for device operation. Poly‐3‐

hexylthiophene (P3HT) EG‐OFETs were reported to
have an operational window of 0.6 V (i.e., VG,max =−0.6
V) in deionized (DI) water16,17 and phosphate buffer
saline (1 × PBS).18 However, a follow‐up study deter-
mined the stable operational window to be 0.3 V.28 In
most cases, the EG‐OFET's stable operational window is
determined empirically, by choosing the operating
voltages that minimize the leakage current.8

Surprisingly, there are only a few long‐term opera-
tional stability studies of EG‐OFETs in the litera-
ture.12,14,29 The first long‐term study was performed on
EG‐OFETs made from small molecule organic semicon-
ductors.12 The ON current of those devices in ultrapure
water decreased by 35%–40% in the first 11 h (3%/h),
while their lifetime was not reported. The devices also
remained operational in NaCl 1mol/L but only in
operating voltages where electrochemical doping did
not occur. Regarding EG‐OFETs made from semi-
conducting polymers, Picca et al.14 showed that the
degradation of P3HT EG‐OFETs in ultrapure water can
be split into two regimes: an initial stabilization regime,
which lasts for the first 24 h, followed by a second regime
during the following period of several weeks. In the
initial regime, the ON current of a freshly fabricated
device decreases within the first few measurements and
eventually reaches a steady state within 24 h. This
degradation was attributed to the diffusion of water
between the polymer chains and the subsequent

FIGURE 1 The device structure, the experimental setup, and the operational stability challenges of indacenodithiophene‐co‐
benzothiadiazole (IDTBT) electrolyte‐gated organic field‐effect transistors (EG‐OFETs). (A) The structure of an EG‐OFET. (B) Schematic
diagram of the experimental setup used to measure EG‐OFETs. It consists of (1) a syringe pump that can draw liquid from multiple
reservoirs and pump it sequentially through (2) a vacuum regulator‐controlled (3) bubble trap, the (4) EG‐OFET, and the (5) waste
container. A semiconductor parameter analyzer (SPA) was used for the electrical measurements. In the bubble trap, an additional high‐
performance liquid chromatography grade (HPLC‐grade) polytetrafluoroethylene (PTFE) membrane is placed on top of the original (non‐
HPLC‐grade) one, to interface with the liquid and avoid leaching contaminants that affect the device stability. (C) The ON current evolution
during the initial operational stability experiment for different batches of IDTBT EG‐OFETs in ultrapure water. Each curve corresponds to
the initial overnight experiment using a freshly fabricated device. A transfer curve per minute was acquired (VG,max = VD =−1 V), and the
absolute value of the ON current (ID for VG =−1 V) was plotted as a function of time. Large operational stability variations are observed
despite the fact that the EG‐OFETs were fabricated under nominally identical conditions.
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generation of water‐induced traps. The second regime is
a much slower degradation regime, where the ON
current decreases slowly with time (1%/h), due to the
threshold voltage shifting to more negative values. The
ON current of those devices decreased by 35% in the first
24 h and by 60% in 15 days, while their lifetime did not
exceed 20 days. It is worth mentioning that a similar two‐
regime degradation has been observed in electrolyte‐
gated FETs made from inorganic semiconductors.30 A
follow‐up study on identical devices by Luukkonen
et al.29 split the water degradation into two concurrent
regimes: a short‐term regime, which manifests as a
threshold voltage shift during the first measurements of
each experiment (i.e., regardless if the device is fresh or
not), and a long‐term regime that spans across the entire
lifetime of the device. In the short‐term regime, the
threshold voltage shifts closer to zero. This effect was
attributed to changes in the work function of the gate
electrode and does not appear if the gate electrode
remains submerged in water between experiments. In
the long‐term regime, the ON current decreases linearly
with the number of measurements, and the degradation
rate depends on how frequently the device is measured.
This degradation was attributed to an increase in the
density of electrical stress‐induced trap states, which
manifests as a threshold voltage shift and a decrease in
mobility. This degradation mechanism contradicts the
findings of the earlier study. First of all, the new study
suggests that the device only degrades when it is
measured in water and not when it is simply immersed
in it. In other words, the degradation mechanism is
electrochemical, with the device degrading even when it
is measured within the stable operational window.
Second, the ON current drift of 1%/h that was mentioned
in the earlier study only occurs if the interval between
measurements is 30min. If this interval is reduced to
30 s, the degradation is much larger, and the device is
unable to reach a steady state. In the new study, the ON
current decreased by 67% in 5750 measurement cycles,
while the device lifetime was not reported. Both of these
studies were done in ultrapure water, while electrolytes
with larger ionic strength, such as biosensing‐relevant
saline solutions or buffers, were not examined.

In this work, we present EG‐OFET devices with
ultrahigh operational stability and lifetime, suitable for
long‐term biosensing applications in aqueous electro-
lytes. This was achieved using a systematic approach to
fine‐tune individual process steps and eliminate multiple
degradation factors. The devices presented in this study
are based on indacenodithiophene‐co‐benzothiadiazole
(IDTBT), a high‐mobility polymer widely studied for
OFET applications,31–34 which has demonstrated fast
turn‐on and an improved subthreshold swing when used

in EG‐OFETs.35 We identified galvanic corrosion and
leachable contaminants as two major mechanisms that
cause device degradation in water. After overcoming
these issues, the stabilized EG‐OFETs remain stable for
an overnight experiment (≈900min) in a variety of
electrolytes (ultrapure water, saline solution, 1 × PBS
buffer, sodium phosphate (NaP) buffer). We explain the
different requirements to achieve stability in each of
these electrolytes. Our devices have a median current
drift of ≈0.2%/h in ultrapure water, ≈0.1%/h in 1 × PBS,
and <0.1%/h in saline solution and NaP buffer. The
overall device lifetime exceeds 2 months in ultrapure
water and 1 month in the other electrolytes. The devices
were not affected by electrical stress‐induced trap states
and can remain stable even in voltage ranges where
electrochemical doping occurs. To validate the applica-
bility of our stabilized device for biosensing applications,
we performed experiments using the protein lysozyme as
a model biomolecule.36 We show that the stabilized EG‐
OFETs are able to sense lysozyme in ultrapure water and
NaP buffer, with the baseline (ON current evolution over
time) remaining stable during injections of the same
solution, while the sensing response scales with the
lysozyme concentration. The operational stability and
lifetime of our IDTBT EG‐OFETs in aqueous electrolytes
exceed the corresponding metrics of other devices
reported in the literature to date.

2 | METHOD

Conducting long‐term operational stability experi-
ments in a liquid poses several experimental
challenges. Electrochemical reactions may take
place,10,14,16‐18 the metal contacts may degrade,37‐39

and contaminants (impurities, leachables, and extrac-
tables) may degrade the device during the measure-
ment.40‐48 Air bubbles may also disrupt the experiment
if the device is integrated with microfluidic channels.49

All operational stability studies on EG‐OFETs pub-
lished to date have been conducted in “static mode”,
that is, with a polymer well, typically polydimethylsi-
loxane (PDMS), confining a volume of liquid above the
active area.12,14,29 This configuration does not allow for
continuous liquid injections inside the device
(dynamic mode). This means that any byproducts of
potential electrochemical reactions occurring during
the degradation process remain and accumulate in the
flow cell. Moreover, static mode biosensing is
unfavorable in many real‐life situations, due to the
device operating in a diffusion‐limited regime, which
results in the formation of a depletion zone that limits
the analyte collection efficiency.50
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To measure the EG‐OFET in dynamic mode, an
experimental setup was designed to perform automated,
long‐term microfluidic experiments without the interfer-
ence of air bubbles. The setup can inject liquids through
the flow cell, while tracking the EG‐OFET's performance
metrics (ON current, OFF current) over time. Figure 1B
shows the diagram of the experimental setup, and a
detailed description can be found in the “Experimental
setup” section of Supporting Information (Supporting
Information S1: Figures S1, S2). The setup consists of a
syringe pump that can draw liquid from multiple
reservoirs and pump it sequentially through a vacuum
regulator‐controlled bubble trap, the EG‐OFET, and the
waste container. The liquid was injected within a span of
8 min, and then the device was allowed to stabilize for at
least 30 min before the next liquid injection occurred (see
“Experimental parameters” section of Supporting Infor-
mation). During the entire experiment, the device was
measured constantly, at a rate of one transfer curve per
minute. A semiconductor parameter analyzer (SPA) was
used for the electrical measurements. The mitigation of
air bubbles is described in detail in the “Air bubbles”
section of Supporting Information (Supporting Informa-
tion S1: Figures S3, S4, S5, S6, S7). In brief, we used a
bubble trap in which an additional high‐performance
liquid chromatography grade (HPLC‐grade) polytetra-
fluoroethylene (PTFE) membrane is placed on top of
the original (non‐HPLC‐grade) one to interface with the
liquid and avoid leaching contaminants that affect
the device stability. The EG‐OFET itself consists of the
IDTBT‐coated bottom source‐drain contacts on a glass
substrate, with a PDMS flow cell and a 0.1 mm‐thick Pt
sheet as the gate electrode. A poly(methyl methacrylate)
(PMMA) clamp compresses the entire device and ensures
its water tightness. A more detailed description of the
device architectures used in this study can be found in
the “Device architecture” section of Supporting Informa-
tion (Supporting Information S1: Figures S8, S9).

3 | EXPERIMENT RESULTS

3.1 | Factors affecting EG‐OFET
operational stability

We first conducted an initial screening of the operational
stability of our first generation of IDTBT EG‐OFETs in
ultrapure water. A detailed description of the fabrication
and experimental details of the different device genera-
tions can be found in the “Experimental methods”
section of Supporting Information. Figure 1C shows
operational stability (ON current evolution over time)
measurements in ultrapure water of nominally identical

devices fabricated in different batches. Each curve
corresponds to the initial overnight experiment using a
freshly fabricated device. A transfer curve per minute
was acquired (VG,max = VD =−1 V), and the absolute
value of the ON current (ID for VG =−1 V) was plotted as
a function of time (see “Experimental methods” section
in Supporting Information). There were substantial
operational stability variations between the devices, and
none of the devices reached a steady state at the end of
the first overnight experiment, unlike our optimized
devices presented below. This motivated us to conduct a
systematic study to trace the origins of these variations
and improve EG‐OFET stability.

The first degradation factor that we identified was
contamination originating from the N2 glovebox and
plastic laboratory consumables widely used during film
processing as well as liquid handling (disposable needles,
plastic pipettes, syringes, and centrifuge tubes). Due to
the complexity inherent to the identification of the many
sources of contamination, we have conducted a separate
study, using solution nuclear magnetic resonance (NMR)
spectroscopy as a technique to identify the molecular
structure of the contaminants and trace their origin.40

This study identified the effects of contamination on
device performance, water uptake, and thin‐film proper-
ties and also enabled us to define the optimal processing
conditions reported herein. Figure 2 summarizes the
effect of contaminants originating from plastic laboratory
consumables and from contaminants in the PDMS on
EG‐OFET stability. Figure 2A shows the operational
stability of an IDTBT EG‐OFET in NaP buffer. The spikes
in the ON current (red curve) coincide with the liquid
injections from the syringe pump (orange curve). The
device is initially able to maintain a stable baseline in
NaP buffer. However, injecting NaP buffer preheated in
plastic centrifuge “Falcon” tubes (37°C/24 h) causes the
ON current to decrease. The device did not recover when
injected with fresh NaP buffer. The same baseline
decrease was observed when the device was injected
with NaP buffer in which we washed plastic pipettes (20
pipettes, 10× each/5mL) and plastic syringes (10
syringes, 1× each/5mL). This suggests that contaminants
leaching from plastic laboratory consumables can affect
the EG‐OFET baseline and create a response that
resembles a sensing event. It will be shown later (see
Figure 4) that our optimized devices remain stable
during an individual overnight experiment (≈900min),
with consecutive liquid injections not affecting the ON
current's slope and magnitude.

Another contaminant that was found to affect EG‐
OFET stability is residual un‐crosslinked PDMS.
Figure 2B shows EG‐OFETs measured in ultrapure water
using old (black curve) and new (red curve) PDMS flow
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cells. Each curve corresponds to the initial overnight
experiment using a freshly fabricated device. The old
flow cell, used in multiple experiments (n> 10), had
been effectively washed with ultrapure water at least five
times per experiment. The new PDMS flow cell had been
used directly after fabrication, without a post‐fabrication
washing step. The degraded performance and lower
stabilized ON current of the device measured with the
new PDMS flow cell were attributed to residual un‐
crosslinked PDMS, which is known to leach from newly
fabricated microfluidics and affect performance.51 We
empirically observed that immersing the freshly fabri-
cated PDMS flow cells in DI water for a day constitutes
the simplest yet very effective cleaning protocol.

Another source of EG‐OFET degradation, which
became apparent when we performed stability studies
in saline solution, was identified as galvanic corrosion of
the metal contacts. This phenomenon can occur when-
ever two metals of different electrode potentials are
biased and exposed to a conductive electrolyte, thus
forming an electrochemical cell. A “galvanic” current
then flows from the less noble metal (anode) to the noble
one (cathode), resulting in corrosion of the anode and
metal migration damage.52 OFET/EG‐OFET contacts are
typically made of Au with Cr or Ti adhesion layers to
glass substrates, but these corrode when the underlying
adhesion layer becomes exposed to the electrolyte
through pinholes in the Au layer.38 The adhesion layer
of an individual electrode then acts as the anode and its
overlaying Au layer as the cathode. In chloride‐
containing electrolytes, Au is oxidized to form soluble
AuCl− complexes.53 The electrochemical reaction results

in the partial delamination of the Au film and the
formation of characteristic dome‐like patterns.38 Ti/Pt/
Au emerged as a corrosion‐resistant contact,38 with
further studies showing that Pt catalyzes the oxidation
of Ti to TiO2,

54 which acts as a passivation barrier.55

Figure 3 shows the effect of galvanic corrosion on EG‐
OFET stability. Figure 3A shows initial day operational
stability measurements of IDTBT EG‐OFETs in saline
solution. The corresponding OFF currents are shown in
Supporting Information S1: Figure S10. EG‐OFETs with Cr/
Au (black curve) and Ti/Au (red curve) source‐drain
contacts exhibited a rapidly decreasing ON current,
whereas those with Ti/Pt/Au contacts (green curve) had a
baseline that eventually reached a steady state at the end of
the first overnight experiment. EG‐OFETs with a Cr
adhesion layer degraded much faster than those with Ti.
Figure 3B compares optical microscopy images of the
source contacts of the three different EG‐OFETs, imaged
after the end of the experiment. In line with the stability
measurements, Cr/Au contacts were the most corroded,
with the Au layer being almost fully delaminated. Ti/Au
contacts suffered from the characteristic dome‐like corro-
sion patterns that are reported in the literature,38 and Ti/Pt/
Au contacts remained intact. We believe that Ti/Au
contacts are more corrosion‐resistant than Cr/Au because
Ti and Au form two distinct layers, which means that Au
encapsulates the Ti layer to a degree. In contrast, Cr
interdiffuses with Au, forming an alloy.56 We systematically
studied the effect of the thickness of the Ti adhesion layer—
and the formation of a TiO2 passivation layer within the
metal stack—on the stability of EG‐OFETs made with Ti/
Pt/Au contacts (Supporting Information S1: Figure S11).

FIGURE 2 The effect of contaminants on electrolyte‐gated organic field‐effect transistor (EG‐OFET) stability. (A) Operational stability
of indacenodithiophene‐co‐benzothiadiazole (IDTBT) EG‐OFETs in sodium phosphate (NaP) buffer. The vertical triangular spikes
correspond to the liquid injections (orange curve). The ON current baseline (red curve) is affected by contaminants leaching from plastic
centrifuge “Falcon” tubes, plastic pipettes, and plastic syringes. (B) Comparison of EG‐OFETs in ultrapure water, measured with used (black
curve), and new (red curve) polydimethylsiloxane (PDMS) flow cells. The degraded performance of the device measured with the new
PDMS flow cell was attributed to residual un‐crosslinked PDMS, which leaches from newly fabricated PDMS chips. Immersion of the PDMS
flow cell in ultrapure water for a day is sufficient to remove the un‐crosslinked PDMS.
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Galvanic corrosion depends on many factors, such as the
potential difference between the anode and the cathode, the
conductivity of the electrolyte, the electrode surface condi-
tions, and the electrode areas.52 Indeed, galvanic corrosion
on Ti/Au electrodes was suppressed when measuring in
ultrapure water, when reducing the operating voltages to
−0.6 V, and when increasing the thickness of the IDTBT film
by using a denser IDTBT solution (Supporting Information
S1: Figure S12). This suppression will not be observed for
degradation that originates from exceeding the stable
operational window of the organic semiconductor. In that
case, the ON current was found to keep decreasing even
when the operating voltages were reduced again.10,14,16–18

Hence, the operating voltage limits imposed due to galvanic
corrosion are different from those imposed due to the
oxidation and reduction of the organic semiconductor.
Galvanic corrosion is also different from the oxygen‐
mediated degradation mechanism observed in p‐type
thiophene‐based organic electrochemical transistors
(OECTs).57 Both degradation mechanisms are enhanced by
the presence of dissolved oxygen in the electrolyte. However,
corrosion results from the oxidation of the (grounded) source
electrode, whereas the degradation mechanism observed in
thiophene‐based OECTs results from the reductive bias
stress at the (negatively biased) drain electrode.

3.2 | Performance of optimized IDTBT
EG‐OFETs

Figure 4 presents the operational stability of optimized
IDTBT EG‐OFETs in ultrapure water, saline solution,
1 × PBS, and NaP buffer, measured over a period of several

weeks. Each curve corresponds to a 900‐min overnight
experiment. Between experiments, the EG‐OFET was
stored while keeping the active area constantly hydrated
(see “Disassembling and storing the device” section
in Supporting Information), as in the literature.11,14,29

The corresponding OFF currents and transfer curves are
shown in Supporting Information S1: Figures S13 and S14,
respectively. For the optimized devices in Figure 4, we
used Ti/Pt/Au source‐drain contacts and avoided contam-
ination from plastic tubes, syringes, pipettes, and the
PDMS flow cells. We found the operational stability of
these devices to be much more reproducible from batch to
batch compared with the nonoptimized devices in
Figure 1C. The operational stability was also similar
across all electrolytes and matches the two‐regime
degradation reported in the literature for electrolyte‐
gated FETs.14,30 We distinguish between an initial
stabilization “regime I”, which lasts for the first 900‐min
overnight experiment using a freshly fabricated device
(i.e., the black curve in all four subfigures), followed by a
“regime II” during the following period of several weeks.
In regime I, the ON current of a freshly fabricated device
initially overshoots to a high value, then rapidly decreases
within the first few measurements, and eventually reaches
a steady state at the end of the first overnight experiment.
Regime II is a much slower degradation regime, where the
ON current slowly increases with time at the start of the
experiment, reaches a steady state, and then remains
stable for the duration of a 900‐min overnight experiment,
with the baseline decreasing slowly from day to day.

In regime I, the ON current evolution can be split
into three stages: an initial overshoot, followed by a
rapid (approximately exponential14) decrease, and a

FIGURE 3 The effect of galvanic corrosion on electrolyte‐gated organic field‐effect transistor (EG‐OFET) stability. (A) Initial day
operational stability measurements of indacenodithiophene‐co‐benzothiadiazole (IDTBT) EG‐OFETs in saline solution. EG‐OFETs with Cr/
Au (black curve) and Ti/Au (red curve) source‐drain contacts exhibited a rapidly decreasing ON current, whereas those with Ti/Pt/Au
contacts (green curve) had a baseline that eventually reached a steady state at the end of the first overnight experiment. (B) The source
contacts of the three different EG‐OFETs imaged after the end of the experiment. In line with the stability measurements, Cr/Au contacts
looked to be the most corroded, with the Au layer being almost fully delaminated. Ti/Au contacts exhibited circular dome‐like corrosion
patterns, and Ti/Pt/Au contacts remained intact. Only the (grounded) source electrode corrodes, whereas the (negatively biased) drain
electrode does not.
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stabilization stage. In this regime, the ON current also
decreases stepwise every time fresh liquid is injected. The
overshoot occurs within the first 30 min, usually after the
first liquid injection is finished (≈8thmin). It also
appears regardless of the type of bottom contacts used
(Figure 3A), although devices made using corrosion‐
resistant Ti/Pt/Au contacts have a smaller overshoot
than devices made using Cr/Au or Ti/Au contacts that
corrode. This overshoot has been previously observed in
other long‐term operational stability studies of EG‐
OFETs.12,29 However, the stepwise decrease of the ON
current has not been reported so far, probably because
EG‐OFETs are typically measured in static mode.14,29 As
mentioned in the introduction, the ON current decrease
of P3HT EG‐OFETs in regime I has been attributed to
water‐induced traps.14 In our study, regime I was
observed on most of the devices, but there were some
devices in which it was not observed (Supporting
Information S1: Figure S15). Thus, it is unlikely to
originate only from water‐induced traps. We know that
regime I is affected by any contamination present in the
device. The ON current of the optimized devices was able
to reach a steady state at the end of the first overnight

experiment, unlike the nonoptimized devices reported in
Figure 1C. Reducing the operating voltages from −1 V to
−0.6 V was found to suppress regime I, which suggests
that it may be an electrochemical effect. In this case, the
device operates only in regime II: in every overnight
experiment (including the first one), the ON current
slowly increases, reaches a steady state, and then remains
stable for the duration of the experiment. The decrease of
the operating voltages did not appear to have an effect on
regime II: the overall operational stability of the
device remained similar (Supporting Information S1:
Figure S16). We also note that the ON current decrease
in IDTBT EG‐OFETs operating in regime I has different
characteristics than the irreversible degradation caused
when exceeding the stable operational window in P3HT
EG‐OFETs. Though both effects are likely to be of
electrochemical origin, the stable operational window for
P3HT EG‐OFETs has been reported to be 0.6 V,16‐18

which is a value for which regime I is suppressed for
IDTBT EG‐OFETs.

In regime II, the ON current slowly increases with
time at the start of the experiment, which is attributed to
the device charging, as the electrical double layers

FIGURE 4 Operational stability of optimized indacenodithiophene‐co‐benzothiadiazole (IDTBT) electrolyte‐gated organic field‐effect
transistors (EG‐OFETs) in ultrapure water, saline solution, 1 × PBS, and sodium phosphate (NaP) buffer, measured over a period of several
weeks. Each curve corresponds to a 900‐min overnight experiment. The vertical triangular spikes correspond to the liquid injections (orange
curve). The degradation of IDTBT EG‐OFETs in all four electrolytes can be split into two regimes: an initial “regime I”, where the ON
current of a freshly fabricated device initially overshoots to a high value, then rapidly decreases within the first few measurements, and
eventually reaches a steady state at the end of the first overnight experiment, followed by a much slower degradation “regime II”, where the
ON current can remain stable for the duration of a 900‐min overnight experiment, with the baseline decreasing slowly from day to day.
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gradually form. The current then reaches a steady state
and remains stable for at least the duration of a 900‐min
overnight experiment. From day to day, the baseline
decreases slowly when measured in the dark (i.e., using
an enclosed setup) to avoid photo‐oxidation (Supporting
Information S1: Figure S17), as done typically with these
polymers.29 Nonpolarizable electrodes, such as Ag/AgCl,
were not used for EG‐OFET operational stability experi-
ments, as they have demonstrated instabilities after
prolonged operation (Supporting Information S1:
Figure S18). Even though the operational stability was
similar across all four electrolytes, the requirements to
achieve stability for each electrolyte are different:
Stability in ultrapure water can be achieved with clean
fabrication protocols and avoiding the sources of
contamination identified above. For stability in saline
solution, corrosion‐resistant (e.g., Ti/Pt/Au) source‐drain
contacts are also needed. Additionally, thiolation of
the source‐drain contacts with 3,3,4,4,5,5,6,6,7,7,8,8,8‐
tridecafluoro‐1‐octanethiol was found necessary to
achieve stability in 1 × PBS and NaP buffer (Supporting
Information S1: Figure S19). The thiolated self‐assembled
monolayer (SAM) likely acts as a contact passivation
layer. A similar passivating strategy on Au source‐drain
contacts has been shown to inhibit the reductive bias
stress‐driven reaction that accelerates degradation in
thiophene‐based OECTs.57 We also found that molecular
additives can improve the water stability but only if they
remain in the organic semiconductor. Since the additives
are water soluble, they leave the film if the organic
semiconductor is in direct contact with the electrolyte, as
in the case of EG‐OFETs (Supporting Information S1:
Figures S20, S21). However, they can significantly
improve the stability of OFETs if a hydrophobic dielectric
layer is used to keep them in the film (Supporting
Information S1: Figures S22, S23, S24).

Our optimized devices remain stable during an
individual overnight experiment, with consecutive liquid
injections not affecting the ON current's slope (drift) and
magnitude. As shown in Supporting Information S1:
Table S1, the median values of the ON current drift in the
steady state are ≈0.2%/h in ultrapure water, ≈0.1%/h in
1 × PBS, and <0.1%/h in saline solution and NaP buffer.
This is an order of magnitude improvement over the drift
of P3HT EG‐OFETs (1%/h).14 The overall lifetime of our
IDTBT EG‐OFETs exceeds 2 months in ultrapure water
and 1 month in the other electrolytes. The devices were
not measured beyond these periods; so, their actual
lifetime is likely to be larger. In contrast, P3HT EG‐
OFETs were reported to have a lifetime of 20 days.14 The
operational stability and lifetime timescales of our
optimized devices are the longest recorded so far in the
literature. We emphasize that this is the first study

showcasing stable EG‐OFETs, not just in ultrapure water
but in a variety of other widely used electrolytes relevant
to biosensing (saline solution, 1 × PBS, NaP buffer).

Another important advantage of IDTBT EG‐OFETs is
that they are not affected by electrical stress‐induced trap
states, unlike P3HT EG‐OFETs. As mentioned in the
introduction, the ON current of P3HT EG‐OFETs
decreases linearly with the number of measurements.29

Their drift is 1%/h only if the interval between
measurements is 30min, and if this interval is reduced
to 30 s, they are unable to reach a steady state. Our
stability results were obtained by measuring one transfer
curve per minute. This suggests that IDTBT EG‐OFETs
are likely not just one but several orders of magnitude
more stable than P3HT EG‐OFETs.

Our IDTBT EG‐OFETs can even remain stable in
operating voltages of −1 V, where electrochemical
doping occurs. As seen in Supporting Information S1:
Figure S13, some devices were electrochemically doped,
as reflected in an increase of the OFF current. This is an
important finding because until now the electrochemical
doping of the organic semiconductor has been linked to
EG‐OFET degradation.17,18 As mentioned in the intro-
duction, when P3HT EG‐OFETs are measured above the
stable operational window of 0.6 V,16–18 ions penetrate
deeper in the organic semiconductor,19,20 causing elec-
trochemical doping17,18 and irreversibly degrading the
device. Even though our study shows that EG‐OFET
degradation and electrochemical doping are not neces-
sarily related, we did empirically observe that unstable
EG‐OFETs have larger OFF currents than stable devices.
Supporting Information S1: Figure S10 shows that
devices made with Ti/Pt/Au contacts that are stable in
saline solution have smaller OFF currents than devices
made with Ti/Au contacts that corrode. Similarly, devices
made with thiolated contacts that are stable in 1 × PBS
and NaP buffer have smaller OFF currents than devices
made with nonthiolated contacts that degrade (Support-
ing Information S1: Figure S19E–H). Finally, devices
made with a thicker Ti adhesion layer also have smaller
OFF currents than devices made with a thinner Ti
adhesion layer, which are generally more unstable
(Supporting Information S1: Figure S11B).

Even though the baseline ON current of our
optimized devices is orders of magnitude more stable
than other devices reported in the literature, the ON
current slowly decreases from day to day in regime II.
The baseline drift between experiments averaged across
the device lifetime is <1%/day for ultrapure water and
NaP buffer, ≈1.5%/day for 1 × PBS, and ≈2.5%/day for
saline solution. Since the transfer curves did not exhibit a
clear threshold voltage shift toward more negative values
(Supporting Information S1: Figure S14), the observed
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decrease is attributed to a mobility reduction or a
capacitance reduction.58,59 The origin of this is currently
not well understood. It could be due to a slow
contamination of the surface of the polymer reducing
the double layer capacitance at the interface or a slow
electrochemical degradation of the polymer due to
reaction with residual reactive species present in the
flow system or generated by the operation of the device,
such as H2O2.

57 The correlation between unstable
performance in regime II and increased OFF currents
suggests that the slow baseline decrease is most likely an
electrochemical process associated with ion diffusion in
the organic semiconductor. Because the choice of bottom
contacts can lead to increased OFF currents and more
unstable performance, we cannot safely attribute this
degradation to electrochemical doping, which depends
on the operating voltages and on the choice of electro-
lytes. Identification of this long‐term degradation mech-
anism requires a careful analytical study that goes
beyond the scope of the present work and will be
undertaken in the next phase of this research.

Having optimized the stability of IDTBT EG‐OFETs,
we performed a long‐term biosensing demonstration. We
chose lysozyme as an analyte because it is a protein that
is involved in many biological functions and can be
detected through its net charge, without requiring gate
functionalization.58,60 Figure 5 shows lysozyme sensing
tests with our most optimized (fourth) generation of
IDTBT EG‐OFETs in ultrapure water and NaP buffer.
The EG‐OFETs were first measured until they were able
to maintain a stable baseline overnight (i.e., until they
reached regime II). Each liquid was injected four times,
with the first four injections being those of the pure

electrolyte, followed by those of the lysozyme solutions
with different concentrations. A total of 70min of
measurements were taken after each injection (1 transfer
curve per minute), thus ensuring that the device was
measured in the steady state.

The baseline remained stable during injections of the
same solution but scaled with the lysozyme concentra-
tion in measurements lasting for 1500min. The corre-
sponding transfer curves at each protein concentration
are shown in Supporting Information S1: Figure S25. The
change of ON current from the baseline scales linearly
(Supporting Information S1: Figure S26) with the
lysozyme concentration in both electrolytes, with the
ON current increasing in ultrapure water and decreasing
in NaP buffer. The different ON current response
suggests different sensing mechanisms in the two
electrolytes. The increasing lysozyme concentrations
cause a change in the ON current in ultrapure water and
a threshold voltage shift in NaP buffer (Supporting
Information S1: Figure S25). Therefore, a mobility or
capacitance increase most likely happens in ultrapure
water, while electrostatic charge sensing dominates in
NaP buffer.58,59 Understanding the sensing mechanism
will require detailed investigations of how the protein
interacts with the surfaces of the device, which goes
beyond the scope of the present work. Based on these
sensing modalities, the limits of detection (LOD) and
sensitivities (S) in NaP buffer and ultrapure water are
calculated as LOD= 28 μg/mL, S= 1.1 × 10−6 A/(mg/
mL) and 50 μg/mL, 3.4 × 10−6 A/(mg/mL), respectively.
Even though previously reported P3HT EG‐OFETs8 or
other FET sensors61 have reported better performance,
one should bear in mind that this proof of principle

FIGURE 5 Lysozyme sensing tests with indacenodithiophene‐co‐benzothiadiazole (IDTBT) electrolyte‐gated organic field‐effect
transistors (EG‐OFETs) (A) in ultrapure water and (B) sodium phosphate (NaP) buffer in measurements lasting for 1500min. The vertical
triangular spikes correspond to the liquid injections (orange curve). Each liquid was injected four times. The EG‐OFETs were able to sense
lysozyme in both electrolytes, with the baseline remaining stable during injections of the same solution. The baseline scaled with the
lysozyme concentration in both electrolytes, with the ON current increasing in ultrapure water and decreasing in NaP buffer.
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experiment was not optimized for biosensing but rather
to showcase the stability of our devices. Strategies to
improve the biosensing performance include surface
functionalization62 and transport optimization.50

Increasing the lysozyme concentration beyond a certain
limit caused an irreversible electrochemical reaction that led
to a logarithmic response of the ON current (Supporting
Information S1: Figure S27). The same reaction can also be
observed after 1200min in Figure 5B. In this regime, the
device is unable to reach a steady state, and the ON current
increases logarithmically with time, independently of the
liquid injections. Hence, this regime cannot be used for
biosensing, and once the device enters this regime, it cannot
recover when injected with pure electrolyte. These
irreversible electrochemical effects depend on the ionic
strength of the electrolyte.63,64 When a more conductive
electrolyte is used (e.g., NaP buffer), the electrochemical
effects appear in smaller lysozyme concentrations. The same
electrochemical effects appear when lysozyme accumulates
in the device (Supporting Information S1: Figure S27B).
Therefore, each sensing experiment was performed using a
new EG‐OFET. Still, these electrochemical phenomena
introduce an additional sensing mode, a thresholding type
of response that might be useful in detecting when the
concentration exceeds a certain value.

4 | CONCLUSIONS

In this work, we demonstrated EG‐OFET devices with
ultrahigh operational stability and lifetime, suitable for
long‐term sensing applications in aqueous electrolytes.
This was achieved using a systematic approach to
eliminate multiple degradation factors. Among them,
contaminants leaching from plastic laboratory consum-
ables as well as residual un‐crosslinked PDMS were
shown to affect the stability of the EG‐OFET baseline.
Interestingly, the response from such contamination
could easily be interpreted as a sensing event. We also
identified galvanic corrosion as a major degradation
mechanism, when the device is measured in conductive
electrolytes, and mitigated it by using corrosion‐resistant
metal contacts. Importantly, we presented IDTBT EG‐
OFETs that can be operated continuously and remain
operationally stable for an overnight experiment
(≈900min), in a variety of widely used electrolytes
(ultrapure water, saline solution, 1 × PBS, NaP buffer).
Our devices have a median current drift of ≈0.2%/h in
ultrapure water, ≈0.1%/h in 1 × PBS, and <0.1%/h in
saline solution and NaP buffer, while being continuously
measured. The overall device lifetime exceeds 2 months
in ultrapure water and 1 month in the other electrolytes.
These operational stability and lifetime timescales are the

longest recorded so far in the literature. The devices were
not affected by electrical stress‐induced trap states and
can remain stable even in voltage ranges where electro-
chemical doping occurs. The stabilized EG‐OFETs are
able to sense lysozyme in ultrapure water and NaP buffer
without gate functionalization. The baseline remained
stable during injections of the same solution but scaled
with the lysozyme concentration in measurements
lasting for 1500min. Our study demonstrates that
organic semiconductors can be operationally stable in
aqueous electrolytes and that polymer‐based EG‐OFETs
are a viable architecture for short‐ and long‐term
biosensing applications. It also provides insight into the
stability‐limiting mechanisms that might allow further
optimization of the operational stability of EG‐OFETs.
The strategies of controlling contamination and corro-
sion should also improve the operational stability of
other organic electronic devices that are operated in
direct contact with aqueous electrolytes, such as OECTs.
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