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lon sensors based on organic semiconductors
acting as quasi-reference electrodes

Yu Yamashita®"'!, Harumi Hayakawa®, Pushi Wang?®, Tatsuyuki Makita®, Shohei Kumagai®'''2, Shun Watanabe?®, and Jun

Takeya™"

Thin-film devices that transduce the chemical activity of ions into electronic signals are
essential components in various applications, including healthcare diagnostics and envi-
ronmental monitoring. Combinations of organic semiconductors (OSCs) and ion-selective
materials have been explored for developing solution-processable ion sensors. However,
the necessity of reference electrodes and operational stability in ion-permeable OSCs have
posed questions regarding whether reliable measurements with thin-film components are
attainable with OSCs. Herein, we report electric double-layer transistors (EDLTs) with
OSCs in single-crystal forms for ion sensing. Our EDLTs demonstrated high operational
stability, with a one-to-one relationship between the source electrode potential and device
resistance, and served as quasi-reference electrodes. When our EDLT is served as quasi-
reference electrode, its drift was as small as 0.5 mV/h and comparable to that of commonly
employed reference electrodes. In our system, the semiconductor-electrolyte interface
is self-passivated by the alkyl chains of OSCs in single-crystal structures, with the two-
dimensional transport layer appearing unaltered upon gating. EDLT arrays with ion-selective
and non-selective liquid junctions enable ion concentration sensing without a conventional
reference electrode. These findings provide opportunities to develop thin-film devices based
on OSCs for easy integration and reliable measurements.

organic semiconductor | ion sensor | electric double layer transistor

Introduction High-resolution, real-time, and easy-to-use measurements of ion
activity in analytes are crucial in various biochemical applications, ranging from
healthcare diagnostics to environmental monitoring(1l, 2). Potentiometric ion
sensing(3), which converts the difference in ionic activity to a difference in electric
potential using an ion-selective membrane (ISM), provides a portable sensing
platform. Potentiometric ion sensors commonly employ a reference electrode
(RE) that is bulky, expensive, and requires a large sample volume, which does
not meet the requirements of looming thin-film sensor applications. The demand
for miniaturized ion sensors has led to the development of solid-state ion sensors
represented by ion-sensitive field-effect transistors (ISFETs)(4, 5), in which an
ISM is fabricated adjacent to a semiconductor. However, REs are commonly
required to precisely control the gate voltages of ISFETs. Attempts to fabricate
REs in thin-film configurations have been reported; however, their accuracy and
lifetime still need to be improved(6). Replacing REs with reference transistors
is another proposed approach for fabricating miniaturized sensors in which dif-
ferential measurements between the reference and ion-sensing transistors have
been conducted(7-10). Reference transistors that demonstrate stable resistance
to changes in ion activities have been sought by passivating ISFET surfaces with
ion-insensitive materials such as insulating polymers(11, 12). Thus far, issues
such as ion diffusion inside insulating polymers have hindered mV-scale reliable
measurements in these systems, making fabrication and application of reference
transistors has remained a longstanding challenge.

To fabricate low-drift transistors that may serve as a reliable reference, a stable
solid-liquid interface must be developed(13-15). Thus, inorganic insulators, such
as silicon oxides and silicon nitrites, are not ideal because of their susceptibility
to chemical modification of surfaces in aqueous solutions(16). Compared to most
inorganic materials that are susceptible to chemisorption processes, closed-shell
molecules without dangling bonds may provide more stable solid—liquid interfaces.
Using organic semiconductors (OSCs) as the active layers of transistors(17-20) is a
facile way to fabricate devices without materials that are susceptible to chemisorp-
tion processes in aqueous environments. However, while the chemical structures of
OSCs are stable even in aqueous environments(21-23), most OSC thin films are ion-
permeable, and thin-film structures are irreversibly altered
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through electrochemical transistor operations(24, 25). In
structurally disordered OSCs, the Fermi energy is pinned
to localized states(26), which limits the operational stability
of electrochemical transistors based on OSCs.

In this study, we demonstrate thin-film ion sensors based
on organic electric double-layer transistors (EDLTs) with-
out using an RE. The concept of the proposed system is
illustrated in Fig.la. In conventional systems, an RE is
employed with a sensor transistor that bears ion-selective
membranes. In our system, the RE was replaced with a
reference EDLT composed of the same single-crystal form of
solution-processed small-molecule OSC employed for sensing
EDLTs. A stable resistance value at a given source-electrode
potential is observed in the reference EDLT. Such a one-
to-one conversion of the Fermi energy and resistance is
established with a system close to the degenerate limit,
where a sharp increase in transistor operation suggests a low
density of trap states. Owing to the operational reliability
of EDLT, a resistance measure provides an accurate source
electrode potential without using an RE, which allows this
EDLT to serve as a quasi-reference electrode (qRE). Through
differential measurements between a reference EDLT and an
EDLT bearing a potassium ion-selective membrane, selec-
tive sensing of potassium ions is realized with sensitivity
approaching the Nernst limit. The observed operational
stability is likely to rise from the unique solid-liquid interface
in our devices, where the surface of the two-dimensional
hole transporting layer is passivated by alkyl chains in
the single-crystal structure of OSC. These results suggest
that the single crystals of OSCs are suitable materials for
fabricating electrochemical sensors and biosensors in thin-
film configurations.

Electric Double-Layer Transistors based on Organic
Thin-Film Single Crystal

This study examines EDLTs based on thin-film sin-
gle crystals (TFSCs) of OSC, which can be made into
an all-in-film structure shown in Fig. 1b. One of
the benchmarked OSC, 3,11-dinonyldinaphtho(2,3-d:2’,3-
d’]benzol[1,2-b:4,5-b’|dithiophene (C9-DNBDT-NW), was
employed to leverage its suitability for manufacturing large
and few molecules-thick TFSCs by solution-coating tech-
nique with high reproducibility(27). Solution-grown TFSCs
of C9-DNBDT-NW were patterned on a substrate with
bottom-contact source and drain electrodes. To fabricate
the all-in-film device, a bank structure made of 500 pm-thick
polydimethylsiloxane (PDMS) was filled with inner filling
solution (IFS) containing 0.1 M K2SO4 and polyvinylpyrroli-
done. This IFS was covered with a non-ionselective lig-
uid junction membrane in this measurement. The EDLT
properties were investigated in an aqueous K2SO4 gate
electrolyte (0.1 M) in the presence of an Ag/AgCl reference
electrode (See Supplementary Information Section 1 for
detailed methods). Fig. 1c is an illustration of the potential
across the device, where the electric double layers at the
gate/electrolyte and OSC/electrolyte interfaces cause drops
in the electric potential ®. The electrochemical potential
of electrons (Fermi energy) is plotted as fie. As shown in
Fig. 1d, a typical p-channel EDLT operation was observed
when gate voltage (V) was controlled using Ag/AgCl while
applying a constant drain voltage (Va) of —0.05 V. Here, Iq

was plotted against Vies which is defined as the electrode
potential difference between the source and Ag/AgCl. In-
terestingly, the subthreshold swing of 75 mV dec™* was close
to the theoretical limit at room temperature (59 mV dec™")
and significantly smaller than that reported for organic
EDLTs or electrochemical transistors based on polymeric
semiconductors (>200 mV dec™")(28, 29), which suggests the
low trap density of states in TFSCs.

To evaluate the operational stability of our device, Iq was
measured while Vier was fixed at —0.55V using the gate and
Ag/AgCl electrodes. The EDLT exhibited a stable Ig after
a steady state was established within an hour, where the
14 drift was only —0.3nA/h (Fig. le). Considering that sen-
sors based on electrochemical transistors with ion-permeable
polymeric semiconductors are typically tested at a timescale
of 10 min, an EDLT based on a TFSC realizes significantly
improved stability. The observed Iy drift corresponds to a
drift in the threshold voltage of approximately 0.5mV/h,
which is actually comparable to that of commonly employed
reference electrodes(30). The observed drifts in Iq may arise
from our EDLT or the RE employed in this measurement.

The observed operational stability suggested that the
EDLT based on OSC TFSC served as a qRE. In an EDLT,
the amount of charge accumulated on the surface of OSC
depends on the potential drop at the electrolyte/OSC inter-
face, which is defined as the effective gate voltage (Vges).
This value was equal to Vi in the above measurements.
The observed stable Iq at a constant Vg eg suggests that the
mobility and trap density of states did not change during
the measurement, and the single-crystal structure should be
maintained similarly to our previous studies in non-aqueous
environments(31, 32). In a single-crystal structure(33), the
two-dimensional carrier transporting layer is self-passivated
by the alkyl chains from the electrolytes, which is beneficial
for stable EDLT operations in aqueous solutions. Con-
sequently, Iq and Vg .g exhibit a one-to-one relationship,
where the measure of Iy provides an accurate value of Vg cq
that equals Vier. In the following sections, we demonstrate
replacement of bulky REs in ion sensing devices with our
thin-film EDLTs.

Aqueous ion sensing using EDLT bearing ion-
selective membranes

Conventional potentiometric ion sensors are composed two
REs separated by an ion-selective membrane (ISM). In the
following, first, we demonstrate replacement of one of the
REs with our EDLT. To develop ion sensing devices based on
the ELDTs, ISMs were employed to separate the analyte and
IFS. Fig. 2a shows an illustration of the potential across the
device bearing an ISM. An ISM develops a membrane poten-
tial Adigm that depends on difference in concentrations of
the target ion between the analyte and IFS, where evaluation
of Adig) is required to determine the concentration of the
target ion. Here, we preliminarily demonstrate KT sensing
using valinomycin(34, 35) as a K™ ionophore in the ISM.
In this case, the concentration of KT was varying in the
analyte while that in the IFS was constant. Ag/AgCl was
used in the analyte and IFS for the device operation and
verification of the working mechanism, for which purpose
the EDLT was built in a small container filled with the IFS.
See method section and supplementary information Section
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1 for details of device preparation. To test responses of
the device to the ion concentrations, transfer curves were
acquired at different [K™] values in the analyte, during which
the gate electrode was placed in the analyte (Fig.2b). The
obtained transfer curves showed a threshold voltage (Vin)
shift toward positive V; values with decreasing [K*]. In
this measurement, the applied V, should be divided at the
gate electrode/analyte interface, the ISM, and the IFS/OSC
interface as shown in Fig. 2a. At a smaller [K*], the potential
shift at the ISM (A®1sm) should have increased, resulting in
an increased Vg q. Linear fitting of the on states (dashed
lines) afforded comparable slopes, indicating an unique hole
mobility for varying [K']. Indeed, the transfer curves
were almost identical when plotted against Viefin, which is
the electrode potential difference between the source and
Ag/AgCl placed in the IFS (Fig.2c). This suggests that
the EDLT responds to Vg.eg for all the obtained conditions
in an identical manner, which is consistent with the qRE
operation of OSC TFSCs.

Ton sensing was demonstrated by monitoring Iq of the
EDLT bearing KT ISM while changing the [K*] of the
analyte. In this measurement, we employed a gate electrode,
an Ag/AgCl RE, and the EDLT bearing K™ ISM immersed
in analyte solutions. Note that analyte solutions contained
Na™ that serves as an interfering ion, where [Nat] + [K*]
was constant for all conditions. For the case without an
interfering ion, see Supplementary Information Fig.S1. In
the measurement shown in Fig. 2d, constant V; of —0.4 V and
Va of —0.1V were employed. Vietous during this measure-
ment is shown in Supplementary Information Fig. S2. Here,
Viet,in, Which is equal to Vges, can be estimated from Ig
and the transfer characteristics (Supplementary Information
Fig. S3). [K'] was calculated from the A®sy, which can be
deduced from the following equation: A®ism =Vier,out— Vg, et
(Fig.2e). The slope in the linear region was calculated
as 61mVdec™?, which is consistent with the Nernstian
response. This result demonstrates selective and reliable
responses of our EDLT bearing KT ISM to [K'] in the
analyte.

Reliable ion sensing is not limited to K in our system.
In another example, NH,T sensing has been demonstrated
by employing nonactin (36, 37) as the ionophore. Using
the same procedure as that for K' sensing, I4 for varying
[NH4"] was obtained (Fig.3a) and employed to estimate
A®1gy (Fig. 3b). The slope in the linear region (dashed line)
was calculated to be 44 mV dec™!, which is slightly smaller
than an ideal Nernstian response. Tuning the composition
of the ISM and IFS may improve sensitivity. The above
measurements suggest that EDLTs based on OSC TFSCs
provide a platform for ion sensing when combined with
various ISMs owing to the operational and environmental
stability of the material.

Aqueous ion sensing by all-in-film organic TFSC
EDLTs

Finally, aqueous KT sensing was demonstrated using a
pair of all-in-film EDLTs acting as the sensing EDLT and
reference EDLT, which realizes ion sensing without bulky
REs. K* ISM was employed as the liquid junction of the
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sensing EDLT, whereas a non-ion-selective liquid junction
was employed for the reference EDLT. A planar thin-film
Au gate electrode was employed during the ion sensing mea-
surement, which is fabricated on the same substrate as the
EDLT. Fig. 4a shows an illustration of the potentials across
the device. At the interface of analyte/IFS, there should be
a negligible drop in the electric potential for the reference
EDLT owing to ionic conductivity and non-selectivity of the
employed liquid junction. In this situation, the potential
drop at ISM can be estimated based on the Vj g of reference
and sensing EDLTs: A®rsm :V;Z%— g}feﬂ. Fig. 4b shows
monitored Iq for varying [K*]. In this experiment, V; was
controlled such that I, for the reference EDLT (I5f) became
constant, which is expected to keep V; g constant for the
reference EDLT. When the reference EDLT serves as qRE,
this measurement condition is equivalent to that in which
Vi was controlled to produce a constant Vier by employing
an RE in the analyte. In this case, measurements of IX
is enough to evaluate [K¥]. In order to convert IYX into
Veeff, the transfer curve that serves as a calibration curve
was measured before the ion sensing measurements using
an RE (Fig.4c). Based on the IX plotted in Fig.4c and
the calibration curve plotted in Fig.4d, Vchff and A®ism
(Fig.4d) were evaluated. The slope in the linear region in
the plot of A®igmy was 62 mV dec_l, which is close to the
Nerstian response and demonstrates successful ion sensing
using the pair of EDLTs. This successful evaluation owes to
stability of our EDLTs during this measurements. To achieve
small drifts of EDLTSs in a longer time scale, proper choice
of initial aging time and measurement conditions would be
important, which is discussed in Fig. S5 and S6 and studied
further in future research.

In this study, OSC TFSCs were employed as the active
layers of EDLTs, which achieved dramatically improved
operational stability compared with conventional organic
electrochemical transistors. Our EDLT demonstrated a one-
to-one conversion between the drain currents and effective
gate voltages, which allowed the device to serve as a qRE.
In our TFSCs, the interface between the electrolyte and
carrier-transporting layer was self-passivated by alkyl chains,
which is likely to be the key to qRE operations. Ion-
selective responses were established by combining ISMs with
our EDLTs. Differential measurements of the reference
and sensing EDLTs enabled ion sensing without using a
conventional RE. Our findings will lead to OSC-based thin-
film devices that feature reliability and easy integration for
electrochemical and biochemical sensing applications.

Methods

Fabrication of PET films with liquid junctions: Valinomycin
was employed as the K' ionophore(38). Nonactin was
employed as NH4" ionophore(5). PET films with around
a-few-millimeter holes are prepared, to which solutions for
ISM or ion-nonselective liquid junction were drop casted.
Fabrication of an EDLT inside a container filled with
IFS :125pm-thick PEN films with 200 nm-thick parylene
(diX-SR) layers were employed as substrates. Source and
drain electrodes were thermally deposited as 20 nm-thick Au
electrodes. Solution-processed TFSCs of C9-DNBDT-NW
were transferred to the PEN substrates with the c-axis of
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the TFSC parallel to the source-drain direction(39). The
fabricated EDLT device was installed into a cylinder-shaped
container made of polypropylene and PEN that is filled with
aqueous IFS. PET films with liquid junctions were installed
to this container so that IF'S and analyte are separated by
the liquid junctions. Note that an RE can be inserted inside
or outside of the liquid junction for this device structure.
Fabrication of an all-in-film EDLT: Souce/drain elec-
trodes and TFSCs of C9-DNBDT-NW were fabricated on
PEN substrates in the same method as the EDLTs inside
a container filled with IFS. 500 pgm-thick PDMS films in a
bank structure were placed on the EDLT devices. This bank
structure was filled with 0.1 M K2SO4 aqueous solution with
10 wt% polyvinylpyrrolidone that serves as an IFS. PET
films with liquid junctions were placed on top to confine the

IFS.
See supplementary information for further details of ma-
terials, device fabrications, and employed electrolytes.
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Fig. 1. Proposed principle of qRE based on OSC TFSCs. (a) Illustration of the conventional and our measurement
systems. S and D denotes source and drain electrodes respectively. While gate voltage is controlled using an Ag/AgCl in a
conventional three-electrode system, it was controlled using a reference EDLT in our system. (b) A photo and an illustration
of the fabricated all-in-film device together with the chemical and crystal structures of C9-DNBDT-NW. (c) Illustration of a
potential diagram of an EDLT with a non-ionselective liquid junction. Electric potential ® is shown in a solid line and the
electrochemical potential of electrons fi. (Fermi energy) is shown in dashed lines. GND denotes the ground level of the system,
which equals to the source electrode potential. (d) Transfer characteristics of an EDLT in linear (red) and log (blue) scales,
where Ag/AgCl was employed during the measurement similar to the conventional system. Vi was —0.05V and V, sweep
rate was 0.01V /10sec. (e) Operational stability of an EDLT under Ve of —0.55V and V4 of —0.05V, where Ag/AgCl was
employed to keep Vier constant.
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Fig. 2. K™ sensing with an EDLT. (a) lllustration of sensing mechanism. The electric potential is shown in a solid line and the electrochemical potential of electrons (Fermi
energy) is shown in dashed lines. GND denotes the ground level of the electronic system, which equals to the source electrode potential. [K* ] is constant in IFS and varying
in in analyte, where potentials for the cases with high and low [K*] in the analyte are illustrated. (b) Transistor characteristics with varying K concentrations in the analyte
plotted against Vi and (C) Viet,in- Va was —0.04 V. (d) Continuous measurements of I for varying K™ concentrations with Vg of —0.4V and V4 of —0.1V. [Nat]+[KT]

was constant for this measurement. (e) The Nernst plot was obtained from EDLT measurements. Dashed line shows linear fitting with 61 mV dec
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Fig. 3. NH, sensing with an EDLT. (a) Continuous measurements of I4 for varying NH4* concentrations with Vg of —0.3V and Vg of —0.1V. No interfering ion was

employed in this measurement. (b) The Nernst plot was obtained from EDLT measurements. The dashed line shows linear fitting with slope of 44 mV dec
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Fig. 4. Performance of combined sensing and reference EDLTs. (a) lllustration of sensing mechanism. The electric potential is shown in a solid line and the
electrochemical potential of electrons (Fermi energy) is shown in dashed lines. Red lines show the potentials for the reference EDLT and blue lines show potentials for
the sensing EDLT. GND denotes the ground level of the system, which equals to the source electrode potential. [K‘*’] is constant in IFS and varying in in analyte. (b)
Continuous measurements of I4 for varying [KT] without using an RE. V, was controlled so that Igef becomes constant value. Vi was —50 mV. [Na®] was 0.1 M for this
measurement. (c) Transistor characteristics of KT sensing EDLT plotted against electrode potential difference between source and Ag/AgCl. V4 was —50 mV. The analyte
contained 0.05 M Na2SO4 and 0.1 mM K>SO4. (d) The Nernst plot was obtained from sensing and reference EDLTs without using an RE. The dashed line shows linear
fitting with slope of 62mV dec~*
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