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ABSTRACT: A novel biomimicked neuromorphic sensor for an
energy efficient and highly scalable electronic tongue (E-tongue) is
demonstrated with a metal-oxide-semiconductor field-effect transistor
(MOSFET). By mimicking a biological gustatory neuron, the
proposed E-tongue can simultaneously detect ion concentrations of
chemicals on an extended gate and encode spike signals on the
MOSFET, which acts as an input neuron in a spiking neural network
(SNN). Such in-sensor neuromorphic functioning can reduce the
energy and area consumption of the conventional E-tongue hardware.
pH-sensitive and sodium-sensitive artificial gustatory neurons are
implemented by using two different sensing materials: Al2O3 for pH
sensing and sodium ionophore X for sodium ion sensing. In addition,
a sensitivity control function inspired by the biological sensory neuron
is demonstrated. After the unit device characterization of the artificial gustatory neuron, a fully hardware-based E-tongue that can
classify two distinct liquids is demonstrated to show a practical application of the artificial gustatory neurons.
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In a biological gustatory system, tastes are identified by a
composite of responses from the gustatory receptor neurons

located at taste buds.1−3 The combined signals from the
gustatory receptor neurons are transported to the gustatory
cortex in the brain for identifying a distinct pattern of each
taste, as illustrated in Figure 1a. Mimicking the biological
gustatory system, an electronic tongue (E-tongue) has been
developed with a decoupled sensor array and a separated
pattern recognition system (Figure S1), which corresponds to
gustatory receptor neurons and the gustatory cortex,
respectively.4−6 Because a deep neural network (DNN) has
been adopted for accurate identification of the various
complicated solutions, the E-tongue with the aid of the
DNN is applicable to a field of fresh food monitoring, sweat
analysis, medical applications, pharmaceutical industries, and
environmental monitoring.7−11

However, heavy hardware and large energy consumption
impede practical use because a powerful computer is required
for the implementation of the DNN. Application to IoT and
mobile devices, which are currently the most important fields
of sensors, becomes difficult. One possible solution is adopting
all-in-one neuromorphic sensor system based on a spiking
neural network (SNN), which consumes less energy owing to
data transmission with spikes and data in movement between a
central processing unit (CPU) and memory.12−16 In addition,
heavy hardware components such as an analog-to-digital
converter (ADC) for converting sensor data into an
appropriate digital form are not required. Due to this low

energy consumption and small hardware cost, the neuro-
morphic sensor system to do sensing and neuronal functioning
is advantageous for mobile and IoT sensors. The first step for
realizing the SNN is to change continuous and analog
environmental signals to discrete spike signals. In the biological
gustatory system, gustatory receptor neurons perform these
functions, but general sensors cannot be applied owing to the
lack of a spike encoding function. Therefore, a new device
concept should be developed to combine the sensing and the
neuronal functioning. Recently, artificial photoreceptors and
mechanoreceptors that can concurrently perform sensing and
spike encoding for in-sensor neuromorphic functioning were
demonstrated for visual sensory and tactile sensory systems,
respectively. However, a device that can simultaneously detect
ion concentrations and generate spike signals for an E-tongue
has not been developed yet (Table S1).17−20

Sensitivity control of the biological gustatory neuron is
typically performed in the gustatory sensory system.21,22 When
gustatory neurons are continually exposed to a certain
chemical, the sensitivity decreases, which is a kind of neural
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adaptation. Such neuronal adaptation is critical for improving
sensory perception by producing a signal contrast with other
neurons. Furthermore, energy efficiency can be improved by
inhibiting the unnecessary neurons. However, such sensitivity
control cannot be achieved with conventional biosensors.
In this work, an artificial gustatory neuron to do the sensing

and neuronal functioning is demonstrated for a neuromorphic-
based E-tongue as a one-body type sensory neuron. Gustatory
neurons in two taste buds, sour and salty, are imitated using a
metal-oxide-semiconductor field-effect transistor (MOSFET)
that has an extended gate to be served as a bioreceptor like an
antenna to collect a taste source. Simultaneous sensing and
spike encoding in the sensor are achieved, where the spiking
frequency is changed according to the concentrations of
hydrogen and sodium ions. This artificial gustatory neuron acts
as an input neuron for the SNN, as illustrated in Figure 1b. A
highly scalable and energy efficient one-body type E-tongue for
mobile and IoT applications can be implemented due to the
neuromorphic architecture where the data are transmitted with
spikes and heavy hardware components such as an ADC, CPU,
and memory are not required (Figure S1). By changing the
electrical gate potential of the MOSFET-based extended-gate
biosensors, sensitivity control of the biological sensory neuron
for neuronal adaptation is imitated with the artificial gustatory

neuron. Beyond the characterization of the unit device, a SNN
that can classify two liquids is constructed with synaptic
devices in order to demonstrate a practical application of the
artificial gustatory neurons to an E-tongue.
A MOSFET-based extended-gate biosensor, where the

sensing part is physically separated from the channel region
of the MOSFET but electrically connected to a gate of the
MOSFET, was adopted for an artificial gustatory neuron, as
shown in Figure 1b.23,24 It should be noted that the sensing
part has a two-terminal structure where a sensing layer is
located between two electrodes. While one electrode is
connected to the MOSFET gate, the other electrode acts as
a liquid gate for applying the electrical bias (liquid-gate voltage,
VLG) through the ionic solution. For the pH sensor, hydrogen
ions reversibly bound on the oxide layer are served as the
surface charges, which are converted to the surface potential
based on the Nernst equation. The surface potential and
floated-gate voltage of the MOSFET are changed by surface
charges produced by the ionic solution on the sensing layer of
the extended gate. This can change the various electrical
characteristics of the MOSFET including the threshold voltage
(VT) in the transfer characteristic, latch-up voltage (Vlatch) in
the output characteristic, and firing threshold voltage (VT,firing)
and spiking frequency ( f) in the neuronal characteristic. The
detailed operation mechanism of the artificial gustatory neuron
will be discussed later.
A MOSFET that has a channel width (W) of 350 nm and a

gate length (LG) of 580 nm was fabricated on a silicon on
insulator (SOI) wafer, as shown in Figure 2a. It should be

Figure 1. Biological gustatory system and proposed neuromorphic E-
tongue system with artificial gustatory neuron. (a) Action potentials
are generated in the gustatory receptor neuron according to the
chemicals, in order to transport the spike signals to the brain for
neural processing in the biological gustatory system. (b) Spike signals
are generated in the artificial gustatory neuron according to the
chemicals, which can act as an input neuron in a neuromorphic E-
tongue based on a spiking neural network (SNN). The artificial
gustatory neuron has a structure of a MOSFET with an extended-gate
biosensor, where the sensing part (bioreceptor) is electrically
connected but physically separated with the MOSFET. In the sensing
part, a sensing layer is located between two electrodes. While one
electrode is connected to the MOSFET, the other electrode is used
for a liquid-gate terminal, where the electrical bias is applied through
the liquid.

Figure 2. Characteristics of a MOSFET without the sensing part. (a)
Scanning electron microscope (SEM) image of the MOSFET that was
fabricated on a SOI wafer to enable the single transistor latch (STL)
and the neuronal operation. (b) Output characteristic (ID-VD) of the
MOSFET. A high resistance state (HRS) instantly changed to a low
resistance state (LRS) when the drain voltage (VD) reached the latch-
up voltage (Vlatch) due to the STL phenomenon. (c) Neuronal
operation schematic of the MOSFET. Input current (Iin) is applied to
the drain and the output voltage (Vout) is measured in the same drain.
(d) Spiking characteristic (Vout-t) of the MOSFET. The output
voltage (Vout) was reduced instantly when Vout reached the firing
threshold voltage (VT,firing) because of neuronal firing.
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noted that the floating body on the SOI wafer can enable single
transistor latch (STL) and neuronal operation.15,16 The
fabrication processes of the MOSFET are explained in
methods/experiment section and Supporting Information
(Figure S2).
Figure 2b shows the output characteristics of the fabricated

MOSFET, represented by the drain current (ID) versus the
drain voltage (VD). When VD reached the latch-up voltage
(Vlatch), a high resistance state (HRS) rapidly changed to a low
resistance state (LRS) by the STL phenomenon, where ID
abruptly increased. This property allows mimicking of the
integrate-and-fire (IF) behavior of a biological neuron even
with a single MOSFET.15,16 In detail, when constant input
current (Iin) is applied to the drain electrode and the output
voltage (Vout) is measured in the same drain electrode, as
illustrated in Figure 2c, Vout increases because the inserted
charges cannot flow out toward the source, and the charges are
integrated in the drain parasitic capacitor. When Vout reaches
the Vlatch, which is the same as the firing threshold voltage
(VT,firing) in neuronal operation, the integrated charges
instantly flow out toward the source. Furthermore, the fired
charges can be detected from the output current (Iout)
measured at the source, which is determined by the latch-up
current (Ilatch).

15 When constant Iin is applied, this IF operation
is repeated to generate continuous spiking, as shown in Figure
2d. While VT,firing is determined by Vlatch, the bottom voltage
(Vbottom) of the spiking is determined by Ilatch.

25 For a lower
Ilatch, Vbottom becomes higher because fewer integrated charges
are able to escape from the drain parasitic capacitor.
The spiking frequency ( f) of the IF neuron based on the

single MOSFET can be expressed as follows:

=
−

f
I

C V V( )
in

par T,firing bottom (1)

where Cpar represents the parasitic capacitance including the
drain junction capacitance, pad capacitance, and equipment
capacitance including the cable capacitance.19,20 From the
above equation, f tends to be increased when VT,firing decreases
and Vbottom increases. By adjustment of VT,firing and Vbottom with
the sensing part (extended-gate) of the artificial gustatory
neuron, f is tunable to mimic biological gustatory neurons. It
should be noted that Cpar in our measurement system was fixed
as 74 pF.
A pH-sensitive artificial gustatory neuron (abbreviated as a

pH-sensitive neuron) was realized by connecting a pH sensing
part to the MOSFET as an extended-gate structure. The pH
sensing part was fabricated on a highly p-doped silicon wafer
with a top 90 nm thick SiO2 as the starting material.26 The
fabrication process is explained in the methods/experimenT
section and Supporting Information (Figure S3). Figure 3a
shows a transmission electron microscope (TEM) image,
where it was confirmed that the Al2O3 layer to detect pH was
well deposited on the Au electrode, and energy dispersive
spectroscopy (EDS) mapping overlaid with the TEM image
showed the Al peak (yellow) and O peak (green) clearly.
Figure 3b shows the working principle of the pH sensing of

the MOSFET-based extended-gate biosensor. As the pH value
of the buffer solution decreases, more hydrogen ions reversibly
bind to the active OH sites of the Al2O3 surface, and the
surface charge and surface potential are increased. In detail, the
surface charge on the sensing electrode becomes positive due
to hydrogen ions bound on the active OH sites, compared with
a point of zero charge. Therefore, as shown in the transfer
characteristics of Figure 3c, which are represented by the drain
current versus liquid-gate voltage (ID−VLG) curve, VT was
shifted leftward because of the increased surface potential and
floated-gate voltage of the MOSFET, following the Nernst
equation (Figure S4a).26−28 The change in surface charge and
surface potential also affects the STL observed in the output

Figure 3. pH-sensitive artificial gustatory neuron. (a) (left) Transmission electron microscope (TEM) image of the pH sensing layer, where it was
confirmed that the 15 nm thick Al2O3 layer was well deposited. (right) Energy dispersive spectroscopy (EDS) mapping, in which the Al peak
(yellow) and O peak (green) were confirmed. (b) Schematic illustration of the principle of the pH sensing response to hydrogen ions. Surface
charges are generated, and the surface potential is changed when hydrogen ions reversibly attach to the active OH sites on the Al2O3 surface. (c)
Transfer characteristics (ID−VLG) and (d) output characteristics (ID-VD) of the fabricated artificial gustatory neuron response to pH. Threshold
voltage (VT) and latch-up voltage (Vlatch) shifted leftward at a decreased pH value of the solution. (e) Spiking characteristics (Vout-t). Firing
threshold voltage (VT,firing) decreased and the bottom voltage (Vbottom) increased as the pH value decreased. (f) Spiking frequency ( f) as a function
of the pH value. f increased at a lower pH value, which is a desired property of the pH-sensitive artificial gustatory neuron.
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characteristic, which is represented as the ID−VD curve. When
the floated-gate voltage of the MOSFET increases by the
increased surface charge and surface potential, the number of
carriers injected from the source to the body and the impact
ionization rate in the body increase because of the reduced
energy barrier between the source and the body, which is
known as the built-in potential at a pn junction. Therefore,
Vlatch and Ilatch were decreased at lower pH values, as shown in
Figure 3d.
Figure 3e shows the neuronal spiking operation represented

by the Vout−t curve, when constant Iin was applied to the drain
electrode and Vout was measured in the same drain electrode.
Since Vlatch and Ilatch determine VT,firing and Vbottom, respectively,
VT,firing decreased and Vbottom increased at a lower pH value to
increase f, as shown in Figure 3e,f. As a result, the spiking was
activated as the pH value of the solution decreased, which is
the representative property of acid sensing gustatory receptor
neurons.29 When VLG of −0.4 V was applied to the liquid gate,
f was increased by 902 Hz when the pH value decreased from 9
to 3. The average sensitivity was extracted as 150 Hz/pH in the
range of pH 3−9.
The sensitivity can be expressed as follows from eq 1:

=
−

f I
C V V

d
d pH

d
d pH

1in

par T,firing bottom

i

k
jjjjjj

y

{
zzzzzz (2)

Note that Iin and Cpar are not a function of pH because they are
fixed by the measurement setup.
In a biological gustatory neuron, control of the sensitivity is

typically performed.21,22 For example, when the gustatory
neurons are continuously exposed to a certain chemical, the
sensitivity becomes smaller by neuronal adaptation. Such
neuronal adaptation is important to enhance sensory
perception by creating a signal contrast with other gustatory
neurons. In addition, energy efficiency can be enhanced by
inhibiting the response of the useless neurons. From eq 2, the

sensitivity can be controlled with VLG, which determines the

−V V
d

d pH
1

T,firing bottom

i
k
jjj

y
{
zzz term, when Iin and Cpar are fixed. For

example, the sensitivity can be reduced by decreasing VLG to
−0.6 V, as shown in Figure S5a. As VLG decreases, the energy
barrier between the source and the body increases. As a
consequence, the increase of the number of carriers injected
from the source to the body is not sufficient to increase the
impact ionization rate and decrease Vlatch although more
hydrogen ions bind to the Al2O3 surface. In other words,

−V V
d

d pH
1

T,firing bottom

i
k
jjj

y
{
zzz decreases with a smaller VLG. As a result, the

sensitivity of the artificial gustatory neuron reduces by
decreasing VLG. Note that such biomimicking sensitivity
control is difficult to achieve in the conventional biosensor
that uses VT as a sensing metric.
Next, the energy consumption of the pH-sensitive neuron

was evaluated. As shown in Figure S6a, the energy per spike
(E/spike) was extracted as 42.5 pJ/spike at a pH of 3, and it
was increased as the pH value of the solution increased
because of the elevated VT,firing. In addition, the average power
consumption (Pavg) in one spike was extracted as 49.6 nW at
pH of 3. Considering that Pavg of the conversion circuit (ADC)
to convert the analog sensor data into the digital domain is in
the range of a few μW, the artificial gustatory neuron can
greatly reduce the energy consumption of the E-tongue,
although Pavg includes the power consumption in the sensor.30

A sodium-sensitive artificial gustatory neuron (abbreviated
as a sodium-sensitive neuron) was realized by connecting a
sodium sensing part to the MOSFET as an extended-gate
structure. The sodium sensing part was also fabricated on a
highly p-doped silicon wafer with a top 90 nm thick SiO2 as the
starting material.31 The fabrication process is explained in the
methods/experiment section and Supporting Information
(Figure S3). For an analysis of sodium ionophore X, X-ray
photoelectron spectroscopy (XPS) was used. An inset of

Figure 4. Sodium-sensitive artificial gustatory neuron. (a) X-ray Photoelectron Spectroscopy (XPS) spectra of a sodium ionophore X in the sodium
sensing layer: the inset shows the XPS survey scan where O 1s and C 1s peaks were confirmed; C 1s core scan where the O−CO peak to capture
sodium ions was confirmed. (b) Schematic illustration of the origin of the sodium sensing response to the sodium ions. As the sodium-selective
ionophore captures sodium ions, membrane potential is generated due to the concentration difference of the membrane and solution interface. (c)
Transfer characteristics (ID−VLG) and (d) output characteristics (ID-VD) of the fabricated artificial gustatory neuron response to sodium ions.
Threshold voltage (VT) and latch-up voltage (Vlatch) shifted leftward when the solution had an increased sodium concentration. (e) Spiking
characteristics (Vout-t). Firing threshold voltage (VT,firing) decreased and bottom voltage (Vbottom) increased in higher sodium concentration. (f)
Spiking frequency ( f) as a function of the sodium concentration. f increased as the sodium concentration increased, which is a desired property of
the sodium-sensitive artificial gustatory neuron.
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Figure 4a shows that the XPS spectra reveal two peaks at
284.46 and 532.36 eV, respectively. One peak at 284.46 eV
corresponds to the C 1s peak and another at 532.36 eV
corresponds to the O 1s peak where all atomic % closely
matched the theoretical value of sodium ionophore X:
specifically, the peak at 298.03 eV corresponds to the chemical
state O−CO, which could capture a sodium ion, as shown
Figure 4a.32 The working principle of the sodium ion sensing
of the MOSFET-based extended-gate biosensor is illustrated in
Figure 4b. As the sodium-selective ionophore captures sodium
ions, the membrane potential is generated due to the
concentration difference of the membrane/solution interface.
Therefore, the ID−VLG curve was shifted leftward as the
sodium concentration increased, as shown in Figure 4c. In
addition, Figure 4d shows that Vlatch and Ilatch were reduced at
higher sodium concentrations, similar to the pH sensing
characteristics. Subsequently, as shown in Figure 4e, VT,firing
and Vbottom decreased and increased, respectively. As a result,
the spiking was activated as the sodium concentration increases
such as the biological salt sensing gustatory receptor neurons,
as shown in Figure 4f.33 It should be noted that VLG of −0.75 V
was applied to the liquid gate for Figure 4d−f. The average
sensitivity was extracted as 120 Hz/dec in the range of 10−4−
10−1 M. As observed for the pH-sensitive neurons, the
sensitivity could be reduced by decreasing VLG to −1 V, as
shown in Figure S5b. E/spike and Pavg were also extracted for
the sodium-sensitive neuron, as shown in Figure S6b.
We constructed the E-tongue hardware for liquid classi-

fication to demonstrate further applicability of the artificial

gustatory neurons. Figure 5a shows the single-layer perceptron
(SLP) neural network designed to classify two liquids: vinegar
and brine. An input layer was composed of two artificial
gustatory neurons and an output layer was composed of two
nodes (A and B), which corresponded to two liquids. One
artificial gustatory neuron was the pH-sensitive neuron
illustrated in Figure 3, and the other was the sodium-sensitive
neuron explained in Figure 4. The pH-sensitive neuron was
strongly connected to output node A with high synaptic
weight, while it was weakly connected to output node B with
weak synaptic weight. Otherwise, output layer B was strongly
connected to the sodium-sensitive neuron. Figure 5b shows the
circuit diagram to realize the SNN with hardware. Other
MOSFETs were utilized for synaptic devices that determine
the synaptic weight between the input layer and the output
layer, which have a homotypic structure with the MOSFET
comprising the artificial gustatory neuron.34,35 The detailed
explanation of the synaptic devices is provided in Figure S7.
The electrical spiking signals from the artificial gustatory

neurons (Figure S8) were transferred to the gate of the
synaptic devices. It should be noted that VLG of −0.8 V was
applied to the pH-sensitive neuron and VLG of −1 V was
applied to the sodium-sensitive neuron. Finally, we measured
the synapse current collected at output layer A (Isyn,A) and
output layer B (Isyn,B) in order to classify vinegar and brine
according to where the spiking frequency is higher between
Isyn,A and Isyn,B. In detail, a liquid was classified as vinegar when
the spiking frequency of Isyn,A was higher, and it was classified
as brine when the spiking frequency of Isyn,B was higher. As a

Figure 5. Liquid classification with E-tongue. (a) Spiking neural network (SNN) based on a single-layer perceptron for the classification of two
liquids. The input layer and the output layer corresponded to the two artificial gustatory neurons (pH-sensitive neuron and sodium-sensitive
neuron) and the two liquids (vinegar and brine), respectively. (b) Circuit diagram for the E-tongue hardware. Electrical signals from the artificial
gustatory neurons were transported to the synapses, which have a homotypic structure with the MOSFET comprising the artificial gustatory
neuron. The weight of the synapses was modulated by changing the threshold voltage (VT) of the MOSFET with charge trapping in the silicon
nitride (Si3N4) charge trap layer. Drain voltage applied to the synapses (VD,syn) was set as 1 V. (c) Synapse current measured at output layer A
(Isyn,A) and output layer B (Isyn,B). When the liquid was vinegar, the spiking frequency of Isyn,A was larger than Isyn,B. Otherwise, Isyn,B had a larger
spiking frequency than Isyn,A when the liquid was brine.
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result, an E-tongue composed of the artificial gustatory neuron
was demonstrated for the classification of two liquids.
Although we implemented a very simple classification, more
sophisticated classification of various liquids can be performed
by increasing the number of hidden layers in the SNN instead
of the SLP or by using multiple states of the synaptic devices
(Figure S7d) instead of binary states.
In this paper, we demonstrated an artificial gustatory neuron

for an energy and area efficient neuromorphic based E-tongue.
The biological gustatory neuron was mimicked with a
MOSFET-based extended-gate biosensor, where the neuronal
spiking varied according to the ion concentrations of the
solution. The proposed artificial gustatory neuron can
simultaneously perform sensing and spike encoding that is
adequate for the input neuron of the SNN located in the
sensor module. By removing energy and area consuming signal
transducers such as ADCs, it can greatly decrease energy
consumption and hardware cost. Furthermore, because of the
bioinspired neuromorphic architecture, hardware components
of the von Neumann computer such as CPU and memory are
not required, which can also dramatically lower energy
consumption and hardware cost. As well as sensing and
spiking encoding functions, sensitivity control mimicking the
neuronal adaptation of the biological sensory neuron in order
to enhance sensory perception and energy efficiency was
presented. Artificial gustatory neurons that responded to
hydrogen and sodium ions were demonstrated, and two
liquids (vinegar and brine) were classified by construction of a
SNN. The proposed artificial gustatory neuron will open a new
avenue of E-tongues for mobile and IoT applications, which
require low energy consumption and small hardware cost. In
addition, artificial gustatory neurons without any structural
modification can also be utilized to sense other tastes such as
sweetness and bitterness by replacing the pH or sodium
sensing layer with other sensing layers.

■ EXPERIMENTAL SECTION
Fabrication of a MOSFET. A MOSFET was fabricated on

a p-type (100) silicon on insulator (SOI) wafer. After
patterning the active silicon area, gate dielectrics composed
of SiO2/Si3N4/SiO2 and a gate electrode composed of n+

polycrystalline silicon (poly-Si) were sequentially deposited
then patterned. Afterward, a gate side wall spacer was formed.
Next, ion implantation with arsenic and rapid thermal
annealing (RTA) were performed to make the source and
drain electrodes. A nominal dimension of the used MOSFET is
a channel width (W) of 350 nm and a gate length (LG) of 580
nm. The detailed fabrication processes are explained in
Supporting Information (Figure S2).
Fabrication of the Sensing Part (Extended Gate) for

pH Detection. The pH sensing part was fabricated on a
highly p-doped silicon wafer as a starting material. First, a thick
SiO2 of 90 nm was thermally grown. Second, a pair of
electrodes (Cr/Au = 3 nm/50 nm) were patterned by three
sequential processes: photolithography, metal deposition with
an electron-beam (e-beam) evaporator, and metal lift-off.
Third, an Al2O3 layer of 15 nm was deposited to sense a pH
level by using another e-beam evaporator and globally
patterned with a low resolution by a Kapton tape. A reference
electrode was formed by drop-casting the Ag/AgCl ink
(011464, ALS Co.) on the other Au electrode followed by
drop-casting a polyvinyl butyral (PVB) solution. The PVB
solution was prepared by dissolving 395.5 mg of PVB and 50

mg of NaCl into 5 mL of methanol. Before the first
measurement, the reference electrode was preconditioned by
a conditioning solution (3 M KCl) for 12 h.

Fabrication of the Sensing Part (Extended Gate) for
Sodium Detection. The sodium sensing part was also
fabricated on a highly p-doped silicon wafer as a starting
substrate. Afterward, a thick SiO2 of 90 nm was thermally
grown. Next, a pair of electrodes (Cr/Au = 3 nm/50 nm) were
patterned by the same lift-off process, as mentioned above.
And a reference electrode was fabricated by the same process
described above. A sodium-selective membrane cocktail was
composed of sodium ionophore X (1 wt %), polyvinyl chloride
(PVC) (33 wt %), and bis(2-ethylhexyl) adipate (DOA) (66
wt %). The total 100 mg of this membrane cocktail was
dissolved in 500 μL of tetrahydrofuran (THF). The sodium-
selective membrane was deposited by the drop-cast method.
Such drop-casting with a volume of approximately 10 μL was
done to fully cover the electrode by use of a micropipette.
Then, it was dried overnight in ambient conditions. The
detailed fabrication processes for both the pH sensor and the
sodium are explained in Supporting Information (Figure S3).

Electrical Characterization. Electrical characteristics were
measured using a B1500A semiconductor parameter analyzer
(Keysight).

SEM Analysis. SEM images were taken using a Magellan
400 field emission SEM (FEI Company).

TEM Analysis. TEM images were taken using a FE-STEM
(HD-2300A) device made by Hitachi High-Technologies
Corporation.

XPS Analysis. XPS analysis was conducted using a K-Alpha
XPS system (Thermo Fisher Scientific Ltd.)
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