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ABSTRACT: In this paper, we propose a one-step procedure for
fabricating a solution-gated ultrathin channel indium tin oxide
(ITO)-based field-effect transistor (FET) biosensor, thus providing
an ″all-by-ITO″ technology. A thin-film sheet was placed on both
ends of a metal shadow mask, which were contacted with a glass
substrate. That is, the bottom of the metal shadow mask
corresponding to the channel was slightly raised from the substrate,
resulting in the creeping of some particles into the gap during
sputtering. Owing to this modified metal shadow mask, a thin ITO
channel (<30−40 nm) and thick ITO source/drain electrodes (ca.
100 nm) were simultaneously fabricated during the one-step
sputtering. The thickness of ITO films was critical for them to be
semiconductive, depending on the maximum depletion width (∼30−
40 nm for the ITO channel), similarly to 2D materials. The ultrathin
ITO channel worked as an ion-sensitive membrane as well owing to the intrinsic oxidated surface directly contacting with an
electrolyte solution. The solution-gated 20-nm-thick channel ITO-based FET, with a steep subthreshold slope (SS) of 55 mV/dec
(pH 7.41) attributable to the electric double-layer capacitance at the electrolyte solution/channel interface and the absence of
interfacial traps among electrodes formed in one step, demonstrated an ideal pH responsivity (∼56 mV/pH), resulting in the real-
time monitoring of cellular respiration and the long-term stability of electrical properties for 1 month. Moreover, the chemical
modification of the ITO channel surface is expected to contribute to biomolecular recognition with ultrahigh sensitivity owing to the
remarkably steep SS, which provided the exponential pH sensitivity in the subthreshold regime. Our new device produced in this
one-step manner has a great future potential in bioelectronics.
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1. INTRODUCTION

Solution-gated field-effect transistors (FETs) have attracted
attention owing to their applicability to biological sensing. The
first solution-gated FETs were based on a silicon-based
semiconductor with a thin gate insulator that was contacted
with an electrolyte solution, where the gate potential was
controlled through a reference electrode.1 Oxide and nitride
membranes used as the gate insulator and the passivation layer,
respectively, can effectively detect a change in pH on the basis
of the equilibrium reaction between hydrogen ions and
hydroxy groups at the surface.2,3 Afterward, various ion-
sensitive membranes and biomimetic receptors with enzymes,
antibodies, and single-stranded DNAs were coated on the gate
electrode to specifically and selectively detect target ions and
biomolecules with charges,4−11 and cellular activities were
monitored on the basis of the change in ionic behaviors at the
cell/gate interface in real time.12−15 This is because the
detection principle of FET biosensors is basically derived from
the potentiometric measurement of the changes in ionic and

biomolecular charges or membrane capacitances at the
electrolyte solution/gate electrode interface. Moreover, various
semiconductive materials have been widely utilized as the
channel of FETs for biosensing devices, such as one-
dimensional [1D (e.g., nanotubes and nanowires)] and two-
dimensional [2D (e.g., graphene, diamond, and MoS2)]
materials.16−20 On the other hand, 2D channel transport
properties were investigated in terms of channel thickness from
a monolayer to bulk (multilayer) in a vacuum prober with a
cryogenic system.21−23 When the channel thickness of 2D
materials was smaller than the maximum depletion width,
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which was more than the extrinsic Debye length, that is, the
screening length of Coulomb scattering,24−26 the electrical
communication between the source and drain (S/D) electro-
des was induced by a very small density of free electrons in the
depletion region, resulting in a clear on/off state of FETs.
Thus, 2D-material FETs, the channel thickness of which is
controlled to be approximately less than the depletion width,
are expected to be highly sensitive in detecting of biomolecules
that attach to the channel in a solution because multilayered
bulk channels can easily form the electrical communication
between S/D electrodes without being affected by surface
charges. That is, a solution-gated 2D-channel FET biosensor,
the channel of which is directly in contact with an electrolyte
solution, is expected to have a steep subthreshold slope (SS),
resulting in an ultrahighly sensitive biosensing owing to a

relatively large capacitance of the electric double layer at the
electrolyte solution/channel interface.
Among such semiconductive materials, we focus on a thin-

film ITO with a thickness less than 30 nm, which is useful as
the channel of a solution-gated 2D-channel FET biosensor. In
a previous work, an active transistor based on an ultrathin ITO
channel (down to 4 nm) with an ultrasmall equivalent oxide
thickness (EOT) of 0.8 nm was fabricated for next-generation
low-cost, low-power electronics.27 This achievement can be
explained from the fact that the reduction in channel thickness
contributed to bandgap increase and free-carrier depletion in
the same way as in 2D materials. Similarly, a 20-nm-thick ITO
channel fabricated by direct imprinting using a quartz mold
worked well for ferroelectric-gate thin-film transistors
(FeTFTs).28 In this case, ferroelectric-gate insulators such as

Figure 1. Fundamental features of the solution-gated ultrathin channel ITO-based FET sensor fabricated by the one-step procedure. (A) One-step
sputtering with controlled metal shadow mask for the all-by-ITO technology. (B) Conceptual structure of the solution-gated ultrathin channel
ITO-based FET sensor. The film thicknesses at/near the ITO channel and at ITO S/D electrodes were measured by AFM. (C) IDS−VGS and IGS−
VGS transfer characteristics in the phosphate buffer solution (pH 7.41). VDS was set at a constant 1 V. (D) IDS−VDS transfer characteristic in the
phosphate buffer solution (pH 7.41). VGS was applied at 100 mV/step from 0 to 1 V. In (B), (C), and (D), the target of ITO with 10 wt % SnO2
was sputtered for 25 min using the metal shadow mask with the 10 μm sheet by the one-step procedure.
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(Bi,La)4Ti3O12 were suggested to induce free-carrier depletion
in the thin-film ITO channel. Moreover, the back-gated ITO
thin-film transistor showed a change in the field-effect mobility
(∼5 cm2/Vs) for the adsorption of viruses.29 In these back-
gated ITO-based FETs, however, metal lines were uninten-
tionally used as the gate electrode contacted with insulators;
that is, their device structures were not intended for solution-
gated FETs.
In addition, the fabrication procedure for FET devices is

complicated; it involves photolithography to pattern electrodes
and the deposition of electroactive materials on several parts.
That is, a simpler fabrication process could accelerate the
application of various semiconductive materials for biosensing
devices and enable mass production for commercial
application. Needless to say, a one-step procedure with a
modified metal shadow mask proposed in this study
simultaneously and simply provides a thin channel and thick
S/D electrodes during sputtering, which result in the absence
of interfacial traps among their electrodes in solution-gated
2D-channel FETs that also contributes to a steep SS.
Here, we propose a very easy fabrication process, that is, a

one-step procedure for producing the solution-gated 2D-
channel FET biosensor, focusing on the fully depleted ultrathin
ITO channel. The solution-gated ultrathin channel ITO-based
FET developed in this study exhibits various superior
performances such as a steep SS and stable ion responsivity.
Moreover, we find the possibilities of biological sensing using
our new device fabricated by this one-step procedure, which
has a great future potential in bioelectronics.

2. RESULTS AND DISCUSSION
2.1. Rapid and Easy Process to Fabricate a Solution-

Gated FET and Its Fundamental Electrical Properties. A
one-step procedure for fabricating a solution-gated FET with
an ultrathin ITO channel is proposed here for ion and
biological sensing. The metal shadow mask shown in Figure 1A
(Figure S1) was prepared for sputtering the ITO film. The
metal shadow mask included two regions cut out for the
sputtered S/D electrodes. The channel width (W) and length
(L) in the metal shadow mask were 3000 and 100 μm,
respectively. Moreover, 10-μm-thick sheets were placed on
both ends of the metal shadow mask, which were contacted
with a glass substrate. This means that the bottom of the metal
shadow mask corresponding to the channel was raised to 10
μm from the substrate; as a result, the creeping of some
particles into the gap was induced while sputtering.
Consequently, a thinner ITO channel and thicker ITO S/D
electrodes were formed on the substrate during the one-step
sputtering. The fabricated device was treated in an electrolyte
solution, where a Ag/AgCl reference electrode with a salt
bridge and the channel and part of S/D electrodes were
immersed (Figure 1B). That is, the thin ITO channel also
worked as an ion-sensitive membrane, owing to the intrinsic
oxidated surface directly contacting with an electrolyte
solution, without the need to apply an additional coating
with oxide insulators such as SiO2 on the channel. In fact, the
thicknesses of the channel and the S/D electrodes, which were
formed by sputtering for 25 min using the 10 wt % SnO2−ITO
target, were measured by AFM to be approximately 20 and 100
nm, respectively. Also, a slope was formed between the channel
and the S or D electrode owing to the wraparound of particles
sputtered into the gap, showing an approximately 45 nm
thickness at the position a few tens of μm away from the

channel (Figure S2). Moreover, Figure 1C,D shows the IDS−
VGS and IDS−VDS transfer characteristics at pH 7.41 for the
solution-gated FET with the 20-nm-thick ITO channel
obtained by the one-step procedure. The thickness of S/D
electrodes (about 100 nm) was sufficient to retain their
electrical conductivities. This device showed the clear electrical
properties of transistors. The ratio of the on-state to off-state
current (Ion/Ioff) at VDS = 1 V was in the range of 105−
10,6which was not as high as that measured under vacuum
without solutions (Ion/Ioff > 109 at VDS = 1 V) in a previous
work, whereas the SS was calculated to be 55 mV/dec, which is
comparable to that obtained in a previous study.27 Also, the
leakage current IGS and IDS/IGS were mentioned later.
Figure 2 shows the maximum conductivity (σmax) and Ion/Ioff

in the phosphate buffer solution (pH 7.41) as functions of the

thickness of the ITO channel using the solution-gated ITO-
based FET obtained by the one-step procedure. The thickness
of the ITO channel was controlled by changing the sputtering
time for the metal shadow mask with sheets of different
thicknesses (Figure S3). When the thickness of the ITO
channel was smaller than ∼30−40 nm, which was assumed to
be near the maximum depletion thickness (tDm) of the ITO
channel, Ion/Ioff was clearly found to be ∼10.5 That is, the
ultrathin film of ITO (less than 30−40 nm) contributed to the
bandgap increase and free-carrier depletion and then provided
the transistor properties. In the case of a thicker ITO channel
of more than 30−40 nm, the electrical communication
between the S/D electrodes occurred below the depletion
region, depending on VDS. tDm can be calculated using eq 1,
which is based on the screening length (λSL) derived from the
extrinsic Debye length (λD).

23

Figure 2. Ratio of on-state to off-state current (Ion/Ioff) and maximum
conductivity (σmax) with changing thickness of the ITO channel. The
target of ITO with 10 wt % SnO2 was sputtered according to Figure
S3 to control the channel thickness. Ion/Ioff was calculated from the
ratio of the maximum IDS (at VGS = 1) to the off-state IDS in the IDS−
VGS transfer characteristic (VDS = 1 V) in the phosphate buffer
solution (pH 7.41). σmax was derived from the maximum IDS (at VGS =
1) and the device structure. The film thickness at the ITO channel
was measured by AFM and 3D laser scanning confocal microscopy.
The maximum depletion thickness (tDm) of the ITO channel was
determined from the data points of Ion/Ioff, and the extrinsic Debye
length (λD) was calculated using eq 2.
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Here, ND, ni, εITO, kB, T, and e are the density of donors, the
intrinsic carrier density, the dielectric constant of ITO, the
Boltzmann constant, the temperature, and the elementary
charge, respectively. In particular, ND is related to the
composition of SnO2 doped in In2O3. The concentration
profile of Sn and In atoms around the ITO channel was
measured by energy-dispersive X-ray spectroscopy (EDS)
(Figure S4). A 10 wt % SnO2−ITO target was sputtered on the
glass substrate by the one-step procedure. The concentration
of Sn atoms was almost maintained as about 10 wt % at the S/
D electrodes, whereas that at the channel increased to about 15
wt %, which resulted from the creeping of particles into the gap
between the metal shadow mask and the substrate during
sputtering. This compositional change was assumed because
there were intrinsic and extrinsic factors for the creeping of
particles into the gap during sputtering, namely, the difference
in molar mass between In2O3 (277.63) and SnO2 (150.71) and
the electric field generated in the gap between the metal
shadow mask (stainless steel) and the glass substrate with
electrons generated in sputtering. As a result, the donor density

was assumed to be higher in the channel. Using eq 1, we can
calculate ND to be approximately 2 − 3 × 1024 cm−3,
considering ni ≈ 1 × 1018 cm−3 (carrier density of undoped
In2O3)

30 and tDm ≈ 30 − 40 nm obtained in Figure 2.
Moreover, σmax markedly increased with the increasing
thickness of the ITO channel and was saturated at the channel
thickness of more than λD ≈ 4 − 5 nm, which was in good
agreement with that calculated using eq 2. If the channel
thickness was smaller than λD, the electrical communication
would have been prevented by Coulomb scattering because
most 2D materials are intrinsically charged by defects and
impurities.24−26 On the other hand, the S/D electrodes
required a larger thickness of several tens of nm than the
channel to maintain their electrical conductivities (Figure S3).
Thus, the solution-gated FET with the ultrathin film ITO
channel, which was simply fabricated by the one-step
procedure, showed transistor properties similar to those of
2D materials.
The solution-gated FET with the 20-nm-thick ITO channel

exhibited a remarkably steep SS (Figure 1C), which was very
close to the thermal limit (60 mV/dec at 300 K) and may
result in a steep SS of less than 60 mV/dec in 2D-FETs.31−33

The SS of the developed device was fivefold lower (more
superior) than that of a silicon-based ion-sensitive FET
(ISFET) (Figure S5A,B). Since this device was fabricated by
the one-step procedure, the effect of interfacial traps among
electrode materials on SS was neglected, unlike in other 2D-
FETs.31,32 The capacitance of oxide hypothesized on the

Figure 3. Electrical properties of the solution-gated ultrathin channel ITO-based FET sensor at various pHs (4.01, 5.8, 6.8, 7.8, and 9.18). The
target of ITO with 10 wt % SnO2 was sputtered for 25 min using the metal shadow mask with the 10-μm-thick sheet by the one-step procedure.
Error bars represent the standard deviation determined from the number of experiments (n = 3 at each pH). (A) Subthreshold slope (SS) as a
function of pH. (B) Real-time monitoring of IDS at VGS = −0.1 V (subthreshold regime), VGS = 0 V (near-subthreshold regime), and VGS = 0.2 V
(linear regime) with change in pH. The inset shows each calibration curve, where that calculated using eq 6 is plotted. (C) ΔVout at various pHs of
solutions measured using the source-follower circuit. The Ag/AgCl reference electrode was connected to the ground. IDS was set to be 100 μA. (D)
Calibration curve of ΔVout as a function of pH (circles from 4.01 to 9.18, triangles from 9.18 to 4.01). These were obtained from the data obtained
in (C). In the inset, the pH sensitivities based on ΔVout were demonstrated for the difference in IDS (1, 10, and 100 μA).
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channel (Cox) could be infinitely large (oxide thickness, tox →

0) in this case when assuming SS = ln(10) kT
q
·[1 + (Cs + Cit)/

Cox],
33,34 where Cs is the depletion layer capacitance (ITO

channel) and kT
q
is the thermal voltage. Here, the presence of a

significant interface-trap density Dit, that is, its associated
capacitance Cit (=q

2Dit), is considered
34 because the electrolyte

solution/ITO channel interface was considered as a chemically
active site even in the absence of interfaces among the
electrodes in solution-gated ITO-channel FETs fabricated by
the one-step procedure. Here, instead of Cox, the electric
double-layer capacitance (Cdl) can be assumed because of the
absence of Cox for the solution-gated 20-nm-thick ITO channel
in this study. Not only is Cdl relatively large at the oxide/
solution interface (1−100 μF/cm2),35 it also depends on the
charges of hydroxy groups at the ITO channel, which vary with
pH. That is, when Cdl is relatively large and Cit varies with the
change in pH across the isoelectric point of ITO (pI 7−
8.5)36,37 in a circuit, a steep SS of approximately 60 mV/dec or
lower is expected according to SS = 60·[1 + (Cs + Cit)/Cdl] at
T = 300 K. This was shown by the finding that SS changed
depending on pH, as shown in Figure 3A. The increase in the
pH of the measurement solutions contributed to the steep SS,
showing the thermal limit to be around pH 7−8 near pI. This
is because the charges of hydroxy groups at the ITO channel
changed from positive in acidic solutions to neutral in neutral
solutions, whereby Cit would have decreased with increasing
pH, in addition to the effect of the originally large Cdl. That is,
Dit was assumed to be larger in acidic solutions owing to the
positively charged hydroxy groups at the ITO channel surface
than in neutral solutions, whereas the change in Cdl (ΔCdl)
with pH would not have been so significant; that is, ΔCdl with
pH was not so large at an oxide/solution interface, although
Cdl decreased with increasing pH in a previous study.38 In
addition, the charges of hydroxy groups at the ITO channel
should have been negative in an alkaline solution with pH 9.18
at higher than pI. The charge shift in the alkaline solution at
the ITO channel across pI may have contributed to a
subthermal limit steep SS. However, the changes in Cdl, Cit,
and Cs based on the charge shift, that is, the mechanism
underlying the sub-60 mV/dec steep SS in the solution-gated
ITO-channel FET, should be further investigated in the future
in reference to previous studies. As examples, one study
showed that a negative capacitance in a ferroelectric (FE) gate
insulator induced a sub-60 mV/dec steep SS.39 Another study
showed that the polarization reversal in an oxide film via the
electric double layer, which was formed on the basis of
positively or negatively charged ions, was also controlled in an
ionic liquid in contact with the oxide film.40 Also, the
sensitivity of nanowire-FET sensors was exponentially
enhanced in the subthreshold regime in a previous work.41

This means that the highly sensitive detection of ions and
biomolecules with charges is expected using the devices with
much better SS. Considering the SS shown in Figure 3A, IDS

pH

was continuously monitored with changing pH at a constant
VGS_sub
pH (−100 mV) in the subthreshold regime, VGS_nsub

pH (0
mV) in the near-subthreshold regime, or VGS_lin

pH (200 mV) in
the linear regime, as shown in Figure 3B. IDS_sub

pH 9.18 was obtained
at VGS_sub

pH 9.18 (pH 9.18), and the ratio |IDS
pH/IDS_sub

pH 9.18| was plotted.
IDS
pHwas offset with IDS_sub

pH 9.18. |IDS
pH/IDS_sub

pH 9.18| in the subthreshold
regime was clearly larger than |IDS

pH/IDS_nsub
pH 9.18 | and |IDS

pH/IDS_lin
pH 9.18| in

the near-subthreshold and linear regimes for the change in pH

(ΔpH). ΔpH induced the change in the interfacial potential
(ΔVout) corresponding to the change in the charges of hydroxy
groups based on the equilibrium reaction with hydrogen ions.
This means that VGS

pH was additively applied from VGS_sub
pH 9.18 by

ΔpH in the circuit; therefore, |IDS
pH/IDS_sub

pH 9.18| largely changed
owing to ΔpH depending on SS compared with the current
ratios in the other regimes. IDS

pH in the subthreshold regime is
expressed by SS:

=
−

_

_I
I

V V
log

SS10
DS
pH

DS sub
pH 9.18

GS
pH

GS sub
pH 9.18

(3)

As SS depended on ΔpH (Figure 3A), eq 3 is modified to

=
−

− +_

_I
I

V V
log

16 pH 19010
DS
pH

DS sub
pH 9.18

GS
pH

GS sub
pH 9.18

(4)

Moreover, oxide membranes such as ITO cause the
Nernstian response in electrolyte solutions, that is, ΔVout (or
ΔVT) for ΔpH (ΔVNer) at the solution/oxide interface (see
Figure 3C,D below). Therefore, ΔVNer is expressed as

Δ =
−

| − |
_V

V V
pH pH

,Ner
GS
pH

GS sub
pH 9.18

sub (5)

where pHsub was set as 9.18 in this study. From eqs 4 and 5, eq
6 is derived as

=
_

Δ | − | − +I
I

10 .VDS
pH

DS sub
pH 9.18

pH 9.18 / 16 pH 190Ner

(6)

Indeed, |IDS
pH/IDS_sub

pH 9.18| in the subthreshold regime exponen-
tially increased (inset in Figure 3B). In addition, the ideal
curve calculated from eq 6 conceptually matched the data
obtained (inset in Figure 3B). Thus, the electrical signals
measured in the subthreshold regime were about 10 times
larger than those measured in the linear regime, which would
contribute to the ultrasensitive detection of biomolecules. On
the other hand, the change in the interfacial potential ΔVout
between the measurement solution and the ITO channel for
the one-step-fabricated device was also measured with
changing pH at a constant IDS = 100 μA in the linear regime
using the source-follower circuit. As shown in Figure 3C,D, the
pH response was very rapid, showing the same behavior as that
of the silicon-based ISFET (Figure S5C,D). The pH sensitivity
was calculated to be about 56 mV/pH, showing the ideal one
near the Nernstian response (ΔVNer = 59.2 mV/pH at 25 °C).
The stepwise response of ΔVout with increasing pH from 4.01
to 9.18 reproducibly returned back to the original state with
decreasing pH from 9.18 to 4.01. The pH sensitivity was
similarly obtained from the shift in the threshold voltage (VT)
in the transfer characteristics as well (Figure S6). Moreover,
the pH sensitivity almost showed the Nernstian response even
when measured in the subthreshold regime at IDS = 1 μA and
the near-subthreshold regime at IDS = 10 μA (inset in Figure
3D). This is because ΔVout strongly depended on the
equilibrium reaction at the ITO channel surface rather than
the semiconducting properties. Thus, ΔVNer was obtained from
the linear relationship between ΔVout (or ΔVT) and ΔpH,
whereas IDS

pH was exponentially changed with ΔpH, as
determined using eqs 5 and 6, respectively. However, when
sheets of 20 μm thickness were used to raise the bottom of the
metal shadow mask for sputtering, the off-state region was not
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obtained and IDS linearly increased for any VGS applied with
increasing VDS (Figure S7), depending on the sputtering time
(Figure S3). The thickness of the ITO channel in this case was
about 50 nm and larger than that obtained using the metal
shadow mask with 10-μm-thick sheets. That is, a thickness
down to around 30−40 nm is required for the depletion of the
ITO channel (Figure 2). Also, no transistor characteristics
were observed for the device sputtered using the uncontrolled
mask without the sheet (Figure S8) because the channel itself
was not formed. The above electrical characteristics of the
solution-gated FET with the ultrathin 10 wt % SnO2−ITO
channel were similarly obtained even for 5 wt % SnO2−ITO
and 15 wt % SnO2−ITO (Figure S9), although the sheet
resistance of ITO was assumed to be minimum at 10 wt %
SnO2.

42 That is, Ion/Ioff (∼105), SS (∼60 mV/dec), pH
sensitivity (∼56 mV/pH), and so forth at pH 7.41 did not
largely change in the range of 5 to 15 wt % SnO2. The
dependence of the electrical properties on SnO2 concen-
trations of less than 5 wt % or more than 15 wt % should be
further investigated in the future. Although such attractive
devices can be fabricated by a multistep procedure including
photolithography (Figure S10), the electrical properties such
as Ion/Ioff and SS at pH 7.41 were inferior to those in the
devices obtained by the one-step procedure (∼105 → ∼103
and 60 → 100 mV/dec). In particular, the deterioration of SS
may be due to the interfacial effect between the channel and
the S/D electrodes formed by the multistep procedure even
when an ITO with the same composition (10 wt % SnO2) was
used for both of them. The reason may be because the

electrical contacts formed by the multistep procedure between
the channel and the S/D electrodes, which would have
contributed to the Fermi level pinning effect, deteriorated
those properties, whereas no contact was formed by the one-
step procedure. On the other hand, the pH responsivity of the
multistep-fabricated device (approximately 58 mV/pH in
Figure S10C,D) was comparable to that of the one-step-
fabricated device because it is derived from ΔVout based on the
equilibrium reaction between hydrogen ions and hydroxy
groups at the ITO surface under constant IDS.
In addition, the electrical behavior of IGS was investigated to

evaluate the device performances in solutions (Figure S11).
The ratio of IDS to IGS (IDS/IGS) at VGS = 1 V for the one-step-
fabricated device was estimated to be approximately 103 at pH
7.41 (Figure 1C), which was sufficiently large to evaluate the
electrical signals derived from the change in ionic or molecular
charges, which was induced by chemical reactions; that is, IGS
was small to be sufficiently neglected regardless of pH (Figure
S11A). Depending on the VGS applied, IGS was roughly
generated on the basis of an electrical circuit with solution
resistance (Rs), charge transfer resistance (RCT), and Cdl. Both
RCT and Cdl depend on the intrinsic surface charges of the ITO
channel derived from hydroxy groups; that is, they would vary
with changing pH in measurement solutions. A transient gate
voltage (VGS(tr)) at a transient leakage current (IGS(tr)), which
was found as the minimum positive leakage current (Figure 1C
and Figure S11B),may have depended on the pH. At pH 7.41,
for instance, the positive IGS appeared at around −0.44 V
(VGS(tr)

−) for the leading half of the sweep of VGS (−1 to 1 V)

Figure 4. Stability of electrical properties of the solution-gated ultrathin channel ITO-based FET sensor. The target of ITO with 10 wt % SnO2 was
sputtered for 25 min using the metal shadow mask with the 10-μm sheet by the one-step procedure. (A) ΔVout of solution-gated ultrathin channel
ITO-based FET sensors with and without SK-OV-3 cells. The cells were precultured on the ITO channel for 24 h before the electrical
measurement, and then the culture medium was replaced with a fresh one at 0 h of the measurement to replenish nutrients such as glucose. As a
control sensor, a device without cell culture was prepared, and the exchange of culture medium was performed in the same way as the device with
cell culture. (B) Photograph of SK-OV-3 cells cultured on the ITO channel under an inverted microscope. (C) Change in pH induced by cellular
respiration. ΔpH was calculated from ΔVout obtained in (A) according to the pH sensitivity of 56 mV/pH (see Figure 3D). The initial pH of the
culture medium was 7.4. ΔpH at 72 h was averaged from three devices with standard deviation. (D) Stability of pH sensitivity and subthreshold
slope (SS) with incubation time (0−28 days). Three devices were utilized for the evaluation with standard deviation. (E) Stability of the ratio of
on-state to off-state current (Ion/Ioff) and maximum conductivity (σmax) for incubation time (0−28 days). Three devices were utilized for the
evaluation with standard deviation.
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and disappeared at around 0.46 V (VGS(tr)
+) for the trailing half

of the sweep of VGS (1 to −1 V), as shown in Figure S11B.
Such VGS(tr) at IGS(tr) expectedly depended on ΔVout in relation
to Cdl at the channel surface. The ITO surface with hydroxy
groups would have been positively or negatively charged with
varying pHs on the border of the isoelectric point (pI
7−8.5).36,37 Therefore, charged hydroxy groups should have
contributed to VGS(tr) according to the pH of the measurement
solutions, although the details need to be investigated in the
future. On the other hand, IDS/IGS at VGS = 1 V for the
multistep-fabricated device was estimated to be approximately
101 at pH 7.41; IDS was so small that IGS could not be neglected
(Figure S10A). Such leakage currents might damage cells,
which were directly cultured on the ITO channel and S/D
electrodes even when using the one-step-fabricated device, in
the case where VGS (= 2.5 V) was applied during electrical
measurements (Figure S12). However, the real-time measure-
ment during cell culture resulted in the change in pH at the
cell/channel interface caused by cellular respiration over a
relatively long term (see Section 2.2). This is because ΔVout
was output at VGS = 0 V (connected to the ground to maintain
a constant VGS) under a constant IDS with the source-follower
circuit and then the effect of IGS was suppressed.
2.2. Electrical Stability of the Ultrathin Channel ITO-

Based FET Fabricated by the One-Step Procedure and
Cell Monitoring. In general, the electrical characteristics of
2D materials are assumed to be unstable in a solution owing to
oxidation at the surfaces.43−45 That is, 2D materials are not
directly immersed in a solution for long-term biosensing; thus,
their surfaces are passivated by some insulators.20 However,
ITO thin films are relatively stable in a solution owing to their
intrinsic oxidated surfaces. In this study, the electrical stability
of the solution-gated ITO-FET with the 20-nm-thick ITO
channel fabricated by the one-step procedure was determined
by monitoring the cellular respiration activity in a cell culture
medium. Figure 4A shows ΔVout for SK-OV-3 cells cultured on
the ITO channel using the solution-gated 20-nm-thick channel
ITO-based FET sensor. Using this device, we found that ΔVout
gradually increased during the cell culture, whereas the control
sensor without cells hardly changed during the electrical
measurement. To stimulate the cells, the culture medium was
changed with a fresh one at 0 h (i.e., at the start of
measurement), resulting in the replenishment of nutrients such
as glucose. These cells cultured on the ITO channel were alive
even after the electrical measurement for 72 h (Figure 4B).
Since the fabricated devices by the one-step procedure were
transparent because they were completely made of ITO, the
cell morphologies were clearly observed under an inverted
microscope, similarly to the observation of cells cultured on a
cell culture dish. This means that information on cellular
functions that cannot be obtained by electrical measurements
can be simultaneously obtained using a fluorescence micro-
scope for cell imaging in the future.46 The increase in ΔVout
resulted from the increase in the concentration of hydrogen
ions with positive charges at the ITO channel surface, that is,
the cell/channel nanogap interface, generated by cellular
respiration. Such electrical measurements of cellular respiration
have been reported in a previous work.14 That is, the change in
pH induced by carbon dioxide generated by cellular respiration
was detected at the cell/gate insulator interface using the
solution-gated ISFET. This was confirmed by fluorescence
imaging at the nanogap interface between the adhered cells
and the gate substrate.15 Moreover, the solution-gated ITO-

FET with the ultrathin channel showed the ideal responsivity
to the change in pH, similar to that of ISFET sensors, as shown
in Figure 3. Therefore, ΔVout shown in Figure 4A
demonstrated the change in pH induced by cellular respiration
(Figure 4C). ΔVout was translated to ΔpH, considering that
the initial pH value of the culture medium used was 7.4 and
the pH responsivity of the devices was approximately 56 mV/
pH (Figure 3C,D). Thus, ΔpH at the cell/channel nanogap
interface was calculated to be −0.39 ± 0.01 at 72 h; that is, the
long-term electrical stability of the solution-gated ITO-FET
with the ultrathin ITO channel was confirmed from the
electrical measurement of cellular respiration. Furthermore, the
electrical stability was also evaluated from the pH sensitivity
and SS measured every week using the solution-gated ITO-
FET with the 20-nm-thick ITO channel obtained by the one-
step procedure (Figure 4D,E and Figure S13). The pH
sensitivity and SS of the devices used were maintained in the
range of 53−55 mV/pH and 50−60 mV/dec (pH 7.8) even
when the devices were immersed in the buffer solution (pH
7.41) for 1 month (Figure 4D). In particular, the shift in Vout
(or VGS) at a constant IDS resulted from that in the interfacial
potential at the solution/channel interface, that is, the change
in the ionic charges based on the equilibrium reaction between
hydrogen ions and hydroxy groups; thus, the pH sensitivity
obtained by the source-follower circuit was maintained in the
solution for a long time. This indicates that the surface of the
ITO channel was stably ionized while immersed in the solution
(pH 7.41), although such a surface condition may depend on
the pH of the solution used. The electrical stability was based
on the intrinsic surface properties of ITO in contact with the
solution, whereas the problem about whether cells survived or
not during the electrical measurement was solved by using the
source-follower circuit that did not largely contribute to IGS
(VGS = 0). Similarly, Ion/Ioff and σmax did not deteriorate,
remaining at ∼105 and ∼1 mS/μm, respectively, for 1 month,
as shown in Figure 4E. However, such performances might
deteriorate after the device is immersed in the solution for
more than 1 month because σmax appeared to decrease slightly
from around day 21. This may be because the deterioration
rate of the ITO films in solutions is basically larger than that in
air owing to their slight solubility,47 and then the concentration
of oxygen vacancies gradually changes.

3. CONCLUSIONS
In this study, the solution-gated ITO-based FET sensor with
the ultrathin channel was fabricated by a one-step procedure,
which contributed to the all-by-ITO technology. This was
simply realized by using the metal shadow mask with thin
sheets at both ends because the bottom of the metal shadow
mask corresponding to the channel became slightly raised from
the substrate owing to the thin sheets and then some particles
crept into the gap during sputtering. The 20-nm-thick ITO
channel resulted in the bandgap increase and free-carrier
depletion in the same way as in 2D materials. The threshold
thickness of the depleted ITO channel was determined to be
∼30−40 nm from the significant change in Ion/Ioff. The
remarkably steep SS was derived from the interfacial trap-free
structure based on the one-step fabrication as well as the
relatively large capacitance of Cdl based on the direct contact of
electrolyte solutions with the ITO channel, and caused the
exponential pH sensitivity in the subthreshold regime. This is
why we can expect the highly sensitive detection of ions and
biomolecules with charges in the subthreshold regime using
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the solution-gated ultrathin channel ITO-based FET sensor.
Moreover, SS strongly depended on pH and particularly
showed the thermal limit at around the isoelectric point of the
ITO surface. On the other hand, the change in the interfacial
potential at the electrolyte solution/ITO channel clearly
showed the Nernstian response as the pH sensitivity. Since
this was due to the change in ionic charges based on the
equilibrium reaction between hydrogen ions and hydroxy
groups at the ITO channel surface, the potentiometric
measurement may contribute to the electrical detection of
biomolecular recognition events at the solution/channel
interface regardless of semiconducting properties. Moreover,
the electrical stabilities of the solution-gated ultrathin channel
ITO-based FET sensor were confirmed from the pH
sensitivity, SS, Ion/Ioff, and σmax, which were almost maintained
in the buffer solution for 1 month, as well as the long-term
monitoring of cellular functions. This one-step procedure
makes a significant contribution to not only the enhancement
of the performance of solution-gated 2D-channel FET
biosensors but also the mass production for commercial
applications owing to its easy process when considering the
development of ion and biological sensors in the future.

4. MATERIALS AND METHODS
4.1. ITO Film in One-Step Sputtering. The ITO thin film in this

study was fabricated on a glass substrate under 20% Ar atmosphere
(without O2) using a radiofrequency (RF) sputtering system
(ULVAC, Inc.). The metal shadow mask made of stainless steel
was fabricated by wire electric discharge machining. The mask sizes
were designed to deposit the ITO film for the S/D electrodes and the
channel in the one-step sputtering. In particular, the bottom of the
metal shadow mask corresponding to the channel was raised to 10
and 20 μm from the substrate so that the creeping of some particles
into the gap between the mask for the channel and the glass substrate
occurred during sputtering. To control the thicknesses of the ITO
channel and S/D electrodes, the sputtering time was changed from 5
to 25 min using the designed mask with the 10 or 20 μm gap. The
thickness of the ITO film was measured by atomic force microscopy
(AFM; Agilent Technologies) and 3D laser scanning confocal
microscopy (VK-X3000, Keyence). The width (W) and length (L)
of the gate channel were ideally 3000 and 100 μm, respectively, which
were based on the size of the metal shadow mask. Actually, the
average length of the deposited channels was measured as 100 ± 15
μm using a laser microscope, which was the distance between the
ends of S/D electrodes with flatness, considering the slope between
the channel and the S/D electrodes. The concentration profiles of In
and Sn atoms around the ITO channel and S/D electrodes were
measured by energy-dispersive X-ray spectroscopy (EDS).
4.2. Electrical Measurement of the Solution-Gated Ultrathin

Channel ITO-Based FET in an Electrolyte Solution. The sensing
surface, onto which measurement solutions were poured, was
separated from the connection by the encapsulation with a
polycarbonate ring (6 mm diameter) and a resin (polydimethylsilox-
ane). The IDS−VGS and IDS−VDS transfer characteristics of the
solution-gated ultrathin channel ITO-based FET were measured
within −1 to 1 V while changing the pH from 4.01 to 9.18 using a
semiconductor parameter analyzer (B1500A, Agilent Technologies).
Phosphate buffer solutions were prepared with pHs from 5.8 to 7.8 by
controlling the mixing ratio of Na2HPO4 to KH2PO4 (Wako Pure
Chemical Industries, Ltd.). Also, the standard buffer solutions with
pHs of 4.01, 7.41, and 9.18 (Wako Pure Chemical Industries, Ltd.)
were prepared. From these transfer characteristics, VGS_sub

pH , VGS_nsub
pH ,

and VGS_lin
pH in the subthreshold, near-subthreshold, and linear regimes

were determined. In particular, VGS_sub
pH , VGS_nsub

pH , and VGS_lin
pH at pH

9.18 were utilized as the constant biases (VGS_sub
pH 9.18, VGS_nsub

pH 9.18 , and
VGS_lin
pH 9.18) for evaluating the change in IDS

pH because the IDS−VGS transfer
curve shifted in the positive direction with increasing pH and then IDS

pH

could be shifted in the positive direction with decreasing pH. To
evaluate the basic electrical signal, the shift in the threshold voltage
ΔVT was defined as the difference in VG at a constant ID in the IDS−
VGS transfer characteristics. The surface potential at the gate surface
(interfacial potential Vout) in the above buffer solutions was
monitored using a source-follower circuit48 with which the change
in the gate surface potential could be read out directly at a constant
ID. In this study, VDS and ID were set to be 1 V and 10−100 μA,
respectively. The long-term stability of solution-gated ultrathin
channel ITO-based FETs was evaluated once a week for 1 month
from the pH sensitivity based on the change in Vout (ΔVout) at various
pHs and some parameters (SS, σmax, and Ion/Ioff) of the IDS−VGS
transfer characteristics. For the evaluation of the long-term stability,
three devices were immersed in the phosphate buffer solution (pH
7.41) for 1 month.

4.3. Cell Culture on the ITO Channel. SK-OV-3 (ovarian cancer
cell line) cells were cultured on the transparent ITO channel at 37 °C
and 5% CO2 in an incubator system (ASTEC Co., Ltd.) to investigate
the electrical properties of cells using the ultrathin channel ITO-based
FET sensor. Dulbecco’s modified Eagle’s medium (DMEM,
Invitrogen) (+1% FBS) was utilized as the culture medium. The
cells were seeded on the channel in a culture well of 300 μL volume at
a concentration of about 1 × 105 cells/mL. The sensor was set up on
the stage of the microscope in the incubator system. The electrical
measurement was performed under suitable conditions for cell culture
in the incubator system. After confirming that the cells were
confluent, the change in Vout was monitored using the source-follower
circuit. A few hundred cells adhered to the ITO channel area. Cellular
respiration was activated by adding a fresh culture medium. The
electrical signal for the target sample was evaluated by the differential
measurement between the sample and the control sensors, which was
performed to eliminate common background noises such as changes
in temperature and ion concentration, and nonspecific adsorption.49

Two types of the device were prepared for the differential
measurement: one was an ultrathin channel ITO-based FET sensor
with cells; the other was a control ultrathin channel ITO-based FET
sensor without cells. SK-OV-3 cells were precultured on the ITO
channel for 24 h, and then the culture medium was exchanged for
both sensors at 0 h. In this study, the differential measurements were
performed simultaneously using these two devices under the same
conditions in the same incubator.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.1c05830.
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