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We developed ion-sensitive field effect transistors (ISFETs) with disposable paper extended gates
(EGs). The sensing and the measuring part of conventional ISFETs are not separated and inte-
grated on the same device. Therefore, if the sensing part is contaminated by reaction in a chemical
solution, there is a problem that an expensive measuring part manufactured through a complicated
process becomes also unusable. To overcome this problem and provide a cost-effective sensor
platform, we constructed a high-sensitivity ISFET sensor with a measuring transistor part and a
separate EG sensing part. In particular, in this experiment, a double-gate transistor capable of
amplifying the sensitivity using the capacitive coupling effect between a top-gate and a bottom-gate,
which differs from a general single gate transistor on an SOl substrate, was fabricated. As a result,
the pH sensitivity of 1199.92+32.4 mV/pH could be achieved using paper EG and dual-gate mode
sensing operation, which greatly exceeds the theoretical Nernst limit (59.15 mV/pH at 25 °C) in
single gate mode sensing operation. We also measured non-ideal effects such as the hysteresis
and drift behavior of paper EGs, and demonstrated that they have excellent stability and reliability
for long-term measurements. In addition, hysteresis and sensitivity were measured after 3, 7, 14
and 30 days to verify the aging effect of the continuous use of paper EGs. As a result, paper EGs
showed stable operating characteristics for 30 days. Therefore, we expect that double-gate ISFETs
with flexible paper EGs will have a significant impact on label-free, low-environmental impact, cost-
effective, disposable, and flexible FET-based biosensor applications.

Keywords: Paper Extended Gate, Double-Gate lon-Sensitive Field Effect Transistors, Capacitive
Coupling, pH Sensor, Cost-Effective, Disposable, Dual Gate Mode Sensing.

1. INTRODUCTION

Recently, biosensors have been actively studied with
promising technologies in various fields, such as envi-
ronmental, medical, biomimetic, analytical chemistry
technologies because of their capability of quick and
accurate analysis [1-4]. The biosensor platform con-
verts biological reactions into detectable electrical sig-
nals. Biosensors consist of biomaterials and transducers.
Examples of biomaterials include not only pH, but also
cells, antigen-antibodies, DNA, and enzymes. Transduc-
ers that convert biological elements into detectable sig-
nals use a variety of physical and chemical methods such
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as fluorescence, field-effect transistors (FETs), surface
plasma resonance (SPR), electrochemistry, and thermal
sensors. Among the various types of biosensors, FET-
based biosensors have attracted much attention because
they have advantages in terms of small size, fast and
accurate detection, robustness, portability, label-free pro-
cessing, and compatibility with CMOS processes [5-10].
A typical FET-based biosensor is the ion-sensitive field
effect transistor (ISFET) proposed by Bergveld in the
1970s. The structure of ISFETS is based on conventional
metal-oxide—semiconductor FETs (MOSFETS). Instead of
the gate electrode of the conventional MOSFET, ISFETSs
have different structures for the electrolyte and reference
electrode [11]. Namely, ISFETSs can be used as pH sensors,

1533-4880/2019/19/6668/007 doi:10.1166/jnn.2019.17096



Jeon and Cho SOI Double-Gate ISFET Using Flexible Paper Substrate-Based Extended Gate for Cost-Effective Sensor Applications

since the ion concentration in the solution is detected by
the surface potential change due to the ionic reaction on
the surface of the gate insulator [12-13]. However, con-
ventional ISFETSs are difficult to commercialize due to the
difficulty they face in detecting low-amplitude biological
signals, such as those from cells, antigen-antibodies, DNA,
and enzymes, because the sensitivity of ISFETSs is limited
by the theoretical Nernst sensitivity limit (59.15 mV/pH
at 25 °C) [14]. The ISFET sensors consist of a sensing
part and a measuring part in the same device. In particular,
the sensing part is easily damaged because it is directly
exposed to the chemical solution. As a result, there is a
problem in that the entire ISFET, including the measure-
ment unit, becomes unusable, which is disadvantageous in
terms of cost efficiency.

In order to solve these fundamental problems, in this
study, we have introduced two concepts: (1) a double-
gate FET and (2) an extended gate (EG) into a measur-
ing part and a sensing part, respectively. A double-gate
FET is useful to overcome the Nernst sensitivity limit by
using capacitive coupling between the top- and bottom-
gates of the fully depleted channel without using addi-
tional amplifiers [15-20]. On the other hand, the EG was
separated from the measuring transistor part [21-24] and
fabricated using a low-cost paper substrate. Paper has
various advantages, such as flexibility, cost-effectiveness,
eco-friendliness, disposability, and a simple fabrication
process [25-29]. Thus, replacing a damaged disposable EG
detector has the advantage of being able to continue to use
the double-gate FET transducer cost-effectively. We mea-
sured the pH sensitivity after connecting the double-gate
FET transducer to the paper EG detector. In addition, to
evaluate the stability and reliability of the paper EG in the
electrolyte, the hysteresis and drift effects were evaluated.
Finally, in order to verify the aging effect of continuous
use of the paper EG, hysteresis and sensitivity after 3, 7,
14, and 30 days were measured.

2. EXPERIMENTAL DETAILS

To fabricate a double-gate FET as a transducer part, a
p-type (100) silicon-on-insulator (SOI) wafer with a top-
silicon layer of 30 nm thickness and a buried oxide
(BOX) layer of 750 nm thickness was used. The resistiv-
ity and the boron doping concentration of the top-silicon
layer were 10 Q-cm and 1 x 10" cm™, respectively,
which satisfies the conditions of fully depleted channel
formation for capacitive coupling in the double-gate FET.
After the active region was formed using photolithogra-
phy and a reactive ion-etching (RIE) process, a 100-nm-
thick phosphorus-doped poly-Si layer was deposited on
the source/drain (S/D) regions using low pressure chemical
vapor deposition (LPCVD) at 650 °C. A 20-nm-thick SiO,
layer was then deposited on the top-silicon layer using RF
magnetron sputtering, which served as the top-gate insula-
tor of the double-gate TFT, while the 750-nm-thick BOX
layer served as the bottom-gate insulator. To improve the
conductivity of the phosphorus-doped poly-Si S/D elec-
trode, rapid thermal annealing (RTA) was performed at
950 °C for 30 s in N,/O, ambient gas. Finally, an Al gate
electrode was formed with a thickness of 150 nm using
an electron beam evaporator, followed by gas annealing at
450 °C for 30 m in a 5% H,/N, atmosphere. A schematic
of a dual-gate FET transducer implemented on an SOI sub-
strate is shown in Figure 1(a). Further, we used cellulose
paper (manufacturer: OKclean RN), which has a compact
structure as a substrate for an EG detector, with flexibil-
ity, cost-effectiveness, eco-friendliness, disposability, and
simple fabrication. A microscope image of the cellulose
paper surface is shown in Figure 1(b). After depositing a
100-nm-thick Al,O; insulating layer on a paper substrate,
waterproof layer was coated by polyethylene wax to pro-
tect soaking the paper substrate form pH solution, and a
300-nm-thick ITO conductive layer was deposited to trans-
fer the potential change of the sensing membrane surface
to the double-gate FET transducer. As the sensing film of
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Figure 1. (a) Schematic of the SOI MOSFETSs. (b) Microscope image of cellulose paper surface. (c) Photograph of flexible paper substrate-based
EG. (d) Schematic diagram of a double-gate ISFET with a paper EG detector directly connected to an SOl MOSFET transducer.
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Figure 2. Schematics of measurement for (a) SG mode sensing and (b) DG mode sensing.

the EG detector, a 50-nm-thick SnO, thin film with out-
standing pH sensitivity and reliability was deposited by RF
sputtering [30]. Finally, a polydimethylsiloxane (PDMS)
reservoir with an internal diameter of 0.6 cm for injec-
tion of the pH buffer solution was attached to the sensing
buffer using a silicone glue. A photograph of the flexi-
ble paper substrate-based EG is shown in Figure 1(c). The
ITO electrode of the EG detector was connected directly to
the top-gate electrode of the SOI MOSFETSs. A schematic
of a double-gate ISFET with a paper EG detector directly
connected to an SOI MOSFET transducer is shown in
Figure 1(d).

The sensing of all electrical properties and pH of the
fabricated devices was performed in the dark box to the
avoid effects of light and the external environment, using
an Agilent 4156B precision semiconductor parameter ana-
lyzer. The Ag/AgCl reference electrode (Horiba 2080A-
06T with a ceramic-plug junction and an internal solution
saturated with KCI and AgCl) was used to measure the pH
sensitivity of the sensor for various pH buffer solutions.
The fabricated ISFET evaluated the pH sensitivity by two
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methods: single gate (SG) mode and dual gate (DG) mode,
as shown in Figure 2. SG mode sensing was conducted
by sweeping the reference electrode bias voltage while the
BG was grounded. In contrast, DG mode sensing was per-
formed by sweeping the BG bias voltage while grounding
the upper reference electrode.

3. RESULTS AND DISCUSSION

To amplify the pH sensing capability by using the capac-
itive coupling effect between the double gates, the SOI
MOSFETs must be independently operated by the top-gate
or the bottom-gate. Figures 3(a) and (b) show the trans-
fer characteristics (I, — V) of the SOI based double-gate
MOSFETs operated with the top-gate and bottom-gate,
respectively.

It can be seen that the SOI MOSFETs fabricated for
the transducers of the ISFET sensor exhibit good transfer
characteristics for both top-gate and bottom-gate opera-
tion. Under the operating conditions of the top-gate only,
it exhibits a threshold voltage of —0.28 V, a subthresh-
old swing of 74.80 mV/dec, and an on/off current ratio of

-10 0 10 20 30
Bottom Gate Voltage (V)

Figure 3. Transfer characteristic curves of SOI based double-gate MOSFETs in (a) top-gate and (b) bottom-gate operations.
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Table I. Electrical parameters of the fabricated SOI MOSFETSs under
top-gate or bottom-gate operation.

Operating Threshold Subthreshold On/off current
mode voltage (V) swing (mV/dec) ratio
Top-gate -0.28 74.8 6.51 x 107
Bottom-gate —9.23 2541.71 2.41 x10°

6.51 x 107, On the other hand, under the operating condi-
tions of the bottom-gate only, it exhibits a threshold volt-
age of —9.23 V, a subthreshold swing of 2541.7 mV/dec,
and an on/off current ratio of 2.41 x 10°. Table I sum-
marizes the electrical parameters of the fabricated SOI
based double-gate MOSFETs under top-gate or bottom-
gate operation. Figure 4 shows the sensing characteristics
of a double-gate ISFET using a paper-based EG detector.
Figures 4(a) and (b) show the transfer curves of the SG
and DG modes, respectively, for various pH buffer solu-
tions. The transfer characteristic curve shifts to the right
direction (positive gate voltage) as the pH of the buffer
solution increases. In addition, the amount of shift in the
DG mode is much larger than that in the SG mode for the
same pH level change. In this study, we defined 1 nA as
the reference current (Iz) and the voltage corresponding to
I as the reference voltage (V).

Figure 5 shows the pH sensitivity calculated from the
slope (AVy/ApH) of the V; with respect to the mea-
sured pH buffer solutions. The pH sensitivity was 55.97 +
1.26 mV/pH in the SG mode and is close to the Nernst
limit of approximately 59.15 mV/pH. On the other hand, in
the DG mode, the sensitivity was 1199.92 +32.4 mV/pH,
which is about 21 times higher than that of the SG
mode. This sensitivity amplification is maximized when
the capacitance of the top-gate oxide is much larger than
that of the bottom-gate oxide. The sensitivity and the
capacitive coupling relationships in double-gate ISFETs
are described by following equation [16]:
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Figure 5. Change in V; as a function of pH value. The reference volt-
age (Vi) of the sensor for each pH buffer solution was defined as the
corresponding gate voltage to the drain current (reference current /) of
1 nA.
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Figure 6. (a) The MOSCAP structure of SOl MOSFETs. (b) The equiv-

alent circuit of SOI MOSFETS in the DG mode.
where Cg;, C,,, and C,, are the capacitance per unit
area of the channel, top-gate oxide, and bottom-gate oxide,
respectively; and fg;, t,,, and #,,, are the thickness of the
channel, top-gate oxide, and bottom-gate oxide which are
shown in Figures 6(a) and (b), respectively. Figure 6(a)
shows the MOSCAP structure of SOI MOSFETs and
Figure 6(b) shows the equivalent circuit of SOI MOS-
FETs in the DG mode. In other words, according to
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Figure 4. Sensing characteristics of a double-gate ISFET using a paper-based EG detector for various pH buffer solutions: The transfer curves of (a)

SG mode and (b) DG mode.
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Figure 7. Non-ideal behavior of double-gate ISFET using paper EG detector: (a) Hysteresis and (b) drift characteristics.

Table II.  Comparison of the pH sensing performance parameters of DG
ISFETSs using paper EGs.

Sensing Sensitivity Linearity Hysteresis voltage Drift rate
mode [mV/pH] [%] (Vi) [mV] [mV/pH]
SG mode 55.97+1.26 99.94 20.18 7.18
DG mode 1199.924+32.4 99.78 70.95 22.99

Cs; Ciox/Crox (C; + C,,), the sensitivity is amplified in the
DG mode, which is converted into the gate oxide and chan-
nel thickness, and is then 31, /3¢, + . Since the 7,
tox and tg of the fabricated SOI MOSFETs are 750, 20,
and 30 nm, respectively, the theoretical sensitivity can be
amplified to about 25 times. This is similar to the experi-
mental sensitivity amplification.
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We evaluated the reliability and stability of paper EG
detectors by measuring non-ideal behavior, such as hys-
teresis and drift effects. Typically, hysteresis occurs due to
the changing amount of micro-charging charge caused by
the slow reaction of the sensing membrane surface with
ions in the electrolyte, resulting in a change in the Vi [31].
We measured the hysteresis in a pH loop of 7 — 10 —
7 — 4 — 7 by directly immersing the paper EG detec-
tor into buffer solutions. The hysteresis width was then
defined as the difference in V; between the starting pH 7
solution and the final pH 7 solution in the pH loop. In addi-
tion, the drift effect indicates the change in V;; due to the
amount of charge that changes as ions penetrate into the
sensing membrane when the surface of the sensing mem-
brane is exposed to the electrolyte for a long time [32].
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Figure 8. Aging effects on the residual plot of the hysteresis curve, hysteresis width, and sensitivity in the hysteresis pH loop (a) after 3 days,

(b) after 7 days, (c) after 14 days, and (d) after 30 days.
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We investigated the drift characteristics by observing the
shift of V; in a buffer solution of pH 7 over a period of 6 h
to evaluate the long-term chemical stability of the fabri-
cated pH sensors. Figures 7(a) and (b) show the hysteresis
and drift effect in the SG and DG mode, respectively. It
is found that the hysteresis voltage (V) and the drift rate
in the DG mode are increased by about 3 times as com-
pared with those of the SG mode. This means that the
increase in hysteresis and drift is relatively small, consid-
ering that the sensitivity is increased about 21 times in
the DG mode compared to the SG mode. That is, the DG
mode is improved in terms of stability and reliability of
measurement compared to the SG mode. This is because
the thickness of the bottom-gate oxide is thicker than that
of the top-gate oxide of the SOI MOSFET, and the stress
of the vertical electric field applied to the Si channel is
reduced [33]. The pH sensing parameters of the ISFET in
the SG mode and DG mode are summarized in Table II.
Paper-based electronic devices have advantages such as
flexibility, cost-effectiveness, eco-friendliness, disposabil-
ity, and a simple fabrication process. However, since paper
is susceptible to chemical and physical damage, paper-
based EG detectors have concerns regarding durability and
sensitivity. We evaluated hysteresis and sensitivity after 3,
7, 14, and 30 days to confirm the aging effect of the con-
tinuous use of paper-based EG detectors. Figure 8 shows
the hysteresis curve, hysteresis width, and sensitivity of
the hysteresis pH loop after (a) 3 days, (b), 7 days, (c),
14 days, (d), and 30 days. It is found that the paper-based
EG has a stable hysteresis width and sensitivity for 30
days, indicating that the pH can be detected stably. This
means that the pH-sensing capability of paper-based EG
detectors is maintained without deterioration.

4. CONCLUSION

In this study, we developed an ISFET with a disposable
paper EG detector. To overcome the problems of con-
ventional ISFET sensors and to provide a cost-effective
sensor platform, we constructed a highly sensitive ISFET
sensor consisting of a dual-gate SOI MOSFET con-
verter part and a separate EG detector part. The dual-
gate SOI-based transducer was able to achieve a pH
sensitivity of 1199.92+32.4 mV/pH, far exceeding the
theoretical Nernst limit of conventional single-gate ISFETSs
(59.15 mV/pH at 25 °C). This is because the sensitiv-
ity is greatly amplified by the capacitive coupling effect
between the top gate and the bottom gate of the dou-
ble gate. We have also measured non-ideal effects, such
as hysteresis and drift behavior of paper EG detectors,
and have demonstrated excellent stability and reliabil-
ity for long-term measurements. In addition, the aging
effect of the continuous use of paper EGs was evaluated,
which showed stable operation characteristics for 30 days.
Therefore, double-gate ISFETs using flexible paper EGs
are expected to be useful in label-free, low-environmental

J. Nanosci. Nanotechnol. 19, 6668—-6674, 2019

impact, cost-effective disposable, and flexible FET-based
biosensor applications.
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