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A self-amplified transistor immunosensor under
dual gate operation: highly sensitive detection of
hepatitis B surface antigen†
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Ion-sensitive field-effect transistors (ISFETs), although they have attracted considerable attention as

effective immunosensors, have still not been adopted for practical applications owing to several problems:

(1) the poor sensitivity caused by the short Debye screening length in media with high ion concentration,

(2) time-consuming preconditioning processes for achieving the highly-diluted media, and (3) the low

durability caused by undesirable ions such as sodium chloride in the media. Here, we propose a highly

sensitive immunosensor based on a self-amplified transistor under dual gate operation (immuno-DG

ISFET) for the detection of hepatitis B surface antigen. To address the challenges in current ISFET-based

immunosensors, we have enhanced the sensitivity of an immunosensor by precisely tailoring the nano-

structure of the transistor. In the pH sensing test, the immuno-DG ISFET showed superior sensitivity

(2085.53 mV per pH) to both standard ISFET under single gate operation (58.88 mV per pH) and DG ISFET

with a non-tailored transistor (381.14 mV per pH). Moreover, concerning the detection of hepatitis B

surface antigens (HBsAg) using the immuno-DG ISFET, we have successfully detected trace amounts of

HBsAg (22.5 fg mL−1) in a non-diluted 1× PBS medium with a high sensitivity of 690 mV. Our results

demonstrate that the proposed immuno-DG ISFET can be a biosensor platform for practical use in the

diagnosis of various diseases.

1. Introduction

Hepatitis B virus (HBV) is an infectious virus that causes
several hepatic diseases such as hepatitis B, hepatic insuffi-
ciency, liver cirrhosis, and liver cancer.1,2 Currently, about
2 billion people worldwide are infected with HBV, and of that
number, 350 million people have developed chronic hepatitis
B (CHB).3–5 CHB is generally known to be the more lethal
disease compared to other hepatitis types because most people
with CHB tend to be asymptomatic and are unaware that they
have it.6

Once a person has developed CHB, the incidence rates of
cirrhosis and liver cancer increase with time, and the infectees
are unwilling sources of infection and can transmit their own

virus to other people. Therefore, a regular medical check-up is
necessary. Serodiagnoses that include an enzyme-linked
immunosorbent assay (ELISA) and a radioimmuno assay (RIA)
have been widely used in clinics for HBV diagnosis.7,8 In these
medical tests, HBV is detected by confirming the chemilumi-
nescence emitted by an antigen–antibody reaction. However,
these diagnostic processes are barely suitable for regular
medical check-ups because they take a long time and are
expensive. In addition, the serodiagnoses lack the sensitivity
and specificity needed to obtain more precise test results.

An ion-sensitive field-effect transistor (ISFET) is an electro-
chemical sensor9–11 which can sensitively detect a signal
resulting from the interaction of an analyte with a biological
element, and can accurately transform the signal into an elec-
trical signal. So far, ISFETs based on carbon nanotubes
(CNTs), graphene, or nanowires (NWs) have received consider-
able attention as potential diagnosis devices (or biosensors)
for easy and fast regular medical check-ups12–21 because they
possess several desirable characteristics such as fast detection
time, low manufacturing cost, high reliability, the possibility
of label-free and multiplexing detection, and portability.22

However, their clinical applications have been limited to pH
sensors owing to the following critical problem. Standard
ISFETs are driven by a single gate (SG) operation mode and
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their sensitivities are only determined by a change in the
surface potential of the sensing membrane.23 Thus, despite
many efforts to enhance the sensitivity, standard ISFETs still
have very poor sensitivity because the changes in the surface
potential caused by biological events such as protein inter-
actions and DNA hybridization are quite small.

As a solution to this problem, a dual gate ISFET (DG ISFET)
was proposed.24,25 A DG ISFET significantly amplifies the
small changes in the surface potential without additional
amplification circuits by inducing a capacitive coupling
between the top and bottom gate dielectrics in the
transistor.26–28 However, its applications have still not been
used as a biosensor for practical applications, because of
another problem, the Debye screening length issue.25,29

The sensing performance of an ISFET is severely affected by
the Debye screening length (λD), which is a particular distance
where the charges on the analyte are electrically screened by
the ions in media;30 the λD is completely dependent on the
ionic strength (or ion concentration) of the media such as
physiological solutions or phosphate buffered saline (PBS).31

The λD decreases as the ionic strength increases and a short
λD results in a lower sensitivity of the ISFET because the ISFET
cannot detect chemical interactions beyond the λD in the
media.22 In the case of body fluids (blood, serum, urine) and
undiluted PBS buffer solutions (1× PBS), the λD is very short
because they have high ion concentration (generally higher
than 100 mM). Therefore, to overcome the poor sensitivity
caused by the short λD issue, fussy preconditioning processes
such as centrifugation, filtration, and dilution of the media
are necessarily required.32 However, these time-consuming
steps do not meet the needs of the ISFET for on-the-site practi-
cal applications.

In this study, we first used the DG ISFET as an immuno-
sensor for detecting the hepatitis B surface antigen (HBsAg).
In order to avoid the time-consuming steps and to effectively
detect the HBsAg in undiluted 1× PBS, we dramatically
enhanced the sensitivity of the DG ISFET by delicately tailoring
the nanostructure of the transistor, which directly influences
the amplification factor of sensitivity in the DG ISFET. Our
research demonstrates that the tailored DG ISFET immuno-
sensor (immuno-DG ISFET) can help us to address the challenges
in current transistor-based immunosensors: the poor sensi-
tivity caused by short λD in media with high ion concentration,
time-consuming preconditioning processes for obtaining the
highly-diluted media, and the low sensor durability caused by
undesirable ions such as sodium chloride in the media.

2. Experimental
2.1. Fabrication of ISFET

The structure of the ISFET is basically the same as the struc-
ture of a metal–oxide semiconductor field-effect transistor
(MOSFET), but parts of the metal gate electrode and the gate
dielectric in the MOSFET are replaced by sensing components
composed of a reference electrode, a chamber, an electrolyte

solution, and a sensing membrane. Thus, the ISFET comprises
a FET part (transducer) and a sensing part. In this work, we
separated the sensing portion of the ISFET to protect the trans-
ducer from the ion damage resulting from undesirable ions
such as sodium chloride in solution. The separated sensing
component is aptly named the ‘extended-gate (EG) sensing
device’. The ISFET with the EG sensing device offers high dura-
bility regarding the sensing performance of the sensor and is
well positioned to be commercialized because it has not only a
reusable transducer, but also a deposable EG sensing device.

2.1.1. Fabrication of the transistor (transducer part). To
fabricate the transistors to use in the DG operation, a p-type
(100) silicon-on-insulator (SOI) wafer with a 200 nm-thick
buried oxide (BOX) layer as a bottom gate oxide was used as
the starting material. The thickness of the top silicon layer
(resistivity: 10 Ω cm, doping level: 1 × 1015 cm−3) of the SOI
wafer was 100 nm and it was etched to a thickness of 20 nm
using a 2.38% tetramethyl ammonium hydroxide (TMAH) solu-
tion for precise thickness control.

After a standard cleaning process, the active region was
formed using photolithography and a reactive ion etching
(RIE) process. Then, a phosphorus-doped poly-Si layer was de-
posited on the top silicon to form the source and drain using a
low-pressure chemical vapor deposition (LPCVD) system. A
top gate oxide layer was formed by growing the 28 nm-thick
SiO2 using the thermal oxidation process. Subsequently a
rapid thermal annealing (RTA) process was conducted at
850 °C for 30 s under a N2/O2 gas atmosphere to improve the
electrical characteristics of the transistor.

In order to form the top gate electrode, a 150 nm-thick alu-
minium layer was deposited using an e-beam evaporator and
forming gas annealing was carried out to reduce the dangling
bonds and defects at the interface region at 450 °C for 30 min
under a 2% H2/N2 atmosphere. The active channel length and
width of the fabricated transistor are 10 and 20 μm respect-
ively, and the transistor was labelled as a non-tailored thin-
film transistor (TFT) in this work.

Meanwhile, to obtain high sensitivity, the thicknesses of
BOX and the top gate oxide were tailored to 750 nm and
14 nm, respectively. The term ‘tailored’ in this paper means ‘to
change and optimize the thickness of the top gate oxide and
BOX to enhance the amplification factor of sensor’. The other
manufacturing processes were carried out in the same manner
as a non-tailored TFT. The structural difference between a tai-
lored and a non-tailored ISFET is shown in Fig. 1a.

2.1.2. Fabrication of an EG sensing device (sensing
part). A p-type Si (100) wafer with a 300 nm-thick thermal SiO2

was used as a substrate. To transmit the changes in surface
potential on the sensing membrane to the top gate electrode
of the TFTs, 150 nm-thick aluminium was deposited on the
SiO2 using an e-beam evaporator to serve as the contact elec-
trode. A 50 nm-thick tin dioxide (SnO2) film sensing mem-
brane was formed on the aluminium electrode using the RF
magnetron sputter. The RF power, the chamber pressure, and
the Ar gas flow rate were maintained at 50 W, 3 mTorr, and
20 sccm, respectively. To add the chemical solution (or the buffer
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solution), a chemical chamber (polydimethylsiloxane, PDMS)
was attached to the sensing membrane using silicone glue.
The surface area of the sensing part was 0.5 cm2 (internal dia-
meter of the chamber: 0.8 cm). The surface area was adopted
under the consideration that the sensor will receive sample
volumes similar to the standards in clinical settings. A sche-
matic representation of the ISFET with the EG sensing device
is shown in Fig. 1b.

2.2. Sensing mechanism of the ISFET under
dual-gate operation

For the DG operation, the ISFET was designed and fabricated
as described in the Experimental section. As shown in Fig. 1b,
the operation mode of the fabricated ISFET can be selectively
driven by the switching gate biasing method. In the case of SG
operations, ionic interactions at the interface between the
sensing membrane and the chemical solution cause a change
in the surface potential (Δψ0). This change is detected as a
shift of the threshold voltage (ΔVTth) in the top gate transistor
(ΔVTth = −Δψ0). This means that the sensitivity of the SG ISFET
is only determined by a change in the surface potential of the
sensing membrane.23

On the other hand, in the case of DG operations, the sensi-
tivity is influenced by both the bias on the bottom gate and
the surface potential.24 This is due to the capacitive coupling
phenomenon originating from the unique capacitor structure
between the top gate oxide and the bottom gate oxide.25 To be
specific, a shift of the threshold voltage in the bottom gate
transistor (ΔVBth) by a Δψ0 of the sensing membrane can be
addressed by the following simplified classic equation (1):

ΔVB
th ¼ � Ctop

Cbottom
Δψ0 ð1Þ

where Ctop and Cbottom are the top and bottom gate capaci-
tances per unit area, respectively.27 Furthermore, by replacing
the capacitance values in (1) with each physical thickness, a
more simplified equation can be obtained as follows:

ΔVB
th ¼ � 3tBBOX

3tTox þ tTSi
Δψ0 ¼

3tBBOX
3tTox þ tTSi

ΔVT
th ð2Þ

where tBBOX, t
T
ox, and tTSi are the thicknesses of the bottom gate

oxide, the top gate oxide, and the top silicon, respectively.28

Therefore, the capacitive coupling ratio (3tBBOX/3t
T
ox + tTSi) is

Fig. 1 (a) Structural difference between non-tailored and tailored ISFET. (b) A schematic representation of the ISFET with an EG sensing device and
a description of SG and DG operation modes.
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largely affected by the physical thickness factors such as tBBOX,
tTox, and tTSi.

In this work, we precisely tailored the tBBOX and tTox to
enhance the sensitivity of the DG ISFET, and fixed the tTSi at
20 nm, the optimized thickness for the sensing performance
of the DG ISFET (ESI Fig. S1†).

2.3. Measurement of ISFETs

Current versus voltage (I–V) measurements for the pH sensing
test and the HBsAg detection were conducted using a commer-
cial Al/AgCl reference electrode and a Hewlett-Packard 4156B
high precision semiconductor parameter analyzer in a dark
box to avoid light and noise interference. The sensing charac-
teristics of the SG ISFET were measured by biasing the top
reference electrode with a grounded bottom gate. In contrast,
the sensing characteristics of the DG ISFET were investigated
by scanning the voltage on the bottom gate with a grounded
top reference electrode. A description of the SG and DG oper-
ation modes is shown in Fig. 1.

2.4. Measurement protocol for the detection of HBsAg

The measurement protocol can be described as: (1) inject a
PBS buffer solution that contains a HBsAg concentration of
22.5 fg mL−1 (1.5 fM) onto the anti-HBsAg-immobilized
sensing membrane and proceed with the reaction for 30 min;
(2) wash out the previous media; (3) inject a highly controlled
PBS buffer solution and measure the transfer curve; (4) pull
out the PBS buffer solution; (5) repeat the same procedure by
injecting a PBS buffer solution containing the HBsAg in the
order of increasing concentration from 22.5 fg mL−1 to 22.5 ng
mL−1 (1.5 fM–1.5 nM). In this experiment, a bovine serum
albumin (BSA) solution was used to dilute the HBsAg.

3. Results and discussion
3.1. Electrical performance of the transistor

To evaluate the functionality of the transistors as transducers
of the ISFET and to confirm whether or not their nano-

structures were well tailored, we preliminarily measured their
electrical performances. Fig. 2 shows the typical transfer
curves (ID–VG) and the output characteristic curves (ID–VD) of
tailored TFT (tox: 14 nm, BOX: 750 nm) and non-tailored TFT
(tox: 28 nm, BOX: 200 nm) according to the gate sweep modes.
Their respective electrical parameters are summarized in
Table 1.

In the top gate (TG) sweep mode (Fig. 2a), both the tailored
TFT and the non-tailored TFT exhibit superior electrical
characteristics including a low threshold voltage (Vth), a good
subthreshold swing (SS), and an excellent on/off current ratio.
Compared with the non-tailored TFT, the tailored TFT shows a
lower SS and a higher on/off current ratio. This is because the
electric field in the tailored TFT was somewhat strengthened
as the tox was reduced from 28 nm to 14 nm.33 Meanwhile, in
the case of the bottom gate (BG) sweep mode (Fig. 2b), the
output current of the tailored TFT is much lower than that of
non-tailored TFT. This result, like the result shown in Fig. 2a,
is caused by different BOX thicknesses in each TFT. Ultimately,
we confirmed that both tox and BOX of the tailored TFT were
well adjusted and that all TFTs can faithfully perform the role
of a transducer.

3.2. pH sensing test

We investigated the pH response characteristics of the ISFETs
under SG and DG operations, respectively. Fig. 3a and b show
the ID–VG curves of the SG and DG ISFETs with the non-tai-
lored TFT (hereafter, non-tailored SG and DG ISFETs) as a
transducer measured in various pH solutions (pH 3 to pH 10).
As can be seen in Fig. 3a, the pH-sensitivity of the non-tailored
SG ISFET was 58.88 mV per pH. Considering that the normal
value of the Nernst limit is 59.6 mV per pH, the obtained sen-
sitivity can be considered to be the maximum attainable pH-
sensitivity in an ideal SG ISFET at room temperature
(300 K).26,34

On the other hand, the non-tailored DG ISFET showed a
high pH-sensitivity of 381.14 mV per pH that prominently

Fig. 2 Transfer curves of tailored TFT and non-tailored TFT in (a) top gate sweep mode and (b) bottom gate sweep mode, respectively. (Inset) The
output characteristic curves of tailored TFT and non-tailored TFT swept by (a) TG and (b) BG, respectively.
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exceeds the Nernst limit (Fig. 3b). The pH-sensitivity of the
ISFET under the DG operation was increased approximately
6 times more than that of the ISFET under the SG operation.24

Nevertheless, in order to utilize the DG ISFET as an immuno-
sensor that detects trace amounts of analytes in undiluted
media, the sensing ability needs to be enhanced.

Fig. 3c shows the ID–VG curves of the DG ISFET with a tai-
lored TFT (hereafter, immuno-DG ISFET) for different pH solu-
tions. The immuno-DG ISFET exhibited a much higher pH-
sensitivity (2085.53 mV per pH) than that of the non-tailored
DG ISFET. The pH response characteristics of the non-tailored
and tailored ISFETs, according to their respective operation

modes, are shown in Fig. 3d and summarized in Table 2 (the
ID–VG curve of the tailored SG ISFET for different pH buffer
solutions is shown in ESI Fig. S2†). As shown in Fig. 3d, in the
case of the SG operation mode, the sensitivity of a tailored SG
ISFET was almost identical with that of a non-tailored SG
ISFET. As mentioned earlier, this is because the sensitivity of a
SG ISFET can only be determined by the surface potential of
the sensing membrane exposed to a pH solution.23

In this experiment, the pH-sensitivity of SG ISFET always
showed similar values regardless of whether the TFTs were tai-
lored or not because we used the same sensing membrane
(SnO2) in all ISFETs. Meanwhile, in the case of the DG oper-
ation mode, the pH response characteristics of a non-tailored
DG ISFET and a tailored DG ISFET were significantly different
although there was the same change in surface potential by
pH variation. The experimental coupling ratio (ΔVBth/ΔVTth) of a
non-tailored DG ISFET attained from the pH sensing test was
∼6.47, whereas a tailored DG ISFET showed ∼35.77.

The error percentage between the experimental coupling
ratio and the theoretical coupling ratio (3tBBOX/3t

T
ox + tTSi) was

10.81% in a non-tailored ISFET and 1.45% in a tailored ISFET,
respectively. This means that we can maximize and optimize
the sensitivity of the ISFET sensors by precisely tuning the

Table 1 Electrical characteristics of the TFTs according to VG sweep
modes

Sweep
mode Transistor Vth [V]

SS
[mV per dec]

Maximum on/off
current ratio

Top gate Tailored TFT −0.28 62 5.88 × 109

Non-tailored TFT −0.34 68 4.50 × 109

Bottom gate Tailored TFT −6.92 2278 6.18 × 107

Non-tailored TFT −2.48 485 7.01 × 108

Fig. 3 ID–VG curves of the non-tailored (a) SG ISFET, (b) DG ISFET, and (c) immuno-DG ISFET for various pH buffer solutions. The drain bias is set at
50 mV. The response voltage (VR) for each pH buffer solution (pH 3 to pH 10), shown in the insets, was defined as the corresponding gate voltage to
the drain current (reference current: IR) of 1 nA. (d) The pH-sensitivity of the standard and tailored ISFETs with SG and DG operation modes.
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device design; the enhancement of sensitivity by DG operation
does not mean a simple improvement of the signal-to-noise
ratio. In our previous work, by evaluating the instability factors
of a DG ISFET for long-term usage, we confirmed that
reliability and stability in a DG ISFET were much more
improved than that in a SG ISFET.35,36 Consequently, this
approach is very important for biosensing applications
because enhancements of sensitivity and reliability can
provide great potential improvement in monitoring the small
signals that arise from biological events in the system.

3.3. Detection of HBsAgs

In order to verify the feasibility of using our sensor in a bio-
logical environment, we used the immuno-DG ISFET as a bio-
sensor for detecting HBsAgs that range from 22.5 fg mL−1 to
22.5 ng mL−1 (1.5 fM–1.5 nM). Fig. 4a represents the Vth shift
according to HBsAg concentration in a HBsAg-Ab reaction. The
ID–VG curves were measured in a 0.001× PBS environment after
washing out the HBsAgs (a detailed measurement protocol for
the detection of HBsAg is described in the Experimental
section). As the HBsAg concentration increased, the Vth was
shifted in the negative direction. The negative shift of Vth

results from the change in surface potential by the HBsAg-Ab
reaction.37 Because the HBsAgs bear strong negative surface
charges (zeta potential: −35.7 mV), the positive ions in the
media cluster near the HBsAgs32 (zeta potential distributions
for HBsAgs and anti-HBsAgs are shown in ESI Fig. S3†). These
additional positive charges make the surface potential of the
sensing membrane more positive and help the channel resist-
ance to decrease.38 Thus, a negative shift in Vth is observed.

As the control experiment, HBsAgs were injected on the
surface where anti-HBsAgs were not immobilized, as shown in
Fig. 4b, and we could not observe the Vth shift like that of the
HBsAg-Ab reaction. These results mean that our immuno-DG
ISFET has outstanding sensitivity and specificity for detecting
the HBsAgs in a dynamic detection range of 106 from 22.5 fg
mL−1 to 22.5 ng mL−1 (ID–VG curves of the non-tailored SG and
DG ISFETs according to HBsAg concentration in the HBsAg-Ab
reaction are shown in ESI Fig. S4†).

3.4. Sensing performance analysis

Fig. 5a shows the reference voltage shift (ΔVR) according to the
ionic strength of the PBS buffer solution in HBsAg-Ab detec-
tion using the immuno-DG ISFET. An interesting phenomenon

Fig. 4 ID–VG curves of the immuno-DG ISFET according to HBsAg concentration in (a) HBsAg-Ab reaction and (b) control experiment (no-antibody
reaction).

Table 2 Sensing properties of the non-tailored ISFET and the tailored ISFET according to the operation modes

Sensor
Operation
mode

Sensitivity
[mV per pH]

Linearity
[%]

ΔVBth/ΔVTth
ratio

Coupling ratio error
percentage [%]

Non-tailored ISFET SG 58.88 99.82 6.47 10.81
DG 381.14 99.80

Tailored ISFET SG 58.29 99.68 35.77 1.45
DG 2085.53 99.50
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seen in the result is the large ΔVR in the low ionic strength of
PBS buffer solution (0.001× PBS). This is related to the Debye
screening length (λD), which in turn depends on the ionic
strength of PBS buffer solution. Because the λD increases as
the ionic strength of PBS decreases, more HBsAg-Ab reactions
can be detected in a PBS solution with low ionic strength.22,30

Consequently, as shown in Fig. 5a, the ΔVR was the largest in
0.001× PBS. Fig. 5b shows the ΔVR measured in a 0.001× PBS
environment using the non-tailored DG ISFET.

Compared with the immuno-DG ISFET, the non-tailored
DG ISFET exhibited a much lower ΔVR in the same 0.001× PBS
environment. This is due to the low coupling ratio of the non-
tailored DG ISFET that was shown in the pH sensing test.
Fig. 5c shows the average detection sensitivity for HBsAg-Ab
reactions in each sensor. Compared with the HBsAg-sensitivity
(18.67 mV, 0.001× PBS) of the non-tailored SG ISFET, the non-
tailored DG ISFET showed a much higher sensitivity
(287.1 mV, 0.001× PBS). Furthermore, the HBsAg-sensitivity
(1558.9 mV, 0.001× PBS) of the immuno-DG ISFET was more
significantly enhanced than that of the non-tailored DG ISFET.
Here, it is noteworthy that the HBsAg-sensitivity of the SG
ISFET is excessively low compared to those of the non-tailored
and tailored DG ISFETs. This is because the sensing ability of

the SG ISFET is not enough to accurately detect the small
changes in surface potential that arise from the HBsAg-Ab
reactions.25,27

This result indicates that the DG ISFETs can enhance not
only the sensing signal, but also the detection limit of the
target molecule concentration. Consequently, by using the
immuno-DG ISFET, we successively detected trace amounts of
HBsAg in undiluted 1× PBS with a high sensitivity of
∼690.15 mV. This sensitivity is much higher than that of the
non-tailored DG ISFET (∼287.1 mV) measured in 0.001× PBS.

4. Conclusions

In this study, for the first time, a highly sensitive immuno-DG
ISFET biosensor was proposed to detect trace amounts of
HBsAg in undiluted 1× PBS solution. Compared to the non-tai-
lored DG ISFET as well as SG ISFET, the proposed immuno-DG
ISFET exhibited a significantly increased sensitivity and an
improved limit of detection (LOD). Furthermore, the immuno-
sensor even had a lower LOD value compared to those of other
conventional methods (Table 3). In conclusion, through these
enhancements, we have successfully resolved the stubborn pro-

Fig. 5 Variations of VR (ΔVR) according to different HBsAg concentrations in (a) immuno-DG ISFET and (b) non-tailored DG ISFET, respectively. The
VR was the corresponding gate voltage to the drain current of 10 nA under the drain voltage of 50 mV. (c) HBsAg-sensitivity depending on ionic
strength of PBS in tailored DG ISFET and comparison with HBs-sensitivities in other sensors.
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blems of current transistor-based immunosensors for practical
applications: low sensitivity by the short λD in media with high
ion concentration and the time-consuming media precondi-
tioning issue. All the results reported in this paper strongly
support that the proposed immuno-DG ISFET sensor has great
potential for biomedical device applications.
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