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Abstract: Dopamine is a catecholamine neurotransmitter that plays a significant role in the human
central nervous system, even at extremely low concentrations. Several studies have focused on rapid
and accurate detection of dopamine levels using field-effect transistor (FET)-based sensors. However,
conventional approaches have poor dopamine sensitivity with values <11 mV/log [DA]. Hence, it
is necessary to increase the sensitivity of FET-based dopamine sensors. In the present study, we
proposed a high-performance dopamine-sensitive biosensor platform based on dual-gate FET on
a silicon-on-insulator substrate. This proposed biosensor overcame the limitations of conventional
approaches. The biosensor platform consisted of a dual-gate FET transducer unit and a dopamine-
sensitive extended gate sensing unit. The capacitive coupling between the top- and bottom-gate of the
transducer unit allowed for self-amplification of the dopamine sensitivity, resulting in an increased
sensitivity of 373.98 mV/log[DA] from concentrations 10 fM to 1 µM. Therefore, the proposed FET-
based dopamine sensor is expected to be widely applied as a highly sensitive and reliable biosensor
platform, enabling fast and accurate detection of dopamine levels in various applications such as
medical diagnosis and drug development.

Keywords: dopamine; ion-sensitive FET; biosensor platform; SOI; dual-gate FET; sensitivity; self-
amplification; extended gate

1. Introduction

Dopamine (DA) is a type of excitatory catecholamine neurotransmitter that plays
important roles in various human physiological processes, including hormonal regulation,
renal functions, cardiovascular functions, and central nervous system regulation [1–3]. It
plays a particularly vital role in the brain as it is involved in several critical functions, such
as movement, emotional regulation, learning, memory, and addiction [4,5]. DA levels must
be maintained for normal brain function and overall physical and mental health. Abnormal
DA levels, whether too high or too low, can lead to several physical and neurological
illnesses, including Parkinson’s disease and Alzheimer’s disease, as well as psychiatric
disorders such as schizophrenia and attention deficit hyperactivity disorder [6–8]. Hence,
precise detection and monitoring of DA concentrations are crucial for the diagnosis and
management of several neurological and psychiatric conditions. This necessitates the devel-
opment of a high-performance DA sensor, which can significantly improve the diagnosis
and treatment of DA-related disorders. As DA is maintained at extremely low levels in the
human body, such sensors can be important for the early detection of abnormal DA levels,
which may indicate underlying disorders [9–11]. Therefore, the accurate detection and mon-
itoring of dopamine levels are of utmost importance for managing various neurological and
psychiatric conditions, and the development of high-performance dopamine sensors can sig-
nificantly improve the diagnosis and treatment of dopamine-related disorders. Field-effect
transistor (FET)-type chemical sensors have gained significant attention for rapid and ac-
curate label-free detection with low power consumption and CMOS compatibility [12–14].
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However, the conventional ion-sensitive FET sensor is prone to chemical damage, limiting
its practical application. [15,16]. To address this issue, extended-gate field-effect transis-
tor (EGFET) sensor architecture has been introduced, which features sensing units that
are electrically isolated from the discrete transducer [17]. EGFET offers the benefit of
interchangeable sensing units without compromising the transducer, thus expanding its
utility to a variety of analytes, such as viruses, proteins, immunoglobulins, enzymes, and
hormones [18–21]. However, the commercialization of all FET-type sensors is hindered
by their low sensitivity, which prevents the detection of small biomolecule signals [15,16].
To achieve sensitivity higher than the Nernstian limit, the single-gate (SG) structure of
FET sensors can be replaced by a capacitively coupled dual-gate (DG) structure [22–25].
The DG FET-type sensor features two gate electrodes that are capacitively coupled by
the capacitance ratio between the top-gate oxide (Tox) and bottom-gate oxide (Box). This
enables self-amplification of the sensitivity in the FET structure, thereby overcoming the
sensitivity limitation without using external amplifier circuits.

In this study, we proposed a high-performance DA-sensitive FET-type biosensor
platform that comprises an FET transducer unit with a dual-gate (DG) structure and
a sensing unit with an extended-gate structure (EG). The transducer unit, which was
fabricated on a silicon-on-insulator (SOI) substrate, enables self-amplification of sensitivity
based on the capacitance ratio of the insulators of the two gates. The EG sensing unit was
prepared by stacking an ITO conductive layer and SnO2 sensing layer on a glass substrate.
The electrical characteristics of the FET transducer unit were demonstrated by measuring
the transfer and output characteristics. Meanwhile, the typical sensing characteristics,
such as sensitivity, hysteresis, and drift effect of the fabricated biosensor platform, were
evaluated by performing pH sensing operations with a SnO2 sensing membrane. The
high-performance sensing operation by self-amplification of sensitivity was also examined
by comparing pH sensitivity in SG and DG operation modes. Further, the study aimed to
evaluate the practical DA detection using the fabricated biosensor platform. A DA-sensitive
membrane was created on the SnO2 layer through surface functionalization using APTES,
4-CPBA, EDC, NHS, and MES. We found that the low sensitivity of DA in SG operation
mode can be enhanced by up to 17 times through capacitive coupling in DG mode by
using different concentrations of DA in a 1× PBS solution. Moreover, by changing the
concentration of the buffer solution, we evaluated the enhanced sensing characteristics as
the buffer solution concentration decreased.

2. Materials and Methods
2.1. Materials

The materials used in this study included glass substrates (7059 glass; Corning Inc., Corn-
ing, NY, USA), SiO2 sputter target (purity ≥99.99%, THIFINE Co. Ltd., Incheon, Republic of
Korea), indium tin oxide (ITO) sputter target (purity ≥99.99%, THIFINE Co. Ltd.), SnO2 sput-
ter target (purity ≥99.99%, THIFINE Co. Ltd.), 30:1 buffered oxide etchant (BOE; J.T. Baker,
Phillipsburg, NJ, USA), phosphosilicate glass (PSG; Filmtronics Inc., Butler, PA, USA), poly-
dimethylsiloxane (PDMS; Sylgard 184 silicon elastomer; Dow corning, Midland, MI, USA), pH
buffer solution (Samchun chemical, Pyeongtack, Republic of Korea), ethanol (Samchun chemi-
cal), (3-aminopropyl)triethoxysilane (APTES; purity ≥99%, molecular weight = 221.37 g/mol,
Sigma-Aldrich, St. Louis, MO, USA), 4-carboxyphenylboronic acid (4-CPBA; molecular
weight = 165.94 g/mol, Sigma-Aldrich), N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide
(EDC; purity ≥97%, molecular weight = 155.24 g/mol, Sigma-Aldrich), N-hydroxysuccinimide
(NHS; purity ≥98%, molecular weight = 115.09 g/mol, Sigma-Aldrich), MES hydrate
(purity ≥99.5%, molecular weight = 195.24 g/mol, Sigma-Aldrich), phosphate buffered saline
(PBS; pH 7.4, Sigma-Aldrich), deionized water (DI water; conductivity ≤4.3 µS/cm, Sigma-
Aldrich), and DA hydrochloride (gene information = ADRB1, molecular weight = 189.64 g/mol,
Sigma-Aldrich).
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2.2. Fabrication of SOI DG FET Transducer Unit

The transducer unit used in the present study included two gate electrodes, the top-
gate and bottom-gate electrodes, which have different functions to achieve self-amplification
of electrochemical signals from biomolecules. The top-gate electrode was connected to
the EG sensing unit to receive the electrochemical potential of the biomolecule, while
the bottom-gate electrode operated the FET device by applying a gate voltage. Figure 1
illustrates the schematic of the fabricated SOI DG FET transducer unit. p-type (100) SOI
substrates of size of 1 × 1 cm2 with a top silicon layer (thickness of 30 nm) and a buried
oxide (BOX) layer (thickness of 750 nm) were used. The top-silicon layer has resistivity
of 1–10 Ω·cm and boron doping concentration of 1 × 1015 cm−3. The SOI substrate un-
derwent the standard Radio Corporation of America (RCA) cleaning process to eliminate
surface impurities and contamination. Active regions with a channel layer were formed by
photolithography and a reaction-etching (RIE) process; these regions had width and length
of 10 µm and 20 µm, respectively. A 100 nm thick SiO2 layer was blanket deposited using
RF magnetron sputtering as dummy oxide for the phosphorus doping process. Photolithog-
raphy process was used for source and drain (S/D) patterning; thereafter, 30:1 BOE was
utilized to etch the dummy oxide on the S/D area. For n+ doping of S/D, PSG film was
spin-coated and thermally activated using rapid thermal annealing process at 950 ◦C for
30 s in O2/N2 ambient. Both the residual PSG and the dummy oxide layer were removed
using 30:1 BOE. A 50 nm thick SiO2 layer was subsequently deposited as a top-gate oxide
using RF magnetron sputtering and photolithography process. The top-gate electrode
comprised 150 nm thick Al, which was formed using an electron beam evaporator and
lift-off process. To enhance the overall electrical properties of the fabricated transducer
unit, a forming gas annealing process was performed at 450 ◦C for 30 min in 2% H2/N2
ambient in the furnace system.
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Figure 1. Schematic of the fabricated dual-gate transducer unit on silicon-on-insulator substrate.

2.3. Fabrication of DA-Sensitive EG Sensing Unit

To fabricate the EG sensing unit, a glass substrate (1.5 cm × 2.5 cm) was used. We
deposited a 300 nm thick ITO conductive layer and a 50 nm thick SnO2 sensing layer using
RF magnetron sputtering. The ITO conductive layer was electrically connected to the Al
top-gate electrode of the SOI DG FET using an electrical cable. The surface potential of the
analytes was sequentially transferred from the SnO2 sensing layer to the ITO conductive
layer and top-gate electrode of the transducer unit. To function as a DA-sensitive membrane,
the SnO2 sensing layer underwent several surface functionalization steps. Prior to surface
functionalization, we defined an activation region (0.6 cm diameter) on the center of the
sensing membrane by attaching a PDMS reservoir. Thereafter, the substrate was subjected
to O2 plasma treatment for cleaning, which resulted in the formation of OH groups on
its surface. Then, we introduced amine groups to the surface using 5% (v/v) APTES in
ethanol solution. The substrate was immersed in the solution at room temperature for
11 min and gently rinsed with ethanol and DI water, after which it was dehydrated in
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an oven at 70 ◦C for 1 h to firm the crosslinks on the surface. The substrate was then
immersed in a solution of 4-CPBA activated with EDC and NHS in 1 mM MES buffer
solution (4-CPBA:EDC:NHS = 1:1:1 mM). We dropcasted 50 µL of 4-CPBA, EDC, and NHS
on the surface and kept it at room temperature until all the solution had evaporated. The
4-CPBA acts as a DA receptor since the phenylboronic-acid in it combines with the 1,2- or
1,3-diols of DA and produces reversible covalent bonding [26–28]. EDC merges with the
carboxyl group of 4-CPBA and forms O-acylisourea [29]. To avoid the hydrolysis reaction
that prohibits the amine-carboxyl coupling between the O-acylisourea and amine group, we
added NHS solution; NHS attached to the O-acylisourea and produced a stable synthetic
NHS ester [30]. After all liquid had evaporated, the activated surface was sequentially
rinsed with 10 mM MES buffer solution and DI water. Finally, DA was immobilized on the
functionalized surface with dynamic concentrations between 10 fM and 1 µM. DA solutions
were prepared by diluting DA hydrochloride in PBS solution (pH 7.4). The process flow of
the surface functionalization is depicted in Figure 2.
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Figure 2. Surface functionalization of DA-sensitive EG sensing unit.

2.4. Device Characterization

The thicknesses of Si, SiO2, ITO, and SnO2 were measured using a DektakXT Bruker
stylus profiler (Bruker, Hamburg, Germany). The electrical characteristics, including trans-
fer and output characteristics of the fabricated SOI DG FET transducers, were measured
using an Agilent 4156B precision semiconductor parameter analyzer (Agilent Technolo-
gies, Santa Clara, CA, USA). A commercial Ag/AgCl electrode (Horiba 2086A-06T, Kyoto,
Japan) was used as the reference electrode to detect DA concentrations and pH buffer
solutions. The measurements of the SOI DG FET transducers and DA-sensitive biosensor
platforms were carried out in an electromagnetically shielded dark box to exclude external
interference such as noise, light, and contamination.

3. Results
3.1. Electrical Characteristics of SOI DG FET Transducer Unit

The proposed biosensor platform comprised transducer and sensing units. The trans-
ducer unit was fabricated on a SOI substrate using a DG structure FET. The sensing
performance of the FET-type sensor platform is dependent on the electrical characteristics
of the transducer unit. To assess the electrical characteristics of the SOI DG FET transducer
unit, transfer and output characteristics were measured. During the electrical characteriza-
tions, either the top- or bottom-gate electrode was biased while the other gate electrode
was grounded. Figure 3a and b represent the transfer characteristic (IDS-VG) curves for
top-gate and bottom-gate operations of the SOI DG FET transducer device, respectively.
These transfer characteristics curves were measured with a drain voltage (VD) of 1 V while
sweeping the top- and bottom-gate voltage from −5 to 5 V and −20 to 10 V, respectively.
The output characteristics (IDS-VD) for top- and bottom-gate operations—which are shown
in the insets of Figure 3a and b—were measured by sweeping VD from 0 to 2.5 V and 0
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to 5 V, respectively, while changing the voltages of the two gates from 0 to 40 V and 0 to
10 V, respectively.
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Figure 3. Transfer characteristic curves of the SOI dual gate field-effect transistor (DG FET) transducer
with (a) top-gate and (b) bottom-gate operations. Inset images represent the output characteristic
curve for each operation.

Table 1 summarizes the electrical parameters of the fabricated SOI DG FET transducer
unit obtained from the transfer characteristic curves. For top-gate operation, the threshold
voltage (VTH), on/off current ratio (ION/IOFF), field-effect mobility (µFE), and subthreshold
swing (SS) were −1.1 V, 7.7 × 107, 398.3 cm2/V·S, and 135.4 mV/dec, respectively. The
corresponding values for the bottom-gate operation were −16.2 V, 1.8 × 107, 98.8 cm2/V·S,
and 2224.9 mV/dec, respectively.

Table 1. Electrical parameters depending on the gate operating mode of the SOI DG FET transducer unit.

Operation Mode VTH (V) ION/OFF µFE (cm2/V·S) SS (mV/dec)

Top-gate −1.1 7.7 × 107 398.3 135.4
Bottom-gate −16.2 1.8 × 107 98.8 2224.9

3.2. Self-Amplification through Capacitive Coupling of SOI DG FET Transducer Unit

Figure 4a illustrates the metal-oxide-semiconductor capacitor (MOSCAP) structure,
excluding the S/D electrodes, and Figure 4b shows the electrical equivalent circuit of the
SOI DG FET transducer unit. In SG operation mode, during which the FET operated
using only the top-gate electrode (Figure 4c), sensitivity was not amplified due to the
absence of capacitive coupling. However, in DG operation mode, during which the FET
operated using the bottom-gate electrode (Figure 4d), sensitivity was amplified based on
the capacitance ratio between the top- and bottom-gate electrodes.

Figure 4b and d indicate that the top-gate voltage (VTG) and bottom-gate voltage
(VBG) are capacitively coupled through the top-gate oxide capacitance (CTox) and bottom-
gate oxide capacitance (CBox). The relationship between VTG and VBG through capacitive
coupling can be expressed as Equation (1), which takes into account the depletion region
capacitance of the Si channel layer (CSi). By expressing Equation (1) in terms of the
thicknesses of the top-gate dielectric layer (TTox) and that of the bottom-gate dielectric layer
(TBox), Equation (2) can be obtained. The depletion region of the Si channel layer has a
much thinner equivalent oxide thickness (TSi) compared to TBox and TTox. Therefore, TSi
can be disregarded, thereby suggesting that the potential applied to VTox is proportional
to the ratio of TBox/TTox, as shown in Equation (3). Therefore, the proposed biosensor
platform, when operated in DG mode, can detect small potentials by self-amplification
using capacitive coupling between the top- and bottom-gate electrodes.
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∆VBG =
CSiCTox

CBox(CSi + CTox)
∆VTG (1)

∆VBG =
3TBox

3Tox + TSi
∆VTG (2)

∆VBG ∝
TBox

TTox
∆VTG (3)

The fabricated SOI DG FET had TTox and TBox of 50 nm and 750 nm, respectively.
Hence, the amplification factor of the transducer attained via capacitive coupling was
approximately 17 times, allowing for the detection of small biomolecule potentials applied
to the EG sensing unit.
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Figure 4. (a) Cross-sectional view of metal-oxide-semiconductor capacitor structure and (b) equiva-
lent circuit of SOI DG FET transducer unit. Schematic representation of the transducer unit during
(c) SG mode and (d) DG mode.

3.3. pH Sensing Characteristics of the Fabricated FET-Type Biosensor Platform

To validate the practical self-amplification operation and sensing characteristics of
the fabricated biosensor platform, we evaluated the pH sensing properties using SnO2
as a sensing membrane. The electrochemical sensing mechanism of FET-type sensors
was elucidated using the Gouy-Chapman-Stern (GCS) theory and the site-binding model
(SBM) [31–33]. The GCS theory describes the electrical double layer formed at the interface
between the sensing membrane and the electrolyte, whereas the SBM explains the surface
reactions occurring between the sensing membrane and the electrolyte. The quantitative
relationship according to the potential of the electrical double layer (ψ) in pH sensing
operation is described by Equation (4) [34,35]:

2.303
(

pHpzc − pH
)
= βψ + sin h−1

[
σ0

2q(Kb/Ka)
1/2Ns

]
− ln

(
1 − σ0

qNs

)
, (4)

where q is the elementary charge, β is the dimensionless chemical sensitivity of the sensing
membrane, pHpzc is the pH at which the net charge of the surface is zero, σ0 is the charge
density, and the Ns is the total number of the sites per unit area. The pHpzc and β values of
SnO2 that we have adopted are 5.6 and 58.6, respectively.
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This model was used to determine the sensing characteristics of FET-type sensors
using ∆ψ. However, the conventional single-gate FET-type sensor has a significantly
low physical sensitivity limit of 59.14 mV/pH at room temperature, which limits pH
sensitivity [15,16]. Nevertheless, incorporating a dual-gate structure into the proposed
biosensor platform allows for high-performance detection beyond the physical sensitivity
limit through self-amplification via capacitive coupling. Figure 5 presents pH sensing
characteristics obtained using the fabricated biosensor. The transfer characteristics curves
with varying pH values (ranging between pH 3 and 10) in SG and DG operation modes
are shown in Figure 5a and b, respectively. To extract pH sensitivity, the change in ref-
erence voltage (VREF) based on a current reference (IR) of 1 nA for each gate operation
was calculated, as shown in Figure 5c. During the SG operation mode, the measured pH
sensitivity of 59.1 mV/pH did not surpass the physical sensitivity limit. However, in the
DG operation mode, the capacitive coupling between the two gate electrodes resulted in
self-amplification of sensitivity, leading to an enhancement in pH sensitivity to approxi-
mately 17.3 times higher, with a measured value of 1023.9 mV/pH. The self-amplification
capability of the proposed biosensor overcomes the FET-type sensor’s fundamental weak-
ness, enabling more precise detection of biomolecules that are difficult to detect with low
potential. Consequently, it was established that the proposed FET-type biosensor plat-
form allowed for high-performance detection operations that are essential for the accurate
detection of various biomolecules.
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3.4. Non-Ideal Effects of the Fabricated FET-Type Biosensor Platform

The sensing membranes in FET-type sensors are vulnerable to chemical damage during
sensing operations, which can result in reduced sensing performance. Even when an EGFET
structure is employed to protect the FET, the sensing membrane of the EG sensing unit may
still be exposed to the different chemicals that are used. Consequently, prolonged, repetitive
sensing operations can result in non-ideal phenomena, such as hysteresis and drift effects.
Hysteresis effects are commonly caused by the interaction between the surface and elec-
trolyte ions or the gradual transportation of ionic species in the sensing membrane [36,37].
In contrast, the drift effect occurs due to defects in the sensing membrane or permeation
of ionic species from the electrolyte through hopping or trap-limited transport [38,39]. To
verify the stability of the fabricated FET-type biosensor platform, hysteresis and drift effects
were evaluated using a pH solution. In the present study, we conducted hysteresis tests on
the SG and DG operation modes for 50 min by adjusting the pH value of the buffer solution
in the following pH loop: 7, 4, 7, 10, and 7. The hysteresis voltage (VH) was obtained by cal-
culating the VREF difference between the start and end points of the pH loop. Furthermore,
we carried out long-term repetitive sensing operations for 10 h while immersed in a pH 7
buffer solution to determine the drift rate (RD). Figure 6a and b depict the hysteresis and
drift effects of the fabricated device, respectively. The measured VH values in SG and DG
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operation modes were 3.7 and 36.2 mV, respectively, while the corresponding RD values
were 6.8 and 48.2 mV/h, respectively. We observed that capacitive coupling increased the
non-ideal effects; in addition, while the pH sensitivity was enhanced by 17.3 times, the
VH and RD were limited to only 9.7 and 7.1 times, respectively. These values were within
4.7% of the enhanced sensitivity and did not significantly affect the accuracy of the sensing
characteristics. Hence, the sensing characteristics of the fabricated FET-type biosensor
platform remained unaffected even after prolonged and repeated measurements. Table 2
summarizes the pH sensing characteristics of the biosensor. The results suggest that the
proposed biosensor is a high-performance platform that is capable of stable and reliable
sensing operations and has high sensitivity.
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Table 2. pH sensing characteristics of the fabricated FET-type biosensor platform.

Operation
Mode

Sensitivity
(mV/pH) VH (mV) RD (mV/h) VH to

Sensitivity
RD to

Sensitivity

SG 59.1 3.7 6.8 6.2% 11%
DG 1023.9 36.2 48.7 3.5% 4.7%

3.5. DA Sensing Characteristics of the Fabricated DA-Sensitive FET-Type Biosensor

To evaluate the practical utility of the fabricated device as a biosensor, we investigated
its sensing performance for DA, a catecholamine that acts as a neurotransmitter in the
body and is involved in various functions of the central nervous system [1–3]. Detecting
the electrochemical potential of DA with precision is challenging due to its extremely low
concentration in the body [9–11]. However, the fabricated FET-type biosensor platform has
the ability to effectively detect DA levels with high sensitivity, owing to its capacity for
self-amplification of minute potentials with accuracy. To make the EG-sensing membrane
suitable for detecting DA, a sequence of surface functionalization steps was carried out
using APTES, 4-CPBA, EDC, NHS, and MES, as illustrated in Figure 2. Additionally,
DA hydrochloride was dissolved in 1× PBS (pH 7.4) to prepare DA test solutions with
concentrations ranging from 10 fM to 1 µM to immobilize DA onto the DA-sensitive
membrane. Following immobilization, the DA sensing characteristics of the fabricated
device were assessed at each DA concentration by extracting the ∆VREF at 1 nA of IR.
The DA sensing characteristics of the DA-sensitive FET-type biosensor are presented in
Figure 7. Specifically, Figure 7a and b are the transfer characteristic curves as a function of
DA concentration for SG and DG operation modes, respectively. The low DA sensitivity
of 10.8 mV/log[DA] measured in SG operation mode increased by about 16.8 times to
181.6 mV/log[DA] through capacitive coupling in the DG operation mode, as shown
in Figure 7a. These results suggest that the proposed FET-type DA sensor is capable of
effectively detecting DA concentrations and can serve as an efficient biosensor platform that
exhibits high sensitivity for detecting small amounts of biomolecules via self-amplification.
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Figure 7. Transfer characteristics curves with varying DA concentration in (a) SG mode and (b) DG
mode. (c) DA sensitivity in SG mode and DG mode.

The DA sensitivities of the fabricated device were determined by exposing the sen-
sor to test solutions containing different concentrations of DA hydrochloride dissolved
in PBS solution. However, the PBS buffer solution contains other species, such as KCl,
NaCl, Na2HPO4, and KH2PO4, which may result in interference; this can impede the
transfer of DA potential to the sensing electrode [40,41]. Consequently, the DA sensing
characteristics of the sensor could be affected by the shielding effect of ions present in
the PBS buffer solution, leading to variations in sensitivity that depend on the buffer
concentration. DA sensitivities of the transducer during SG and DG operation modes
were 11.7 and 199.7 mV/log[DA], respectively (Figure 8a). Figure 8b and c illustrate the
dopamine sensitivities obtained by varying the concentration of PBS in SG and DG op-
eration modes, respectively. In SG operation mode, the dopamine sensitivities were 11.7,
14.8, and 23.5 mV/log[DA] at PBS concentrations of 0.1, 0.01, and 0.001×, respectively.
Meanwhile, in DG operation mode, the dopamine sensitivities increased to 199.7, 251.2, and
373.9 mV/log[DA] at the same PBS concentrations. The initial DA sensitivities under SG
and DG modes were 10.8 and 181.6 mV/[DA] at 1× PBS solution, which increased to 23.5
and 373.9 mV/log[DA] at 0.001× PBS solution, respectively. This was likely due to a reduc-
tion in the shielding effect of ions in the buffer solution as the PBS concentration decreased.
Table 3 summarizes the DA sensing characteristics of the fabricated device, showing an
extraordinary DA sensitivity of 373.9 mV/log[DA] achieved via self-amplification through
capacitive coupling. Thus, we verified that the fabricated DG FET-type biosensor platform
is capable of highly sensitive DA sensing using the capacitive coupling effect.

Biosensors 2023, 13, x FOR PEER REVIEW 10 of 12 
 

 

Figure 8. (a) DA sensitivity of SOI DG FET transducer with 0.1 M PBS in SG and DG operating 

modes. DA sensitivity as various PBS concentrations in (b) SG and (c) DG operating modes. 

Table 3. DA sensing characteristics of the fabricated DA-sensitive biosensor platform. 

PBS Concentration 
DA Sensitivity (mV/log[DA]) 

Amplification Ratio 
SG Mode DG Mode 

1× 10.8 181.6 16.8 

0.1× 11.7 199.7 17.1 

0.01× 14.8 251.2 16.9 

0.001× 23.5 373.9 15.9 

4. Conclusions 

In this study, we proposed a high-performance biosensor platform for DA detection. 

This biosensor comprised an FET transducer and EG sensing units. To improve the sensi-

tivity of the sensor, the transducer unit was fabricated using capacitively coupled top- and 

bottom-gate electrodes on an SOI substrate. We demonstrated that the sensitivity of the 

transducer can be enhanced by using SnO2 as a sensing membrane for pH detection. Using 

the capacitive coupling of the transducer, a high pH sensitivity of 1023.8 mV/pH was 

achieved, which exceeded the Nernstian limit. We also evaluated the stability and relia-

bility of the sensor platform by measuring non-ideal behaviors, including hysteresis and 

drift effect. For biosensor platforms for DA detection, the surface of SnO2 was functional-

ized as a DA-sensitive membrane using APTES, 4-CPBA, EDC, NHS, and MES. We eval-

uated the DA sensing characteristics by varying DA concentrations in 1× PBS solution. 

The fabricated device was able to detect low DA concentrations across a concentration 

range from 10 fM to 1 μM. By operating the sensor in the DG mode, we achieved a 16.8 

times increase in DA sensitivity, from 10.8 mV/log[DA] in SG operation mode to 180.6 

mV/log[DA]. We further improved the sensitivity by changing the concentration of the 

buffer solution, resulting in a remarkably high sensitivity of 373.98 mV/log[DA] at 0.001× 

PBS. Therefore, the proposed dopamine-sensitive FET-type biosensor platform is ex-

pected to be a highly applicable, high-performance sensor with stability and reliability, as 

well as high sensitivity, and could be useful in various biomedical applications, such as 

the detection of DNA, hormones, antibodies, antigens, enzymes, and viruses. 

Author Contributions: Conceptualization, T.-H.H. and W.-J.C.; Methodology, T.-H.H. and W.-J.C.; 

Software, W.-J.C.; Validation, W.-J.C.; Formal Analysis, T.-H.H. and W.-J.C.; Investigation, T.-H.H. 

and W.-J.C.; Resources, W.-J.C.; Data Curation, T.-H.H.; Writing—Original Draft Preparation, T.-

H.H.; Writing—Review & Editing, W.-J.C.; Visualization, T.-H.H.; Supervision, W.-J.C.; Project Ad-

ministration, W.-J.C.; Funding Acquisition, W.-J.C. All authors have read and agreed to the pub-

lished version of the manuscript. 

 

10−15 10−13 10−11 10−9 10−7 10−5

0.0

0.7

1.4

2.1

2.8

3.5  0.1× PBS

 00.1× PBS

 000.1× PBS

D
V

R
E

F
 (

V
)

DA concentration (M)

DG mode

373.9
 m

V/lo
g[D

A]

251.2 m
V/log[DA]

199.7 mV/log[DA]

10−15 10−13 10−11 10−9 10−7 10−5

0

50

100

150

200
 0.1× PBS 

 0.01× PBS

 0.001× PBS

D
V

R
E

F
 (

m
V

)

DA concentration (M)

SG mode

23.5
 m

V/lo
g[D

A]

14.8 mV/log[DA]

11.7 mV/log[DA]

10−15 10−13 10−11 10−9 10−7 10−5

0.0

0.5

1.0

1.5

2.0
0.1 × PBS

 SG mode

 DG mode

D
V

R
E

F
 (

V
)

DA concentration (M)

11. 7 mV/log[DA]

199.7 m
V/lo

g[D
A]

× 17.1 times

(a) (b) (c)

Figure 8. (a) DA sensitivity of SOI DG FET transducer with 0.1 M PBS in SG and DG operating modes.
DA sensitivity as various PBS concentrations in (b) SG and (c) DG operating modes.
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Table 3. DA sensing characteristics of the fabricated DA-sensitive biosensor platform.

PBS Concentration
DA Sensitivity (mV/log[DA])

Amplification Ratio
SG Mode DG Mode

1× 10.8 181.6 16.8
0.1× 11.7 199.7 17.1
0.01× 14.8 251.2 16.9

0.001× 23.5 373.9 15.9

4. Conclusions

In this study, we proposed a high-performance biosensor platform for DA detection.
This biosensor comprised an FET transducer and EG sensing units. To improve the sen-
sitivity of the sensor, the transducer unit was fabricated using capacitively coupled top-
and bottom-gate electrodes on an SOI substrate. We demonstrated that the sensitivity of
the transducer can be enhanced by using SnO2 as a sensing membrane for pH detection.
Using the capacitive coupling of the transducer, a high pH sensitivity of 1023.8 mV/pH was
achieved, which exceeded the Nernstian limit. We also evaluated the stability and reliability
of the sensor platform by measuring non-ideal behaviors, including hysteresis and drift
effect. For biosensor platforms for DA detection, the surface of SnO2 was functionalized as a
DA-sensitive membrane using APTES, 4-CPBA, EDC, NHS, and MES. We evaluated the DA
sensing characteristics by varying DA concentrations in 1× PBS solution. The fabricated
device was able to detect low DA concentrations across a concentration range from 10 fM
to 1 µM. By operating the sensor in the DG mode, we achieved a 16.8 times increase in DA
sensitivity, from 10.8 mV/log[DA] in SG operation mode to 180.6 mV/log[DA]. We further
improved the sensitivity by changing the concentration of the buffer solution, resulting in a
remarkably high sensitivity of 373.98 mV/log[DA] at 0.001× PBS. Therefore, the proposed
dopamine-sensitive FET-type biosensor platform is expected to be a highly applicable,
high-performance sensor with stability and reliability, as well as high sensitivity, and could
be useful in various biomedical applications, such as the detection of DNA, hormones,
antibodies, antigens, enzymes, and viruses.
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