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ABSTRACT Si-based electrolyte-gated transistors (EGTs) have been investigated to achieve high sensitivity
and a low detection limit (LOD). Here, a lumped-capacitive model was applied to analyze the influence of
receptor–target conjugates on the sensing performance. The voltage-related sensitivity is mainly determined
by the effective dipole potential (VDP,EFF ), the effective capacitance of the functionalization layer (CFN ,EFF ),
and the total charge density in the channel (QS ) related to the operating regime. In an n-type EGT, the
sensitivity is enhanced as the device is operated in the subthreshold regime with a positive VDP,EFF and a
small CFN ,EFF . The influence of the VDP,EFF and CFN ,EFF was experimentally evaluated by detecting the
peanut allergen (PA) using the fabricated n-type Si-EGTs. A higher sensitivity and a lower LOD could be
achieved in the subthreshold regimes than in the linear regime. These results suggest that the proposed model
is very useful to optimize the sensing characteristics of Si-based EGT for biosensing applications.

INDEX TERMS Capacitance, dipole moment, electrolyte-gated transistor, limit of detection, peanut
allergen, silicon nanonet.

I. INTRODUCTION
Ion-sensitive field-effect transistors (ISFETs) have been
investigated as promising diagnostic platforms for highly sen-
sitive label-free biosensing [1]–[3]. Si-based, carbon-based,
and organic ISFETs have been demonstrated to detect pH,
DNA, proteins, and other biomolecules [4]–[9]. Owing to
advances in fabrication technology, nanostructures have been
extensively adopted as a channel layer to enhance the sen-
sitivity and limit of detection (LOD) [10], [11]. In partic-
ular, Si-nanowires and organic/inorganic nanomaterial have
proven to be capable of realizing highly sensitive responses
with low power consumption [4]–[7]. However, a small
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channel area hosting a few bio-receptors requires more elab-
orate functionalization and the use of an external reference
electrode, which could be significant hurdles in the commer-
cialization of ISFETs.

Recently, electrolyte-gated transistors (EGTs) have been
developed to detect various biomolecules and diagnose infec-
tious diseases [9], [12]–[15]. A substantial advantage of
EGT stems from the use of a large area of the gate elec-
trode as the functionalized surface to ensure a high prob-
ability of receptor–target binding. The transfer ratio of the
gate voltage to the channel potential is mainly determined
from the capacitances at the gate/electrolyte, functionalized
receptor/electrolyte, electrolyte/oxide interfaces, and the gate
insulator [12], [13]. In addition to the capacitances, the
receptor–target conjugate on the gate electrode induces a
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surface dipole that can change the work function (φm) of the
underlying material [14], [15].

To date, most EGTs have been fabricated and analyzed
using conducting polymer films as their channel materials.
Even though significant progress has been made in organic
EGTs, these devices suffer from deformation and reliability
issues compared to Si-based ISFET technology [16], [17].

Here, Si-nanonet (SiNN) EGTs were fabricated and char-
acterized to achieve high sensitivity and low LOD values.
A lumped-capacitive model was established to analyze the
effects of receptor–target conjugates on the sensing perfor-
mance. The sensitivity is significantly dependent on the sur-
face dipoles, capacitance, and operation regime. Experiments
were conducted on the detection of the peanut allergen (PA)
to confirm the validity of the model and to extract the relevant
dipole and capacitance components.

II. MATERIALS AND METHODS
A. DEVICE FABRICATION
SiNN EGTs were fabricated on an 8-inch silicon-on-insulator
(SOI) wafer (boron-doped, ∼10 �·cm) with a 100 nm top-Si
layer and a 400 nm buried oxide (BOX) layer using a top-
down technique. Fig. 1 shows a schematic of the fabrication
process flow of the SiNN EGTs. The active regions including
the source, drain, and channel regions were formed using
conventional photolithography and an inductively coupled
plasma reactive ion etching (ICP-RIE) process. Then, As ions
with a dose of 2 × 1015/cm2 were implanted into the source
and drain regions, followed by rapid thermal annealing (RTA)
at 1000 ◦C for 20 s. Next, a 5-nm-thin SiO2 gate oxide
was thermally grown using a wet oxidation process. Then,
a 50/500 nm Ti/Ag layer was deposited using an e-beam
evaporator and patterned using a conventional lift-off pro-
cess to form contact pads, a gate electrode, and transmis-
sion lines. Finally, an SU-8 passivation layer was formed,
except for at the channel, contact pads, and gate electrode
regions.

Fig. 1(f) shows an optical image of the fabricated SiNN
EGT in which the areas of the gate electrode and the channel
are ∼300 × 300 µm2 and ∼10 × 10 µm2, respectively.

B. DEVICE FUNCTIONALIZATION
Thermal stable-soluble proteins (TSSPs) includingAra h1-h3
were used as the PA samples [18]. First, 1 g of roasted
peanuts were finely ground and mixed with 10 mL carbonate
buffer (0.1 M, pH 9.6). After being placed in boiling water
for 15 min, the mixture was cooled to room temperature,
followed by centrifugation at 3000 rpm at 4 ◦C for 15 min.
The supernatant containing TSSP was filtered throughWhat-
man No. 1 filter paper and dialyzed in phosphate-buffered
saline (PBS) twice daily for 3 days.

The IgG monoclonal antibody (Mab) was developed
through cell fusion and cell cloning using TSSPs as an
immunogen. The Mab was treated with papain to obtain a
fragment antibody binding (Fab), a binding site for an antigen

FIGURE 1. (a)–(e) Fabrication process flow of EGT and (f) optical image of
fabricated EGT.

on the Mab. After purification using a protein G column, PA
antibodies that could selectively detect PA were successfully
created.

A series of chemical treatments for PA antibody immobi-
lization were simultaneously performed on the gate electrode
and channel surface. First, the EGT devices were cleanedwith
ethanol and distilled water (DIW), followed by UV–ozone
treatment for 1.5 min. Next, the devices were exposed to
vaporized 3-aminopropyltriethoxysilane (APTES) for 1 min
at 50 ◦C to form an amine group (−NH2) on the surface
of the gate electrode and the channel. Then, the amine-
functionalized device was dipped in a 2.5% glutaralde-
hyde (GA) solution (1 × PBS) for 90 min to generate an
aldehyde-terminated surface (−CHO). Finally, a 200 µg/mL
PA antibody solution was dropped onto the devices and incu-
bated under humid conditions for 1 h in a homemade reaction
chamber.

To visualize and compare the density of functionalization
on the gate electrode and the channel, gold nanoparticle
(AuNP)-conjugated targets were monitored using scanning
electron microscopy (SEM) images. Due to the limitation of
conjugation of PA and AuNPs, streptavidin was used as a
receptor and biotin with AuNPs was used as a target. The
APTES and GA treatments before antibody immobilization
were the same as those used for PA detection. Streptavidin
(1 mg/mL) was reacted for 2 h, and biotin conjugated with
AuNPs with a diameter of 10 nm was treated for 2 h.

C. ELECTRICAL MEASUREMENT
The electrical performance of the fabricated SiNN EGTs
was characterized using a semiconductor parameter analyzer
(Keithley 4200SCS, USA) at room temperature.

The drain current (ID) was measured while the gate voltage
(VG) was swept from 0 V to 0.8 V to obtain a transfer
curve (ID vs. VG). The drain (VD) and source (VS) voltages
were always connected to constant voltages of 0.1 V and
0 V, respectively. The sensing responses were analyzed using
transfer curves with various PA concentrations in the range
of 10 pg/mL–1 mg/mL. A fixed volume of 20 µL and an
incubation time of 20 min were used for PA binding to the
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FIGURE 2. Schematic and equivalent circuit of EGT (a) after receptor
immobilization and (b) after receptor–target binding.

antibody. After rinsing with deionized (DI) water, the devices
were characterized in 0.01 × PBS solution.

III. RESULTS
A. ANALYTICAL MODELING
Understanding the detection mechanism related to the
device’s parameters is essential for improving the sensing
response. The gate voltage and the threshold voltage in the
FET operation are generally given by

VG = VFB + ϕS −
QS (ϕS)
COX

= VFB + ϕS +
1

COX
·

∫ ϕS

0
CSdϕS (1)

VTH = VFB + 2ϕB −
QS (2ϕB)
COX

(2)

where VG is the gate voltage, VFB is the flatband voltage, ϕS
is the surface potential, QS is the area density of the total
charges in the channel, COX is the capacitance per unit area
of the gate oxide, CS is the capacitance per unit area of the
channel, VTH is the threshold voltage, and ϕB is the difference
between the Fermi potential and the intrinsic potential. QS is
the sum of the depletion charge (QD) and inversion charge
(QI ) [19], [20].

The voltage-related sensitivity (SV ) is defined as the volt-
age difference before and after the binding event at a fixed ID
value, given by [21]

SV = VG,RCP − VG,RCP−TRG (3)

where VG,RCP and VG,RCP−TRG are the gate voltages at a
specific ID after receptor immobilization and the binding
events, respectively.

Fig. 2 shows an equivalent circuit model for the sensing
device. The functionalized layer consists of three different

FIGURE 3. SEM images of AuNPs (diameter: 10 nm) on (a) the SiNN
channel and (b) the gate electrode with the same functionalization.

capacitances (per unit area): the capacitance of the linker
composed of APTES and GA (CLK ), the capacitance of the
receptor (CRCP), and the capacitance of the target (CTRG).
The binding factor α is defined as the ratio of the receptor
sites bound with the target molecules to the total receptor
sites (0 ≤ α ≤ 1). The case after receptor immobilization is
represented as α = 0. α is generally expressed by a logistic
Hill equation for binding analysis [22], [23]:

α =
NRCP−TRG
NRCP

=
[TRG]n

(K + [TRG]n)
(4)

where NRCP−TRG is the density of receptor–target conjugates,
NRCP is the density of total immobilized receptors, [TRG] is
the concentration of the target in the electrolyte, K is related
to the dissociation constant of the receptor–target reaction,
and n is a slope factor that indicates the cooperativity of
target binding. The condition of n < 1 indicates a negative
cooperativity, in which the first target bound on the recep-
tor limits the second target approaching the other unreacted
receptor [22], [23].

After introducing the receptor and/or the receptor–target
conjugates, the surface can be electrically modeled using
the dipole moment and coupled capacitance, as shown in
Fig. 2(b) [12]–[15]. On the gate electrode and channel sur-
face, the dipole moment generates the dipole potential (VDP)
as follows [14], [15]:

VDP =
NRCP−TRG · PDP

εDP
=
α · NRCP · PDP

εDP
(5)

where PDP is the perpendicular component of the dipole
moment, and εDP is the permittivity of the dipole layer.
Depending on the type of receptor and target, PDP has either
a positive or negative value. In addition, VDP is linearly
proportional to NRCP−TRG. Assuming that the same α both
on the gate electrode and the channel, a higher NRCP induces
a larger VDP. The effective dipole potential, VDP,EFF , is given
by

VDP,EFF = VDP,GT + VDP,CH (6)

whereVDP,GT andVDP,CH are the dipole potentials at the gate
electrode and channel, respectively. Both dipoles on the gate
electrode and the channel have opposite polarity owing to the
opposite direction of functionalization.

To analyze the effect of VDP,GT and VDP,CH on VDP,EFF ,
SEM images of AuNPs on the gate electrode and the chan-
nel with the same functionalization are compared in Fig. 3.
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Most of AuNPs were placed along the grain boundary of the
gate electrode. The density of AuNPs on the gate electrode
was 5–10 times larger than that on the channel. A larger
density of the AuNPs implies a higher NRCP−TRG and NRCP,
followed by a higher VDP according to (5). Thus, VDP,GT
is the dominant factor affecting VDP,EFF for the fabricated
devices.

VDP,EFF ∼= VDP,GT (7)

A positive VDP,EFF implies that the net electric field of the
dipole layers is formed toward the gate electrode. To main-
tain the potential of the channel for the same ID, a positive
VDP,EFF should be eliminated by decreasing VG, followed
by a decrease in VFB [14], [15]. Thus, VDP,EFF can directly
affect VFB, resulting in a shift of the transfer curve laterally
according to (1). This equation is denoted as

VDP,EFF = VFB,RCP − VFB,RCP−TRG (8)

where VFB,RCP and VFB,RCP−TRG are the flat-band voltages
after receptor immobilization and after receptor–target bind-
ing, respectively.

The receptor–target conjugate can be expressed as a series
of combinations of CRCP and CTRG. The capacitance of
the unbounded receptor can be denoted as (1− α)ACRCP,
where A is the surface area. Then, the overall capacitance of
the functionalization layer (CFN ), including all capacitances
from the oxide surface to the gate electrode, can be expressed
as follows:

CFN =

 1
CLK ,CH

+
ACH

AGT · CLK ,GT

+
1

α
1

CRCP,CH
+

1
CTRG,CH

+ (1− α) ·CRCP,CH

+
ACH

α·AGT
1

CRCP,GT
+

1
CTRG,GT

+ (1− α) · AGT · CRCP,GT


−1

(9)

where CRCP,GT and CRCP,CH are the receptor capacitances
per unit area at the gate electrode and the channel, respec-
tively; CTRG,GT and CTRG,CH are the target capacitances per
unit area at the gate electrode and the channel, respectively;
and AGT and ACH are the surface areas of the gate electrode
and channel, respectively.

The relationship betweenVG and ϕS after receptor immobi-
lization and after receptor–target binding is given below [24]:

dVG,RCP
dϕS,RCP

= 1+ CS

[
1

COX
+

1
CFN (α = 0)

]
(10)

dVG,RCP−TRG
dϕS,RCP−TRG

= 1+ CS

[
1

COX
+

1
CFN (α > 0)

]
(11)

where ϕS,RCP and ϕS,RCP−TRG are the surface potentials after
receptor immobilization and after target binding, respectively,
and CS is the channel capacitance per unit area.

FIGURE 4. Dependence of CFN,EFF as a function of α with different
CTRG,CH and CRCP,CH values.

Before and after the binding event, VG can be rewritten by
integrating (10) and (11) and by adding VFB, as follows:

VG,RCP = VFB,RCP + ϕS

+

[
1

COX
+

1
CFN (α = 0)

]
·

∫ ϕS

0
CSdϕS

(12)

VG,RCP−TRG = VFB,RCP−TRG + ϕS

+

[
1

COX
+

1
CFN (α > 0)

]
·

∫ ϕS

0
CSdϕS

(13)

Because SV is calculated at a fixed ID or the same
ϕS after receptor immobilization and after receptor–target
binding, the expression for SV in (3) is rewritten by
subtracting (13) from (12) as follows:

SV = VFB,RCP − VFB,RCP−TRG

+

[
1

CFN (α = 0)
−

1
CFN (α > 0)

]
·

∫ ϕS

0
CSdϕS

(14)

Let the effective overall capacitance of the functionaliza-
tion layer, CFN ,EFF , be

CFN ,EFF =
[

1
CFN (α = 0)

−
1

CFN (α > 0)

]−1
(15)

Then, using (9) and considering ACH /AGT =∼10−3 for the
fabricated device,

CFN ,EFF =

ACH
AGT
·

1(
1
α
− 1

)
· CRCP,CH + 1

α
· CTRG,CH

+
1(

1
α
− 1

)
· CRCP,CH + 1

α
· CTRG,CH

−1

∼=

(
1
α
− 1

)
· CRCP,CH +

1
α
· CTRG,CH (16)
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FIGURE 5. Calculated SV dependency with varying QS related to
operation regime for an n-type EGT, where VDP,EFF = −100, −50, 50, and
100 mV and CFN,EFF = 0.5 and 5 µF/cm2. Inset: SV vs. Qs for a p-type EGT.

Fig. 4 shows the CFN ,EFF variation as a function of α with
CRCP,CH = 0.5, 5 µF/cm2 and CTRG,CH = 0.5, 5 µF/cm2,
respectively. The CFN ,EFF values are strongly dependent
on α, and at least one order of magnitude of CFN ,EFF is
changed for 0.05 < α < 1. In addition, a lower CTRG,CH
with a higher CRCP,CH generates more variation in CFN ,EFF ,
as shown in Fig. 4.

Using (4), CFN ,EFF can be calculated as follows:

CFN ,EFF =CTRG,CH+(CTRG,CH+CRCP,CH )
K

[TRG]n
(17)

Finally, SV can be expressed as follows:

SV = VDP,EFF +
QS

CFN ,EFF
(18)

Thus, the values of VDP,EFF , CFN ,EFF , and QS affect the
sensitivity. Fig. 5 shows the SV dependence on the operation
regime with different VDP,EFF , CFN ,EFF values in an n-type
EGT using (18). The polarity of VDP,EFF determines the
direction of the shift in the transfer curve after the binding
event. For an n-type EGT (QS < 0), a positive VDP,EFF
decreases VFB and VTH , causing the ID–VG curve to shift
toward a negative VG direction, followed by a positive SV .
Lower values of CFN ,EFF lead to a decrease in SV because
of the negative QS . In addition, the subthreshold regime
(VG < VTH ) provides a higher SV compared with the linear
regime (VG > VTH ) owing to a smaller QS . In contrast, neg-
ative values of VDP,EFF provide a higher absolute sensitivity
with a smaller CFN ,EFF in the linear regime.

B. PA DETECTION WITH SENSITIVITY ANALYSIS
Peanut allergen (PA) detection was conducted using the fabri-
cated n-type SiNN EGT to evaluate the SV characteristics rel-
evant toVDP,EFF andCFN ,EFF . Fig. 6(a) shows representative

FIGURE 6. (a) Representative transfer curves of the SiNN EGTs with [PA],
(b) average SV with various ID and [PA]. The solid lines are fitted lines of
SV vs. [PA] with a range of 10 pg/mL–1 mg/mL PA (black: ID = 100 pA,
blue: ID = 10 nA, cyan: ID = 1 µA).

transfer curves of the device with different PA concentra-
tions ([PA]). Initially, the device shows a typical n-type FET
behavior and has excellent electrical characteristics including
a low VTH of ∼0.58 V, a low SS of ∼70 mV/dec, a low
gate leakage current of <10 pA, and a high on/off current
ratio of ∼107. When the device was exposed to PA, the curve
shifted toward the negative VG direction, and a degradation
of SS was observed. The degradation of SS is mainly caused
by the change in CFN due to receptor–target binding [25]:

SS =
[
d (log10 ID)

dVG

]−1
=

2.3kT
q

[
1+ CD

(
1

COX
+

1
CFN

)]
(19)

where kT/q is the thermal voltage, and CD is the depletion
capacitance. As SS increases, a larger VG is required to
achieve the same ID value. From (9) and (19), a higher α
causes a decrease in CFN , followed by a degradation of SS.

Fig. 6(b) shows the extracted SV as a function of [PA] with
different ID values. The fitted curve is a logistic equation
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FIGURE 7. Representative graph of |QS | vs. SV depending on [PA]. Solid
lines are fitted lines of |QS | vs. SV at each [PA].

that is widely applied at a nonlinear relationship between the
output response and analyte concentration [22], [23], [26].
The dynamic range of the device was more than four orders of
magnitude in the range of 100 pg/mL to 1 µg/mL. The opera-
tion in the subthreshold regime provides a slightly higher SV
compared to that in the linear regime. For example, 10% of
SV was enhanced at 1 mg/mL PA as ID decreased from 1 µA
(linear regime) to 100 pA (subthreshold regime).

Fig. 7 shows the SV versus QS characteristics for different
[PA] values. QS is calculated using (1) and (2). The positive
values of VDP,EFF are obtained from the y-intercept and
are clearly proportional to [PA] according to (18). A higher
SV in the subthreshold regime matches well with the case
of VDP,EFF > 0. The extracted CFN ,EFF values from the
reciprocal of the slope are independent of VG and are affected
only by [PA].

Fig. 8 shows the extracted VDP,EFF and CFN ,EFF as a
function of the logarithm of [PA]. The logistic calibration
curve of VDP,EFF was obtained as VDP,EFF = 143.82 ×
[PA]0.35/(1.84× 10−3+ [PA]0.35). Then, using (4) and (5), α
can be calculated as α = [PA]0.35/(1.84 × 10−3 + [PA]0.35)
with K = 1.84 × 10−3 and n = 0.35, where n < 1 indicates
a negative cooperativity of the PA binding. The increase in
VDP,EFF for higher [PA] is due to the increase in α.
CFN ,EFF with the extracted K and n values is fitted as

CFN ,EFF = 2.5×10−6+1.13×10−8× [PA]−0.35 using (17).
The extracted CTRG,CH and CRCP,CH values are 2.5 µF/cm2

and 3.65 µF/cm2, respectively. A higher PA increases the
binding factor α, followed by a decrease in CFN ,EFF .

Fig. 9 shows the variation in SV ,VDP,EFF , andQS /CFN ,EFF
with different [PA] values. In the PA detection, the sum of
the positive VDP,EFF and negative QS /CFN ,EFF produces the
overall SV in n-type EGTs. The influence of QS /CFN ,EFF on
SV becomes profound as [PA] increases and/or the device is
operated in the linear regime.

The LOD is another critical parameter for detecting a
specific biomolecule. The 3-sigma method has been widely

FIGURE 8. (a) VDP,EFF and (b) CFN,EFF for various [PA], which are
extracted from Fig. 7. The solid lines are fitted lines in an x-axis range of
10 pg/mL–1 mg/mL of [PA].

FIGURE 9. Normalized SV , VDP,EFF , and QS/CFN,EFF divided by VDP,EFF
depending on operation regimes for various [PA] values.

applied to calculate the LOD, which is the extracted [PA] at
which the SV is equal to three times the standard deviation
of SV in a blank sample without PA [27], [28]. Fig. 10 shows
the calculated LODs for different operation regimes. LODs
were calculated to be as low as 70, 90, and 130 pg/mL for
ID = 100 pA, 10 nA, and 1 µA, respectively. The LOD in the
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FIGURE 10. LOD extraction with the 3-sigma method at various operation
regimes. The solid line is a fitted line of SV vs. [PA]. Inset: lower points
with error bars are the SV values of blank replicates with different
regimes, and the upper points are the SV values calculated from the
3-sigma method.

subthreshold regime (ID = 100 pA) was∼2 times lower than
that in the linear regime (ID = 1 µA).

IV. CONCLUSION
Wepresented the influence of receptors and targets on sensing
characteristics using analytical modeling and verified this
model by detecting peanut allergens with SiNN EGTs. Using
a lumped capacitor model, the dipole moment VDP,EFF and
the capacitance CFN ,EFF due to the receptor–target binding
on the surface of the device and the operation regime were
found to be crucial to achieving high sensing performance.
When VDP,EFF > 0, the operation in the subthreshold regime
can provide a better sensitivity, which is enhanced as the
CFN ,EFF values increase. When VDP,EFF < 0, the device
needs to be operated in the linear regime for higher sensi-
tivity with smaller CFN ,EFF values. From the experimental
results of PA detection, VDP,EFF , CFN ,EFF were successfully
extracted as a function of the PA concentration. The PA
sensitivity with VDP,EFF > 0 was higher in the subthreshold
regime (VG < VTH ) than in the linear regime (VG > VTH ).
In addition, the lowest LOD of 70 pg/mL is achieved in the
subthreshold regime. These results confirm that the proposed
model is utilized to optimize the sensing characteristics of
Si-based EGT for numerous applications in highly sensitive,
highly reliable, and disposable biosensors.
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