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ABSTRACT

Field-effect transistor (FET)-based sensors allow rapid, label-free electrical detection of chemical and biological species and are easy to use.
Dual-gate FET-based biosensors enable sensitive detection with high intensity signal by their distinctive structure based on a combination of
solid and liquid gates. However, the underlying mechanism of signal amplification to explain the experimental results has not been well
explained with theoretical analysis. In this work, a theoretical approach based on device physics is used to interpret the signal enhancement
in dual-gate FET-based biosensors. The analysis is verified with a simulation method for pH sensors based on a well-established
commercialized semiconductor 3D technology computer-aided design simulation. The pH sensing parameters are comprehensively
investigated as a function of the electrical characteristics of dual-gate FETs: the voltage, current, and normalized current signals are directly
correlated with capacitive coupling, transconductance, and subthreshold swing, respectively. Our theoretical analysis provides design
guidelines for sensitive dual-gate FET-based biosensors.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0010136

INTRODUCTION

Field-effect transistor (FET)-based sensors have received much
attention in the biomedical field due to their attractive merits.
Label-free electrical detection of biomolecules with FET-based
sensors allows not only fast and simple analysis without labeling
processes but also high portability due to the integration of sensors
with compact electrical readout circuits. The sensors are sensitive
to the electrical charges of analytes, which provide a broad range of
biomedical applications: pH sensing,1–4 detection of proteins1,5–7

and DNA,8,9 and monitoring of cell activity.10–12 When FET-based
biosensors are fabricated in low-dimensional structures such as
nanowires and nanoribbons, their high surface-to-volume ratio
enhances the sensitivity with a low limit of detection.

Dual-gate FET-based biosensors have been introduced for
further signal amplification by simple structural modification.6,13–21

In addition to a sweeping (or driving) gate to measure the voltage
signal, a biasing (or supporting) gate for the sensor to operate in a
sensitive region is additionally integrated to make a dual-gate struc-
ture. As this dual-gate structure originated from thin-film
silicon-on-insulator (SOI) FETs, the back-gate effect on SOI FETs
can explain how the additional gate affects the electrical

characteristics of dual-gate FET-based biosensors.22–25 In the dual-
gate structure, the voltage signal induced on the side of the biasing
gate is amplified as the threshold voltage change, which is mea-
sured with the sweeping gate by the capacitive coupling between
the two gates. Go et al. conducted a pioneering work on the analyt-
ical theory for signal amplification in dual-gate FET-based biosen-
sors to explain experimental results.26 They concluded that a
dual-gate FET-based biosensor provides a better signal-to-noise
ratio, compared to a single-gate counterpart, if the instrumentation
noise is the dominant factor and defines the lower limit of the
sensor performance. Although previous studies provide theoretical
analyses on the signal amplification of FET-based biosensors,27–29 a
comprehensive analysis to correlate the electrical characteristics
with the sensing parameters (i.e., voltage, current, and normalized
current signals) of dual-gate FET-based biosensors has not been
fully performed yet. In this work, we provide a systematic analysis
on the sensing parameters to explain the signal amplification in
dual-gate FET-based biosensors. We investigate the effects of
biasing conditions and device geometry of dual-gate FETs on the
sensing parameters. Our analysis is based on the physics of semi-
conductor devices and technology computer-aided design (TCAD)
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simulations. The 3D TCAD simulation for FET-type pH sensors, a
proof-of-concept demonstration for biosensors to detect charged
biomolecules, has advantages in easy control of the geometry and
biasing conditions to study the operation of biosensors.30 We
address how the electrical characteristics such as capacitive cou-
pling, transconductance, and subthreshold slope correlate with the
sensing parameters to provide design guidelines for highly sensitive
biosensors, as summarized in Table I.

RESULTS AND DISCUSSION

Figure 1 shows a typical structure of dual-gate FETs. A liquid
gate (or reference electrode) dipped into a buffer solution is

combined with a back-gated device where a silicon nanowire or
nanoribbon is implemented on the silicon-on-insulator (SOI) wafer
and the bottom substrate serves as a bottom gate. Either the liquid
gate or the bottom gate is used as a sweeping gate and the other is
used as a biasing gate. The Si channel can be replaced with other
semiconductor materials such as carbon nanotubes,31,32 gra-
phene,9,33 In2O3 nanowires,34 and MoS2.

35 Note that a top-gate
dielectric (i.e., SiO2, Al2O3, or HfO2) is formed on top of the
silicon channel to prevent a leakage current from directly flowing
through the buffer solution. At the same time, the top-gate dielec-
tric is used as a pH-sensitive layer, leading to a change in the
surface potential depending on the pH value. Both the liquid gate
and bottom gate can modulate the drain current (ID) flowing
through the silicon channel from the drain to the source. The elec-
tric field generated from the bottom gate is transferred to the
silicon channel through the buried oxide (BOX); thus, the electron
carriers in the channel are controlled via the field effect. Similarly,
the voltage applied to the liquid gate determines the electric poten-
tial of the buffer solution in contact with the top-gate dielectric,
and thus the electron concentration is modulated. The simulation
method for a dual-gate FET is similar to that reported in our previ-
ous study;30 the simulation method is described in detail in the
Methods section and in the supplementary material. Briefly, we set
the length, width, and thickness of a p-type silicon nanowire with a
doping concentration of 1015 cm−3 to 1 μm, 200 nm, and 30 nm,
respectively. The device may operate in the fully depleted mode
because the top silicon thickness is much smaller than the depletion
width of the channel. The thicknesses of the BOX were 100, 300,
and 500 nm to investigate the structural effect on the sensitivity. An
ionic solution (i.e., phosphate-buffered saline, PBS) was modeled as
an intrinsic semiconductor material by considering the ionic concen-
tration and valance of the ions in the ionic solution. The values of
the surface charge densities on the SiO2 surface for each pH value
were calculated using the site-binding model (SBM) to describe the
electrical characteristics of the electrolyte.2,36 The dual-gate FET
exhibits typical n-type characteristics where the threshold voltage,
subthreshold swing, and on–off ratio are tuned by varying the liquid-
gate voltage (VLG) as shown in Figs. 2(a)–2(f).

To investigate the pH sensing performance, we observed the
changes in the electrical characteristics of a dual-gate FET in buffer
solutions with different pH values in the simulation. As the pH
value decreases from 8 to 6, the portion of the high-current regime
represented by a reddish color increases, which indicates an
increase in the conductance of the dual-gate FET for the given VBG

and VLG at a lower pH value [Figs. 2(g)–2(i)]. In a solution with a
lower pH value, the higher concentration of H+ ions in the buffer
solution increases the positive charge density on the pH sensing
layer (i.e., SiO2), which attracts the electrons in the silicon channel
and increases the drain current. For a quantitative analysis of the
pH response affected by the operation condition of dual gates, we
defined the pH responsivity (or voltage parameter) as the gate
voltage (or threshold voltage) needed to restore the drain current
upon a change of one pH unit, which is expressed with the unit
mV/pH. To calculate the pH responsivity, we first extracted
the threshold voltages for pH 6, 7, and 8 as shown in Figs. 3(a)
and 3(b), and then differentiated the threshold voltages with
respect to pH, where the threshold voltage (VT) is defined as the

TABLE I. Summary of related equations between sensing parameter and device
characteristics of dual-gate FET-based biosensors.

Sensing parameter Device characteristics Related equation

ΔVT,BG
CLG
CBG

ΔVT ,BG ¼ CLG
CBG

ΔVT,LG

ΔID gm,LG ΔID = gm,LGΔVT,LG

ΔID
ID

SSLG log 1þ ΔID
ID0

� �
¼ ΔVT ,LG

SSLG

FIG. 1. Schematic of a typical dual-gate FET consisting of liquid gate and
bottom gate, which control the potential of the silicon channel through buffer sol-
ution/top dielectric and buried oxide (BOX), respectively. The thicknesses of the
top dielectric, top Si, and BOX are 3 nm, 30 nm, and 300 nm, respectively. The
doping concentration of the p-type top Si is 1015 cm−3.
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gate voltage required to cause the drain current of 10 nA. Because
there are two gates in a dual-gate FET, the pH responsivity can be
measured using either the liquid gate or the bottom gate sweeping
while a constant voltage is applied to the other gate. When the
liquid gate is employed as the sweeping gate to sense the pH
change, the pH responsivity is slightly increased by ∼10% by the

bottom-gate voltage, with a value below 60mV/pH at room tem-
perature, which is known as the Nernst limit [Fig. 3(c)]. A slight
increase in the pH responsivity by the bottom-gate voltage was also
observed for other BOX thicknesses (100 nm and 500 nm). This
result is attributed to a change in the capacitive coupling between
the liquid gate and channel by the bottom gate, which is discussed

FIG. 2. Simulated drain current (ID)–liquid-gate voltage (VLG) characteristics of the dual-gate FET with buffer solutions of (a) pH 6, (b) pH 7, and (c) pH 8. The ID–VLG
curve and threshold voltage are shifted by the voltage applied to the bottom gate (VBG). Simulated ID–VBG characteristics of the dual-gate FET with buffer solutions of (d)
pH 6, (e) pH 7, and (f ) pH 8. The ID–VBG curve and threshold voltage are shifted by VLG. The two-dimensional map of ID as a function of VLG and VBG at (g) pH 6, (h)
pH 7, and (i) pH 8. Note that the BOX thickness is 300 nm.
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in detail in the supplementary material. In contrast, the pH respon-
sivity can increase beyond the Nernst limit (60 mV/pH) when the
bottom gate is utilized as the sweeping gate [Fig. 3(d)]. Moreover,
the pH responsivity measured with the bottom gate improves as
the liquid-gate voltage increases. This result shows that the
enhanced pH responsivity beyond the Nernst limit is a distinctive
feature of dual-gate FETs observed in a variety of devices composed
of nanowires,3,14 nanoribbons,15,18,37 and nanowire–nanoplate
structures.17

In the dual-gate FET structure, the behavior of the pH respon-
sivity can be explained by the capacitive coupling between the
liquid/bottom gates and channel because the electric potential
induced by the pH solution at the liquid-gate side is capacitively
coupled to the bottom gate via the channel.6,13,14,18 When the
capacitive coupling between the liquid gate and channel (CLG)
increases or the capacitive coupling between the bottom gate and
channel (CBG) decreases, the pH change at the liquid-gate side is
amplified by the improved coupling ratio (CLG/CBG) to the voltage
signal at the bottom gate. Specifically, the coupling ratio increases
as the liquid voltage increases, as shown in Fig. 3(e). A high liquid

voltage causes a high value of CLG, i.e., capacitive coupling between
the liquid and channel, by forming an electron channel close to the
insulator/electrolyte interface. As shown in Figs. 3(d) and 3(e), the
pH responsivity and coupling ratio simultaneously increase as the
liquid-gate voltage increases. Here, the capacitive coupling ratio
(CLG/CBG) was obtained from a slope dVBG/dVLG in the two-
dimensional map of the drain current (ID) as a function of VLG

and VBG for pH 7 [Fig. 2(h)] at the threshold voltage condition
(ID = 10 nA). Note that Go et al. derived analytical equations for
the capacitive coupling ratio between the liquid and bottom gates
under various bias conditions,26 which are well fitted with our
TCAD results (Fig. S3 in the supplementary material). Figure 3(f )
directly shows the linear relationship between the pH responsivity
and capacitive coupling ratio with a slope of 52 mV/pH, which is
close to the value of the pH responsivity measured with the liquid
gate. The pH response at the liquid-gate side is amplified by the
coupling ratio of the liquid and back gates to the high signal. Thus,
the voltage signal at the back gate (ΔVT,BG) can be written as
ΔVT,BG = (CLG/CBG) ⋅ ΔVT,LG, where ΔVT,LG is the pH-induced
change in the potential at the liquid-gate side (Table I). This pH

FIG. 3. (a) Threshold voltage measured by the liquid gate (VT,LG) as a function of the pH value for various values of VBG. (b) Threshold voltage measured by the bottom
gate (VT,BG) as a function of the pH value for various values of VLG. The blue dashed lines shown in (a) and (b) indicate the linear regression lines for the data, where the
slope is the pH responsivity with the unit mV/pH. (c) pH responsivity measured by the liquid gate as a function of VBG. (d) pH responsivity measured by the bottom gate
as a function of VLG. (e) Capacitive coupling ratio (CLG/CBG) as a function of VLG. ( f ) pH responsivity measured by the bottom gate vs CLG/CBG. The blue dashed line is a
linear fit through the data, showing a linear relationship with a slope of 52 mV/pH. Note that the BOX thickness is 300 nm.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 128, 184502 (2020); doi: 10.1063/5.0010136 128, 184502-4

Published under license by AIP Publishing.

https://www.scitation.org/doi/suppl/10.1063/5.0010136
https://www.scitation.org/doi/suppl/10.1063/5.0010136
https://aip.scitation.org/journal/jap


responsivity can be easily controlled by the capacitive coupling
ratio (CLG/CBG), which is a function of the biasing condition and
geometry.

Figure 4(a) shows the two-dimensional map of the current
change (ΔID) after the pH value increases from 6 to 8. The poten-
tial change caused by the pH change at the liquid-gate side is trans-
duced to the current signal through the field effect. Because the
pH-induced potential can be equivalently considered the liquid-
gate voltage, it is inferred that the current change due to the pH
change increases when the drain current is significantly modulated
by the liquid-gate voltage. To verify this hypothesis, we obtained
the transconductance (gm,LG = dID/dVLG), representing how much
the drain current is modulated by the liquid-gate voltage, and com-
pared it with the current change (ΔID). The two-dimensional map
of the transconductance (gm,LG) shown in Fig. 4(b) has a similar
contour and shape as that of the current change (ΔID) shown in
Fig. 4(a). The plot of the current change as a function of the

transconductance shown in Fig. 4(c) was obtained from the pairs
(gm,LG, ΔID) where gm,LG and ΔID are the values at each of
(VLG, VBG) in Figs. 4(a) and 4(b), respectively. Figure 4(c) shows
the linear dependence between the transconductance and current
change. The current change shows a maximum value when the
transconductance is also maximized. Because high mobility leads to
high transconductance, it is expected that a high-current signal
from the dual-gate FETs can be obtained with mobility engineering
or the selection of high mobility channel materials.38 The slope of
107 mV between the transconductance and current change is
similar to the value calculated from the pH responsivity in Fig. 3(f)
and the pH difference as 52 mV/pH × pH 2 = 104mV. This result
indicates that the current change induced by the pH difference is
also correlated with the pH response at the insulator/electrolyte
interface. From the results in Fig. 4(c), the current signal (ΔID) can
be written as ΔID = gm,LG ΔVT,LG, where ΔVT,LG is the pH-induced
change in the potential at the liquid-gate side (Table I).

FIG. 4. (a) and (b) Two-dimensional map of the change in the drain current (ΔID) from pH 6 to pH 8 and transconductance measured by the liquid gate (gm,LG) at pH 7
as a function of liquid-gate voltage (VLG) and bottom-gate voltage (VBG). (c) ΔID vs gm,LG, showing a linear relationship with a slope of 107 mV. (d) and (e)
Two-dimensional map of the normalized change in the drain current (ΔID/ID0) from pH 6 to pH 8 and subthreshold slope measured by the liquid gate (SSLG) at pH 7 as a
function of liquid-gate voltage (VLG) and bottom-gate voltage (VBG). (f ) log10(1 + ΔID/ID0) vs 1/SSLG, showing a linear relationship with a slope of 109 mV. Note that ΔID
and ΔID/ID0 are characterized from the subthreshold to the linear regime for various ranges of VLG and VBG. Note that the BOX thickness is 300 nm.
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The relation between the current change (ΔID) and the transcon-
ductance measured by the bottom gate (gm,BG = dID/dVBG) is dis-
cussed in the supplementary material.

Another widely used sensing parameter is the normalized
current change (ΔID/ID0), where ID0 represents the initial drain
current. As shown in Fig. 4(d), the normalized current change of
the dual-gate FET caused by the pH change from 6 to 8 increases
as the voltages applied to the liquid and bottom gates decreases.
This conversion of the operation conditions from the linear regime
to the subthreshold regime enhances the normalized current
change (ΔID/ID0), although the absolute current change (ΔID) is
much lowered, as shown in Fig. 4(a). In the subthreshold regime,
the electron carriers in the channel respond exponentially to the
gate potential, and thus the current signal is increased.39,40 The
relationship between the drain current and gate voltage in the sub-
threshold regime can be represented with a device parameter called
the subthreshold slope, which is defined as dVG/dlog(ID).
Figure 4(e) shows a two-dimensional map of the reciprocal of the
subthreshold slopes measured with the liquid gate, which has a
similar trend as the normalized current change shown in Fig. 4(d).
The plot of the normalized current change as a function of
the reciprocal of the subthreshold slope shown in Fig. 4(f ) was

obtained from the pairs [log10(1 + ΔID/ID0), 1/SSLG], where
log10(1 + ΔID/ID0) and 1/SSLG are the values at each (VLG, VBG) in
Figs. 4(d) and 4(e), respectively. The linear dependence shown in
Fig. 4(f ) confirms that a direct relation exists between the normal-
ized current change and the subthreshold slope. The slope of
109mV between the reciprocal of the subthreshold slope and the
normalized current change is similar to the value calculated from the
pH responsivity in Fig. 3(f) and pH difference as 52mV/pH × pH
2 = 104mV. This result indicates that the normalized current change
induced by the pH change is related to the potential change at the
insulator/electrolyte interface. From the results in Fig. 4(f), the nor-
malized current signal (ΔID/ID0) can be written as log10(1 + ΔID/
ID0) = ΔVT,LG/SSLG, where ΔVT,LG is the pH-induced change in the
potential at the liquid-gate side (Table I). Steep-slope devices, which
have a lower subthreshold slope value than conventional devices,
are suitable for biosensing to generate a higher signal for the normal-
ized current change.41,42 The relation between the normalized
current change (ΔID/ID0) and the subthreshold slope measured
by the bottom gate [SSBG = dVBG/dlog(ID)] is discussed in the
supplementary material.

We confirmed our theory that the voltage signal (ΔVBG), current
signal (ΔI), and normalized current signal (ΔID/ID0) are related to the

FIG. 5. (a) pH responsivity vs coupling ratio, (b) current change vs transconductance, and (c) normalized current change vs subthreshold slope in various BOX thick-
nesses, which show that each sensing parameter vs the corresponding electrical parameter follows a universal curve independent of the BOX thickness. Dependence of
the BOX thickness on (d) pH responsivity, (e) maximum current change, and (f ) maximum normalized current change.
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capacitive coupling ratio (CLG/CBG), transconductance (gm,LG), and
subthreshold swing (SSLG), respectively, by using an analysis with
various operation conditions. As shown in Figs. 5(a)–5(c), the data
obtained from various BOX thicknesses are plotted into one single
line of a universal curve between the sensing parameter and its corre-
sponding electrical parameter. The result that the signal is related to a
certain electrical parameter provides an insight into the design of
highly sensitive dual-gate FET-based biosensors.

Figure 5(d) shows that the pH responsivity can be easily
increased with the BOX thickness, which increases the capacitive
coupling ratio, CLG/CBG. As the BOX thickness is increased, the
channel moves farther from the bottom gate. This reduces CBG but
keeps CLG constant, which results in a high coupling ratio. In a dual-
gate structure, when the BOX thickness is thicker than the thickness
of the top-gate dielectric, the pH responsivity can be beyond the
Nernst limit (60mV/pH). In contrast, the maximum change in the
current caused by the pH difference is not greatly affected by the
BOX thickness [Fig. 5(e)]. As we discussed earlier, the current
change is directly related to the transconductance instead of the cou-
pling ratio. Because the maximum transconductance is not changed
by the BOX thickness, the current signal is not improved by the
modulation of the BOX thickness. Similarly, the normalized current
change negligibly increases with the BOX thickness because of the
same subthreshold swing [Fig. 5(f)]. Our results can explain the
behavior of dual-gate FET-based pH sensors commonly observed in
previous works in that the voltage signal and current signal are not
enhanced simultaneously (Fig. S6 in the supplementary material).

CONCLUSIONS

In conclusion, we investigated the working mechanism of
dual-gate FET-based biosensors and the origin of the signal ampli-
fication related to each electrical parameter. We confirmed that the
pH signal sensed at the liquid-gate side is amplified as the voltage
signal of the bottom gate by the capacitive coupling ratio between
the liquid and bottom gates, which was explained via the analytical
theory in the previous work.26 The pH signal at the liquid-gate side
is also transduced into a current change proportional to the trans-
conductance; thus, a high signal can be obtained in the linear
regime where the transconductance is at a maximum. If the nor-
malized current change is used as a sensing metric, the signal is
inversely proportional to the subthreshold swing and the sensitivity
is maximized in the subthreshold regime. Each sensing metric mea-
sured from different structure parameters and operation conditions
follows a universal curve as a function of the electrical parameter
related to each sensing metric. This result implies that the sensitiv-
ity can be easily improved such that a value with the corresponding
electrical parameter is maximized with the device geometry
and operation condition. This study will provide a useful guideline
for the future design of highly sensitive dual-gate FET-based
biosensors.

METHODS

TCAD simulation

An ionic solution was modeled as an intrinsic semiconductor
in a TCAD simulation using the Synopsys Sentaurus tool43 because

the properties of the electrolytes in the solution are similar to the
intrinsic carriers of the semiconductor.44 They can be expressed as
the Poisson equation and the Boltzmann distribution.45,46 To
describe the ionic solution as the intrinsic semiconductor, the
intrinsic carrier density (ni) was calculated as ni ¼ MeffNA/103,
where Meff is the effective ionic concentration, NA is Avogadro’s
number (6.022 × 1023 mol−1), and the value is adjusted using the
unit of volume (cm−3). The Meff value was obtained by considering
the number of ions having more than two valences as
Meff ¼ 1

2

P
i
ciz2i , where i, ci, and zi indicate the number of ions in

the ionic solution, the concentration of the ith ion, and the valence
of the ith ion, respectively. The Meff value for 0.1× phosphate-
buffered saline (PBS) used in this study is 17.15 mM. Then, the ni
value of 1.03 × 1019 is updated in the simulation.

A SiO2 layer with a thickness of 3 nm was formed on the
Si channel to serve as the pH-sensitive layer (Fig. S1 in the
supplementary material). A Stern layer with a 0.3-nm thickness was
inserted on the SiO2 layer to model the electric double layer (EDL)
by considering the capacitance of the Stern layer (∼20 μF/cm2) and
relative permittivity of the water (6.777).2,45 The values of surface
charge densities (σo) on the SiO2 layer for pH values from 2 to 9
were calculated using SBM and EDL. We set a point-of-zero charge
of the SiO2 surface as 2.0, and the calculated σo for a pH level larger
than pH 2 has a negative value. The values of σo for pH values
from 2 to 9 were 0, −1.51 × 10−8, −1.11 × 10−7, −4.13 × 10−7,
−8.93 × 10−7, −1.49 × 10−6, −2.16 × 10−6, and −2.91 × 10−6 C/cm2,
respectively.

SUPPLEMENTARY MATERIAL

See the supplementary material for the TCAD simulation
structure, effect of bottom-gate voltage on pH responsivity sensed
by the liquid gate, analytical equations for the pH responsivity of
dual-gate FETs, relation between current change and transconduc-
tance measured by bottom gate, relation between normalized
current change and subthreshold slope measured by bottom gate,
and comparison between voltage signal and normalized current
signal in dual-gate FET-based pH sensors.
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