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A B S T R A C T

Accurate diagnose of a disease in the early stage is critical to treat the disease properly. To this end, a multitude
of biosensors with advanced technologies have been developed to detect the number of biomolecules precisely.
In this work, we propose a method for extracting the Stern layer capacitance (Cstern) using the experimental data
of silicon nanowire ion-sensitive field-effect transistors (ISFETs) to help improve the accurate detection of target
molecules. The proposed method was applied to both pH and virus sensing scheme, and the Cstern value of pH
and a virus were extracted as 32 and 26 μF/cm2, respectively. These findings indicated that the extracted Cstern

was affected by the size of the ion and protein, which also was verified by a computer-aided simulation. These
insights would be useful in the development of charge-based ISFET biosensors.

1. Introduction

Ion-sensitive field-effect transistors (ISFETs) are a type of biosensor
commonly used to detect diseases since being developed by Bergveld in
1970 [1]. With the development of process technologies and detection
methods, researchers have investigated various biomedical sensors
whose size is comparable to that of their biological target molecules and
ions [2,3]. Biomedical sensors using thermometric, magnetic, or
fluorescent labeling and parallel optical detection techniques have re-
ceived much attention because of their high sensitivity [4]. However,
these biosensors are complex, expensive, and require time-consuming
processes for sample preparation and data processing. To overcome
these limitations, nanoscale processes are being carried out to improve
device integration, and biosensors using carbon nanotube (CNT) and
silicon nanowire (SiNW) field-effect transistors (FET) are being actively
studied [5]. SiNW ISFETs are being investigated for their potential
application in various sensors, such as pH sensors [3], biosensors [6–9],
vapor sensors [10], and gas sensors [11], because of their label-free,
real-time detection, and excellent sensitivity. Moreover, SiNWs are
readily compatible with existing semiconductor processing technolo-
gies as they have easy control of electrical properties, facile surface
functionalization with chemical linkers to molecules, and mechanical

and chemical robustness for various field of usage [8,12–17].
Recently, FETs have been widely studied as a means of detecting

viruses [18]. Many of these studies have focused on increasing the
sensitivity of FETs by changing the process conditions and structures
such as nanopatterns [2], underlap structures [12], dual gates [14], and
floating bodies [19]. Although many of these studies have explained the
operating principles in charge-based pH sensors, the sensors for de-
tecting protein molecules have rarely been studies in terms of Stern and
diffusion layer. Therefore, several challenges need to be addressed be-
fore FETs can be used in commercialized chemical and biomedical
sensors.

In this study, we conducted an analysis of the electrostatics of a
SiNW FET-based pH and avian influenza (AI) virus functionalized with
silica-binding proteins (SBPs). We observed that the electrostatic po-
tential of the Stern layer, diffusion layers, and the functionalized sur-
face groups of the SiNW could be coupled to that of the liquid gate of
the SiNW FET-based AI biosensor, which yields the electrical signals of
the sensor. In particular, in case of detecting a variety of biomaterials
on a single platform, the number of detected biomaterials can be
overestimated or underestimated without consideration of the thickness
of the stern layer (tStern), which is considered as a diameter of biomo-
lecule based on Gouy–Chapman–Stern theory [20–22]. We verified our
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model using a computer-aided design device simulation (TCAD) [23],
which gave us insight into how to extract Cstern experimentally.

2. Fabrication and experimental procedure

The monolithic integration of the SiNW ISFET was developed as
illustrated in Fig. 1. The proposed devices were fabricated on
4 × 1015 cm−3 boron-doped (100) silicon on insulator (SOI) wafer (top
Si layer = 100 nm and buried oxide = 375 nm). Firstly, the ion im-
plantation was conducted on the Si layer thinned to 80 nm via thermal
oxidation for channel doping, p-region (dopant: B+, energy: 20 keV,
dose: 5 × 1013 cm−2) and n-region (P+ 40 keV 3 × 1013 cm−2). Then,
an annealing process was conducted at 950 °C for 30 min for the uni-
form channel doping of the 80 nm-thick silicon channel. Next, the ac-
tive region defined mix-and-match process of e-beam and conventional
photolithography on the silicon layer. The silicon layer was dry-etched

by HBr/O2 inductively coupled plasma (ICP) for the active formation.
The 10 nm thick gate oxide was formed by dry-oxidation at 850 °C. The
100 nm-thick poly-silicon was deposited at 630 °C by low pressure
chemical vapor deposition (LPCVD). The poly-silicon on the SiNW was
removed by photolithography and ICP dry etching.

Next, by using photo resist (PR) mask which covers only the SiNW
channel, the gate (G) and source/drain (S/D) of the SiNW was doped by
As+ ion implantation for n-type S/D/G and BF2

+ ion implantation for
p-type S/D/G, respectively. A rapid thermal annealing (RTA) was im-
plemented at 900 °C for 10 s to activate the dopants. Inter-layer di-
electric oxide (ILD) was deposited by high density plasma CVD
(HDPCVD). Photolithography and dry etching formed the contact holes.
The aluminum layer was formed on the ILD for metallization. Next, the
tetraethyl orthosilicate (TEOS) layer was deposited for passivation,
followed by the pads opening by photolithography and dry etching. The
oxide layer around the SiNW was removed by using a magnetically

Fig. 1. Fabrication process of SiNW ISFET biosensor.

Fig. 2. (a) SEM image of a SiNW FET. (b) Schematic of the demonstrated biosensor composed of an n-type SiNW.
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enhanced reactive ion etching technique in CHF3/CF4 plasma to define
the sensing area. Finally, an alloying process was performed to reduce
the resistance and improve the performance [24]. Fig. 2(a) shows the
top-view SEM image of the fabricated SiNW FET. A schematic of the
SiNW biosensor is shown as Fig. 2(b).

3. Results and discussion

The characteristics of the fabricated SiNW biosensor were identified
using a semiconductor parameter analyzer under room temperature
conditions. To minimize current drift phenomenon, we used fast sweep.
Fig. 3(a) displays the drain current (ID)–liquid gate voltage (VLG) curves
under a 2 V drain voltage (VD) of the n- and p-type SiNW sensors. The
extracted threshold voltage (VT) (n-type = 0.55 V, p-type = −0.65 V)
was defined as the value of VLG at an ID of 10 nA. The sub-threshold
swing (SS) (n-type = 112 mV/dec and p-type = 103 mV/dec) was
extracted from ID = 0.1 pA to 1 nA. We expect that the relatively large
drain off-current in Fig. 3(b) could be improved by optimizing the
fabrication process. For the experiments of detecting pH, the SiO2

surface of the SiNWs was functionalized by 3-aminopropyltriethox-
ysilane. The IDS of SiNW ISFETs was affected by 0.01 × potassium
phosphate buffer solutions (PBS, pH = 7.4) with five different pH va-
lues (i.e., pH 5, 6, 7, 8, and 9). Fig. 3(b) described the transfer char-
acteristics of the n-type SiNW FET for the five different pH values. At
low pH levels, the –NH2 group was protonated to –NH3, resulting in a
positive charge. In contrast, at high pH levels, the −SiOH group was
deprotonated to −SiO− and resulted in a negative charge. The average
changed VT (ΔVT) was slightly smaller at 51 mV per pH (Fig. 4(a)) than
the Nernst limit value (59 mV/pH). The surface charge sheet density
(Qsite) reacted between the surface and the target molecule, and was
extracted by using the TCAD simulation applied at each layer (e.g.,
electrolyte, native oxide, Stern, diffusion, and SiNW layers) [25].

Especially, the thickness of native oxide is 2 nm; the relative permit-
tivity of stern layer is water (6.777), and the effective ionic con-
centration value is applied to describe the electrolyte (0.01 × PBS) as
the intrinsic semiconductor (the intrinsic carrier density
(ni) = 1.03 × 1018 cm−3) [25]. Fig. 4(b) depicts the extracted nsite

(Qsite/q) values. Similarly, the extraction method was applied to an AI
virus sensor which utilize the reaction between an antigen and an an-
tibody. We applied a synthetic surface AI antibody (AIa) that was fused
with SBPs via recombinant technology to directly fix the antibody onto
the silica surface without any further surface modification [14]. Also,
we prepared various concentrations of AI and SBP-AIa for the anti-
gen–antibody reaction.

We immersed the fabricated biosensor in various concentrations of
SBP-AIa solution that were diluted in PBS at room temperature for 1 h
to detect the AI virus molecules through a potential change caused by
the antigen–antibody reaction. The sensor was then rinsed with deio-
nized water to remove the non-immobilized sensor, which was then
dried under nitrogen gas. The biosensor was prepared to detect various
concentrations of the AI antigen (Anti-AI). Antibody binding occurred
when the sensor was immersed in a solution containing anti-AI (diluted
in 0.01 × PBS), followed by rinsing with deionized water and drying
under a nitrogen atmosphere (Fig. 5(a)) [14].

Fig. 5(b) shows the measured transfer curve characteristics of the
SiNW biosensor for different Anti-AI concentrations (i.e., 5 ng/mL,
500 ng/mL, and 50 μg/mL) with SBP-AIa (500 μg/mL). The amino acids
of proteins in Anti-AI are organic molecules with at least one NH2 and
one COOH (carboxyl) group, which can form long chains via the so-
called peptide bonds between the NH2 group from one molecule and the
COOH group from another. According to Fig. 5(b), the SiNW effectively
felt a larger amount of negative charges and depleted more and more
electrons as the Anti-AI concentration increased, resulting in the cur-
rent decreasing and the FET VT increasing to a positive VLG direction.

Fig. 3. Measured (a) drain current (ID)–liquid gate voltage (VLG) curves of the n- and p-type SiNW biosensors (b) transfer characteristic of the n-type SiNW biosensor
depending on pH.

Fig. 4. (a) ΔVT and (b) nsite according to pH (VT extracted using the constant current method at 10 nA).
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This mean that the backbone of –NH2 group in Anti-AI was fully in its
deprotonated state, and the COOH group was having a net negative
charge of the target (Anti-AI) [26].

Various concentrations of AI with different concentrations of SBP-
AIa were reacted together (Fig. 5(b)). VT0 was defined as VT after re-
acting with each concentration of SBP-AIa. Fig. 5(c) depicts the in-
creases in ΔVT as the concentrations of both SBP-AIa and AI increase.
The error bars shown in Fig. 5(c) provide the mean and the standard
deviation of six devices. For the SBP-AI concentrations of 5, 50, and
500 μg/mL, the VT change for the anti-AI concentrations was 4 mV/dec,
6 mV/dec, and 11 mV/dec, respectively. This result indicated that the
protein reacted between the AI virus and SBP-AIa and had a negative
charge [12,15,19]. Fig. 5(d) shows the nsite extracted under various
virus concentrations. The relation between Qsite and the change in the
potential (VT-VT0 = Δ ψeo) generally follows the Gouy–Chapman–Stern
theory shown in Eq. (1) and Fig. 6 [20,22,27–31]:

= +V Q
k Tn

Q
C

2 sinh
8eo th

s

1 site

0 B

site

stern (1)

where, Δψeo is the change in the total potential; Δψd is the change in
potential in the diffusion layer; ΔψCstern is the change in potential in the
Stern layer; q is the electronic charge (1.6 × 10−19 C); εs is the di-
electric constant of the solution (6.7); ε0 is the permittivity of vacuum;
kB is Boltzmann's constant; T is the absolute temperature (300 K); n is
the solution's concentrations [25] (n = 1.0328 × 1020 cm−3); Vth is the
thermal voltage; Cox is the native oxide capacitance (native oxide
thickness = 2 nm); and Cstern is the Stern layer capacitance.

Based on the Gouy–Chapman–Stern theory for ISFET-based bio-
sensors, the change in potential caused by Qsite can be expressed as the
sum of the potential at the diffusion layer, where the counter ion dif-
fusion exists, and that at the Stern layer, where ions cannot exist.
Especially, in Stern layer, ions in the electrolyte are inaccessible near
the dielectric because they have the finite ionic radius, which cause the
steric effects. Therefore, next to surface of dielectric, there are Stern
layer where the net ionic charge is essentially empty. The thickness

(tStern) is generally assumed equal to the cation's atomic radius. A rea-
sonable value of tStern noticeably reduce the inaccuracies to detect the
various biomaterial based on steric effects. For these reasons, it is es-
sential to include a Stern layer in the ISFET model and adjust its value
to best fit the experiment.

Using the above-mentioned theory and equation, we performed the
TCAD device simulation to show the effect of Cstern value. Assuming
that Cstern is 20, 30, 50, and 100 μF, the simulation results show a
considerable difference of ΔVT as shown Fig. 7(a). When the known
parameters of the Gouy–Chapman–Stern theory are input into Eq. (1),
Qsite can be under estimated or overestimated if incorrect values of
Cstern are used (Fig. 7(a)) [32].

Fig. 7(b) shows the ΔVT versus nsite plot and the experimentally

Fig. 5. (a) Antibody–antigen reaction between anti-AI and SBP-AIa. (b) Transfer characteristic of the n-type SiNW biosensor according to the anti-AI molecule
concentrations. (c) Changed potential and (d) nsite by different concentrations of anti-AI and SBP-AIa of the antigen–antibody reaction.

Fig. 6. Schematic of the potential distribution by the reacted Qsite.
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extracted Cstern value of the pH and AI virus sensors. From the slope of
the plot, the Cstern of pH and AI virus were extracted as 32 μF/cm2 and
26 μF/cm2, respectively, which is generally in the range of the known
value [27,33]. This result can be attributed to tstern being typically de-
termined by the size of target biomaterials (diameter of anti-AI
~120 nm and diameter of H+ < 0.1 nm) [20,22,27,28]. However, the
each Cstern by the difference in the size of the ions is not matched. It
seems to be the reason that the actual reaction occurs in a specific area
rather than evenly across the channel [34]. These results indicate that
the accurate extraction of Cstern is viable using the proposed analysis
and TCAD simulation. The device fabrication and the experimental
extraction of nsite, and Cstern would be of help in developing the ISFET-
based biosensor.

4. Conclusion

This study investigated the experimental extraction of Cstern of SiNW
ISFET as biosensors to detect the target biomolecules. The extracted
Cstern values from a pH sensor (32 μF/cm2) and an AI virus sensor
(26 μF/cm2) show that the method can be applied to various biosensors.
However, it should be noted that a variety of factors exist that could
affect to the detection accuracy such as diffusion capacitance and di-
electric capacitance. Also, different surface properties and complex
working mechanism in different biosensors necessitate a calibration
curve and other schemes to improve the detection accuracy.
Nonetheless, we expect the experimental extraction method and the
procedure shown in this work could be practically used in various
biosensors. The accurate extraction of Cstern value will be useful in the
development and the characterization of ISFET-based biosensors.
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