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ABSTRACT: As critical factors affecting the sensing performance of silicon nanowire (SiNW)
biosensors, the structure, functional interface, and detection target were analyzed and designed to
improve sensing performance. For an improved understanding of the dependence of sensor
structure on sensitivity, a simple theoretical analysis was proposed to predict the sensitivity of
biosensors with different SiNW types, widths, and doping concentrations. Based on the theoretical
analysis, a biosensor integrating optimized critical factors was designed and fabricated.
Optimizations focusing on the following aspects are considered: (1) employing n-type SiNW
and controlling the impurity doping concentration of SiNW at approximately 2 × 1016−6 × 1016

atoms/cm3 to obtain a suitable charge density, (2) minimizing the SiNW width to 16.0 nm to
increase the surface area-to-volume ratio, (3) using a native oxide layer on SiNW as a gate
insulator to transport the captured charge molecules closer to the SiNW surface, (4) modifying the
SiNW surface by 2-aminoethylphosphonic acid coupling to form a high-density self-assembled monolayer for enhancing the stability
bound molecules, and (5) functionalizing the SiNW with ovalbumin molecules for specifically capturing the target immunoglobulin
G (IgG) molecules. The sensing performance was evaluated by detecting IgG with concentrations ranging from 6 aM to 600 nM and
control experiments. The SiNW biosensor revealed ultrahigh sensitivity and specific detection of target IgG with a measured limit of
detection of 6 aM. The integration of the critical SiNW biosensor factors provides a significant possibility of a rapid and
ultrasensitive diagnosis of diseases at their early stages.

KEYWORDS: SiNW biosensor, optimization of critical factors, SiNW width, detection limit, ultrasensitive

1. INTRODUCTION

Rapid, highly sensitive, accurate, and label-free detection of
viruses,1,2 cancer-related biomarkers,3,4 nucleic acids,5 cells,
and proteins play a critical role in early disease diagnostics.6,7

However, diseases-related biomolecules exist at very low levels
at early stages, such as the viral load of influenza virus A of 3.17
log10 copies/mL8 and the currently prevalent 2019 novel
coronavirus (COVID-19) of under 4 log10 copies/mL,9 early
cancer biomarkers in serum samples are approximately 1−10
ng/mL,10 etc. Therefore, early disease detection often requires
a limit of detection (LOD) in the range of femtomolar (fM)
concentrations or lower.11 For detecting disease-related nucleic
acids, real-time polymerase chain reaction (PCR) is widely
applied.12,13 The method has high accuracy but requires
expensive equipment, trained professional users, and long
detection times, which are not feasible enough to mount a
response to control infectious outbreaks. Further, it also yields
higher rates of false positives at the early stages of diseases. For
fast and affordable detection, rapid visual test products, such as
influenza virus antigen detection kits14,15 and the COVID-19
rapid CE-IVD test kit16 under development, have the
advantages of simplicity, rapid testing, and low cost but are

limited by variable detection sensitivity. Thus, there is an
urgent need to develop a detection method that can satisfy the
requirements of rapid response, high sensitivity, high accuracy,
and simple to use for early disease diagnosis.
Silicon nanowire (SiNW) biosensors operate as a field-effect

transistors (FETs) and are capable of detecting charged target
molecules by monitoring changes in the electrical conductivity
of the SiNW channel.17−19 The sensing capabilities of SiNW
biosensors have been demonstrated to include high sensitivity,
real-time response, and label-free detection by functionalizing
specific recognition elements on the SiNW surface; the LOD,
in particular, can be as low as attomolar (aM)−fM
concentrations,20−25 satisfying all of the requirements for
early disease diagnosis. In general, the LOD of a SiNW
biosensor is highly dependent on three factors: the structure of
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the biosensor, the functional SiNW interface, and the detection
target.26,27 The structure of the SiNW biosensor, including the
SiNW width, dopant type, dopant concentration, and charge
layer distance from the SiNW surface, determines the sensing
mechanism of SiNW-FET biosensors. The narrower SiNW and
lightly or moderately doped SiNW have been demonstrated to
achieve a higher surface-to-volume ratio28 and enhance the
LOD to the aM−fM level.29 The thickness and shape of the
SiNW and arraying of SiNWs also influence the sensing
performance of SiNW biosensors but play a relatively minor
role in LOD. For the detection of biomolecules with high
sensitivity and selectivity, an electrolyte solution/SiNW
functional interface such as Debye screening30 and surface
functionalization31,32 are indispensable for the specific binding
of biomolecules to the SiNW surface. The Debye length in
physiological solutions is less than 1 nm.32 To overcome the
limitation of the Debye length, functionalizing the surface of
SiNWs with small-sized biomolecules, such as aptamers
(approximately 2−3 nm) and33 antigen-binding fragments
(Fab, approximately 3−5 nm),34 has been developed to
combine with target molecules within the Debye length. It is
possible to increase the Debye length for improved sensitivity
by modulating the buffer ionic strength, but it is not possible to
dilute buffer solutions in body fluids such as blood, urine, and
saliva. In summary, the highest sensitivity of a SiNW biosensor
can be achieved when the entire volume of the SiNW is
changed by the charged molecules, which requires a good
balance between critical factors such as the width, doping, gate
insulator thickness on the SiNW surface, and surface
modification. However, although very low LODs of aM or
sub-10 fM levels have been demonstrated using narrow 20 nm
wide SiNWs,28 as the SiNW dimension is reduced to less than
20 nm, the balance between critical factors becomes much
important, but until now, limited studies and experimental data
have been published.

In this work, we present a simple theoretical analysis to
estimate the dependence of the SiNW type, width, and
thickness of the depleted layer of the nanowire (NW) which
relates to the doping concentration on the sensitivity of the
NW biosensor. Based on the theoretical analysis, a SiNW
biosensor integrating optimized critical factors was designed
and fabricated by a complementary metal-oxide-semiconductor
(CMOS) compatible process. The following fabrication
optimizations are considered: (1) employing n-type SiNWs
to detect biomolecules with negative charges and controlling
the doping concentration to 2 × 1016−6 × 1016 atoms/cm3 to
obtain suitable charge mobility and density, (2) decreasing the
NW width to 16.0 nm to increase the surface area-to-volume
ratio, and (3) using a native oxide layer on the NW as a gate
insulator to transport the captured charge molecules closer to
the NW surface. To evaluate the sensitivity of the optimized
biosensor, rabbit anti-ovalbumin immunoglobulin G (IgG) was
employed as a model analyte. Target IgG is an antibody with a
molecular link connecting the antigen ovalbumin (OVA). To
detect target IgG with high sensitivity and specificity, the NW
surface functionalization was carefully considered as follows:
modifying the surface of the NWs with 2-aminoethylphos-
phonic acid coupling35,36 to form a high-density amine-
terminated monolayer for enhancing the electrostatic adsorp-
tion of recognition molecules and functionalizing the modified
NW surface with OVA molecules to capture target IgG
molecules. The sensing performance of the NW biosensor
integrating critical factors was evaluated by detecting the
specific rabbit anti-OVA IgG under various concentrations
ranging from 6 aM to 600 nM.

2. EXPERIMENTAL SECTION
2.1. Detection Principle and Design Optimization. Figure 1a

shows the conceptual scheme of the proposed SiNW biosensor; it
consists of drain and source electrodes and doped NW channels. The

Figure 1. Schematic illustration of the detection mechanism of the SiNW biosensor: (a) detection principle of the silicon nanowire biosensor with
molecular gate control, (b) insulation region modulation by charged biomolecule adsorption, (c) dependence of the SiNW type, width, and doping
concentration on the resistance change ratio.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c13984
ACS Appl. Mater. Interfaces 2020, 12, 51808−51819

51809

https://pubs.acs.org/doi/10.1021/acsami.0c13984?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c13984?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c13984?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c13984?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c13984?ref=pdf


natural growth of the oxide layer on the NW surface is employed as
the gate dielectric. The working principle of the biosensor is similar to
a solution-gate FET.37 The source is grounded, whereas a positive bias
is applied to the drain, resulting in a drain−source voltage (Vds). The
charged molecules are employed as a gate (Vg) to adjust the charge
carrier density of the SiNWs. The back-gate contact is grounded and
has the same potential as the source contact. The drain−source
current (Ids) that flows through the SiNWs from the drain to the
source is measured in this work to detect target molecules at different
concentrations. In the case of an n-type NW, the measured current
will decrease with the accumulation of negatively charged
biomolecules on the functionalized NW surface. Conversely, for a
p-type NW, the current will increase and the resistance of the NW will
decrease. Here, it should be noted that the doping concentrations
were the same in the SiNW channel and contact regions, which results
in the SiNW channel being in the “ON” state without external gate
voltage control. Because of this, the charge density of the doped
SiNW channel can be altered by a small electric charge, and thereby, it
is possible to detect biomolecules at an extremely low concentration.
In addition, for a theoretical study on biosensor sensitivity, a simple

theoretical model of the SiNW was proposed. We model the nanowire
as a rectangular cuboid with a width w, a thickness t, and a length L, as
shown in Figure 1b. The top surface and the other two surfaces of
SiNW are available for the binding of biomolecules. For an n-type
SiNW biosensor, the thickness of the carrier depletion region is λ0,
which is governed by the Si/SiO2 interface trap density and dopant/
carrier concentration.38 Therefore, the initial resistance R0 is given as

R
L

w t( 2 )( )0
0 0

ρ
λ λ

=
− − (1)

where ρ is the resistivity of SiNW, which is adjusted by controlling the
number of dopant atoms per unit volume.
When negatively charged biomolecules bind to the surface of

SiNW, this leads to a decrease of charge carriers in the sensing area
due to electrostatic repulsion, and the thickness of the depletion
region increases from λ0 to λ2. Conversely, positively charged
biomolecules would render an increase in charge carriers of the
sensing channel, and the thickness of the depletion region would
decrease from λ0 to λ1. Here, using λ instead of λ1 and λ2 as the
thickness of the depletion region, the resistance of SiNW after
biomolecule binding can be written as

R
L

w t( 2 )( )
ρ

λ λ
= =

− − (2)

On the basis of the above analysis, the resistance change ratio (ε) of
SiNW before and after biomolecule binding can be given as

R
R

w t
w t

2 2( ) ( )
( 2 )( )0

0 0ε
λ λ λ λ
λ λ

= Δ =
{ + − + } −

− − (3)

The above mechanism can also be extended to the behavior of p-type
SiNWs. Therefore, the dependence of the SiNW type and width on
the resistance change ratio by varying the width of the SiNW (w) and
the thickness of the depletion layer (λ0 and λ) can be obtained, as
shown in Figure 1c. It can easily be concluded that for SiNW of the
same width (w0), the resistance change ratio of n-type SiNW is more
sensitive to negatively charged molecules than that of p-type SiNW.
Moreover, decreasing the width of SiNW is beneficial to increasing
the sensitivity. From the relationship between the depletion region
width and resistance change ratio, we can see that as the depletion
region becomes wider, the resistance change ratio increases. As is well
known, the depletion region width is related to the doping
concentration; therefore, lower doping could increase the sensitivity.
In this work, the target IgG molecule carries a negative charge. Based
on this theoretical analysis, an n-type SiNW biosensor with a NW
width of less than 20 nm and light doping concentration was
determined to increase sensitivity. Furthermore, in general, increasing
the NW length increases the number of biomolecules that can bind to
the NW; however, an increase in the NW length also increases the
internal electrical resistance and may compromise the electrical

characteristics of the NW, especially in the cases of narrow width and
light doping concentration. Since the length term of the NW cancels
out in eq 3, SiNWs with a relatively short length of 14 μm were
adopted, and NW arrays were employed to ensure reliability and
reproducibility.

In addition to these physical factors, the performance of the SiNW
biosensor is also influenced by surface functionalization. Therefore,
we also proposed an effective surface functionalization method to
improve the sensitivity of the biosensor.

2.2. SiNW Biosensor Fabrication. A schematic diagram of the
SiNW biosensor fabrication process is shown in Figure 2. A

commercial silicon-on-insulator (SOI) wafer was used as a substrate.
The SOI wafer consists of a 70 nm thick ⟨100⟩ oriented top silicon
layer, a 145 nm thick buried oxide (BOX) layer, and a 725 μm thick
silicon substrate. Both the top and substrate silicon layers are p-type
boron-doped Si, with a resistivity of 9−18 Ω·cm. To obtain a narrow
conducting channel with high sensitivity to biomolecules, the 70 nm
top Si layer was thinned to 30 nm by inductively coupled plasma
reactive ion etching (ICP-RIE, CE300I, ULVAC). Before device
fabrication, contaminants and the native oxide layer of the SOI wafer
were removed by an organic solvent (acetone and ethanol) and 10%
hydrofluoric acid (HF) solution, respectively. Next, to form an n-type
Si layer, a thermal diffusion process with a dopant solution including
P2O5 (OCD T-1 P-59230, Tokyo Ohka) was adopted. It is worth
noting that the phosphorus dopant thickness and the temperature of
thermal diffusion were controlled to achieve a low doping
concentration of phosphorus of approximately 2 × 1016−6 × 1016

atoms/cm3, which is particularly important for the sensitive detection
of negatively charged biomolecules.39 After thermal diffusion, the
oxide layer of the SOI wafer was removed using a 15% buffered
hydrofluoric (BHF) acid solution. Subsequently, 65 nm thick titanium

Figure 2. Schematic illustration of the SiNW biosensor fabrication
process: (a) thinning the top Si layer by ICP-RIE and phosphorus
doping by thermal diffusion; (b) fabricating Ti electrodes with a gap
of 14 μm by photolithography, sputtering, and liftoff processes; (c)
spin-coating HSQ resist on the SOI wafer; (d) fabricating HSQ
nanowires in the gap between electrodes by EB writing; (e)
transferring HSQ nanowires into a Si layer by ICP-RIE; (f) forming
an isolation layer on the surface of electrodes; (g) connecting
electrodes of the biosensor to the external electrodes by wire bonding;
and (h) integrating the biosensor with a PTFE tube microfluidic
channel and a packaging biosensor with epoxy resin.
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(Ti) electrodes were patterned onto the SOI wafer using conventional
photolithography (Photomask aligner PEM-800, Union Optical Co.)
to transfer the electrode pattern and deposited by sputtering (MNS-
3000-RF) and a liftoff process (Figure 2b). Nanowires were fabricated
on the prepared substrate by direct-write electron beam (EB) writing
(Figure 2c,d). The EB writing system is a combination of a high-
resolution scanning electron microscope (SEM) with a Schottky
emission-type field-emission electron gun (JSM6500F, JEOL) and a
drawing controller (Beam Draw, Tokyo Technology).40 To form
narrow nanowires with high-resolution, negative-tone resist hydrogen
silsesquioxane (HSQ, Dow Corning) and a high-contrast salty
development solution41,42 were employed. Normally, a thin HSQ
resist layer would be employed to form a high-resolution pattern
because the EB scattering range (lateral) in a thin resist layer is
smaller than that in a thick resist layer. However, as the HSQ resist
layer becomes thinner, transferring HSQ nanowire patterns to the Si
layer becomes difficult due to the low etching selectivity of HSQ and
Si. Here, the thickness of the HSQ resist was controlled at 37 nm
using 6 wt % HSQ diluted in a methyl isobutyl ketone solution.
Nanowires of design width 10 nm, pitch 300 nm, and length 25 μm
were written by EB writing using a probe with a diameter of <2 nm
and a probe current of 200 pA at an accelerating voltage of 30 kV. The
optimal exposure dosage was investigated by varying the exposure
dosage from 40 to 60 mC/cm2, and the surface morphology of the
NWs was evaluated by SEM investigation. After HSQ nanowire
fabrication, ICP-RIE (CE300I, ULVAC) was applied to form SiNWs
using CF4 plasma etching (Figure 2e). As the HSQ nanowires become
narrower, they become too weak for aggressive plasma etching;
therefore, the plasma etching conditions should be precisely
controlled. CF4-RIE was performed at a radio frequency (RF)
power of 60 W, a gas flow rate of 5 sccm, and an RF bias power of 5
W to maintain an HSQ resist etching rate under 0.25 nm/s.
Moreover, to decrease the contact resistance between the Ti
electrodes and SiNWs, an annealing process was performed at 400
°C for 30 min in an Ar environment. Next, a SU-8 (MicroChem)
isolation layer with a thickness of 5 μm was fabricated by
photolithography with position alignment to prevent current leakage
from the electrodes and form an open fluidic channel for biomolecule
sensing (Figure 2f). Then, the SOI wafer was diced into separate
devices by stealth laser dicing (DFL7340). To measure the electronic
characteristic of each device, wire bonding (7476D, West Bond) of
the exposed Ti electrode to an external copper (Cu) electrode was
performed (Figure 2g). Finally, a poly(tetrafluoroethylene) (PTFE)
tube with an inside diameter of 2 mm was placed in the sensing area
of the device to form an open fluidic channel for sensing, and the
whole device was packaged with epoxy resin,43 as shown in Figure 2h.
The volume of the sensor tube is 10 μL; thus, protein solutions with
the same volume were used in the work.
2.3. Experiments for Specific Biomolecule Detection. For

identifying specific biomolecules, functionalization of the SiNW

surface and an immobilization mechanism are crucial and require
careful considerations. We employed 2-aminoethylphosphonic acid
coupling35,36 instead of the conventional surface modification method
using 3-aminopropyl triethoxysilane (APTES) to form a dense amine-
functionalized self-assembled monolayer (SAM) on the SiNW surface,
as shown in Figure 3a. The advantages of aminoethylphosphonic acid
coupling in forming SAM with a more stable and higher density than
using APTES are demonstrated. The reason is that silanization just
consumes surface OH groups to form siloxane linkage (Si−O−Si)
with organic silane molecules; in contrast to silanization, the
phosphonate methodology uses OH groups as catalysts for
comprehensive surface coverage.44 The surface modification process
began by immersing the SiNW biosensor in dilute hydrochloric acid
at a concentration of 1 M for 30 min. At this time, the native oxide
layer covalently bonded with hydroxyl groups (OH−) to form silanol
groups (SiOH). Next, the sample was immersed in 2-amino-
ethylphosphonic acid (Wako) coupling solution at a concentration
of 1 mM, which was dissolved in deionized (DI) water for 24 h at
room temperature. The solvent was allowed to evaporate slowly so
that the meniscus slowly traversed the surface of the coupon,
transferring phosphonic acid to SiO2/Si.

45 Then, the sample was
heated in a vacuum oven at 140 °C for 48 h and finally rinsed by
sonication with isopropyl alcohol 2-propanol (IPA) for 3 min to
remove any unreacted aminoethylphosphonic acid coupling.

The detection target, rabbit anti-OVA IgG (CEDARLANE,
CLAG8140), is a polyclonal antibody and is shipped at an initial
concentration of 9.0 mg/mL in a phosphate-buffered saline (PBS)
solution. The molecular mass of IgG is approximately 150 kDa, with
dimensions of 13.7 nm (width) and 8.4 nm (height).46 To detect
target IgG, the antigen OVA (albumin from chicken egg white, Wako,
016-17073) was employed to functionalize the SiNWs. The molecular
mass of OVA is approximately 45 kDa with a radius of approximately
3 nm.47 Here, a PBS solution with a pH of 7.4 was used for dilution of
proteins throughout the work to ensure that the antigen and antibody
solutions have equal salt concentrations and pH values, ensuring that
any change in the current signal is due to the specific binding of the
antigen and antibody. The PBS solution consists of 137 mM sodium
chloride (NaCl), 2.7 mM potassium chloride (KCl), 8 mM sodium
hydrogen phosphate (Na2HPO4), and 1.5 mM potassium dihydro-
genphosphate (KH2PO4). In general, for detecting specific antibody−
antigen binding, antibodies were immobilized on SiNWs for specific
antigen capture. However, the Debye length in this PBS salt
environment is approximately 1 nm;30 thus, if we immobilized the
target IgG antibody onto SiNW for capturing specific OVA, part of
the IgG antibody molecules may remain outside the charge-detectable
region, resulting in no response to OVA−IgG binding. Therefore,
OVA antigen-immobilizing molecules with small sizes were selected
for the detection of specific IgG antibody, as shown in the schematic
illustration in Figure 3b. To eliminate the nonspecific binding, bovine
serum albumin (BSA) was used for blocking the SiNW surface. As

Figure 3. Schematic illustration of the surface functionalization of SiNWs: (a) surface modification by dilute hydrochloric acid with a concentration
of 1 M and 2-aminoethylphosphonic acid coupling, (b) antigen immobilization by OVA, (c) blocking unreacted amino groups by bovine serum
albumin (BSA), and (d) detection of target IgG. (e) Cross section of SiNW in (d), with the cases of IgG binding with OVA in and out of the
Debye length.
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shown in Figure 3c. Afterward, IgG biomolecules were introduced to
the sensing area to bind with OVA, as shown in Figure 3d.
Considering overall groups of amino linkers and OVA, although the
binding of IgG seems to exceed the Debye length, in general, only a
small part of antigen, known as the epitope, can be recognized by a
specific antibody. An epitope is small, just approximately 4−10 amino
acids in length. The position of the epitope on the antigen or random
orientation of antigen biomolecules to the SiNW surface can result in
the occurrence of some antigen−antibody binding within the Debye
length.48 In the side view of the schematic illustration, as shown in
Figure 3e, in the case of the IgG molecule of (1), it was bound to the
epitope that was located on the upside of OVA. Then, the IgG
molecule was outside the Debye length, so that it cannot be detected
due to the electrostatic shield. For the IgG molecule of (2), it was
bound to the epitope located on the side of the OVA at the SiNW
edge. Then, a part of IgG was in the Debye length; therefore, the
electrical charges within the Debye length can be detected by the
ultrasensitive biosensor. This is exactly our purpose of the work, i.e.,
to design and fabricate SiNW biosensors with the integration of
critical factors for ultrasensitive detection.
For functionalizing SiNW with OVA, OVA with a high

concentration of 10 μM (diluted in PBS) and immobilized for 15
min was adopted to obtain a suitable surface receptor coverage.49 The
concentration of OVA to be used was determined through an antigen
saturation study, which was performed in a separate experiment. After
that, the OVA solution was removed from the sensor tube to finish
SiNW functionalization. Next, a high concentration (10 μM) of BSA
(molecular mass of approximately 66 kDa, Wako, 016-15091) was
used to block the nonspecific protein interactions of the biosensor for
15 min. After the blocking process, the SiNW biosensor was ready for
the detection of target IgG. To estimate the sensitivity of the SiNW
biosensor, IgG solutions with concentrations from 6 aM to 600 nM
were prepared by serially diluting the initial IgG solution in PBS. After
the addition of the target IgG solution, the sensor was incubated for
15 min to allow sufficient time for binding of target IgG with surface-
functionalized OVA.
To verify the specificity of the biosensor, two control experiments

were conducted. One control experiment was performed before the
target IgG detection by normal rabbit serum IgG (cIgG, molecular
mass of approximately 150 kDa, Sigma-Aldrich, I8140) as a control
antibody. The concentration of cIgG was 7.6 μM (diluted in PBS).
For the second control experiment, we used BSA protein instead of
OVA to functionalize the NW surface and then introduced target IgG
to the BSA-functionalized SiNW surface to investigate whether the
current through the SiNWs changed. The real-time current measure-
ment was performed during OVA functionalization, BSA blocking,
target IgG detection, and the control experiments to validate the
binding. After one assay step, the current measurement was paused
before the protein solution exchange and then restarted after the
addition of the protein solution.

3. RESULTS AND DISCUSSION
3.1. SiNW Fabrication and Electrical Characteristics of

the SiNW Biosensor. Figure 4a shows the biosensor chip
with dimensions of 2 × 2 cm2 and contains 24 biosensors.
Enlarging the gap between the electrodes, we can see that the
HSQ nanowires were placed at the predetermined locations
connecting the source and drain electrodes, as shown in Figure
4b. Each biosensor has an array of 20 nanowires with a lateral
pitch of 250 nm. Although employing nanowire arrays cannot
increase sensitivity directly, it can ensure device stability and
reliability and decrease device resistance. Figure 4c,d shows the
SEM images of HSQ NWs with a width of 26.9 nm and a
length of 25 μm at an exposure dosage of 52 mC/cm2 and
SiNWs with a width of 16 nm and a length of 14 μm after CF4
plasma etching for 120 s, respectively. Compared with the
widths of NWs before and after etching, it can be seen that the
width of the nanowires was reduced by approximately 10 nm.

Moreover, the HSQ NWs with the length of 25 μm formed on
the Si layer and overlap the electrodes, as shown in Figure 4b.
As the electrodes were nearly unetched by CF4 plasma, the
NWs were transferred to the Si layer. Therefore, the length of
SiNWs was 14 μm as large as the gap between electrodes. For
investigating the impact of SiNW width on the sensing
capability, SiNWs with different widths of 35 nm and 12 μm
were fabricated, as shown in Figure 4e,f.
In addition, the topography of 16 nm wide SiNWs was

evaluated by atomic force microscopy (AFM; WA-200,
Hitachi), as shown in Figure 5a−c, and the average height
was measured as 23.3 nm. From the AFM results, it can be
seen that the bottom width of SiNWs is wider than its top
width due to the limitations of the cantilever (OMCL-
TR800PB-1, OLYMPUS) tip geometry. The average bottom
width was approximately 64 nm, and the tip diameter of the
cantilever was estimated to be 48 nm. Here, the shape of the
cantilever was investigated by SEM (S-900, Hitachi) with a
high resolution of 1 nm, as shown in Figure 5d. As the AFM
image and line profile represent the convolution of the tip
diameter with the NW, the average width of SiNWs was
estimated as 16 nm. This value agrees with the value measured
by the SEM observation. The results indicate that the SiNWs
were formed with low edge roughness, high resolution, and
good pattern placement.
To confirm that the current of SiNWs can be modulated

effectively by the potential of gate voltage, the FET
characteristics of 16 nm, 35 nm, and 12 μm wide SiNWs
were measured, respectively, using a sub-femtoamp source
meter (2636B, Keithley). A direct current (DC) voltage
between the drain and source electrodes was swept from −0.1
to 0.1 V with an increment of 5 mV. Ten microliters of PBS
solution was injected into the tube as a medium and an AgCl
reference electrode was immersed into the PBS solution and
used to apply the top-gate voltage Vg, as shown in the inset of
Figure 6a. The source−drain current−voltage Ids−Vds depend-
ence of Vg varied from 0 to 1 V in increments of 0.2 V; the Ids−
Vg and leakage current Ig−Vg for Vds = 0.1 V of SiNWs with

Figure 4. (a) Overall image of SOI chip that contains 24 biosensors,
(b) SEM images of HSQ nanowires between the gap formed by the
Ti electrodes, (c) SEM image of HSQ nanowires with a width of 26.9
nm and a length of 25 μm, formed at an exposure dosage of 52 mC/
cm2, (d) SEM images of SiNWs with a width of 16.0 nm and a length
of 14 μm, which was formed by transferring the HSQ NWs shown in
(c) to the Si layer with CF4-RIE, and (e, f) SEM images of SiNWs
with a width of 35 nm and 12 μm, respectively. The SiNWs of 16 nm,
35 nm, and 12 μm were formed on the same SOI chip that has the
same thickness and doping concentration.
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widths of 16 nm, 35 nm, and 12 μm are shown in Figures 6, S1,
and S2, respectively. Figures S1 and S2 are in the Supporting
Information. From the Ids−Vds curves, it can be clearly seen
that the drain current increased in all the SiNW biosensors
when a positive voltage was applied, which is in agreement
with the performance characteristic of an n-type FET device.
As observed from the Ids−Vg transfer behavior, the electron

carriers passing through the SiNW channels from the source to
the drain could be efficiently modulated by the gate voltage.
From the curve of Ig responses to Vg of SiNWs with different
widths, it can be seen that all of the leakage currents were
much lower than Ids, which can be ignored. It was verified that
the dielectric properties of the native oxide layer were stable
enough to avoid any current leakage from the NW into the
liquid. For further confirmation of the nanoscale effect on FET
characteristics, the current change ratio responses to gate
voltage under SiNWs with different widths were compared, as
shown in Figure 7. The source−drain current at Vg = 0 V was

defined as I0, the gate voltage applied onto the NWs produced
a change in current (Ids − I0), and the current change ratio was
calculated by (Ids − I0)/I0. It can be clearly seen that the
current change ratio drastically increases as the width of SiNW
decreases. Although there was no significant width difference
between 16 and 35 nm, the current change ratio showed a
difference of 20 times at even a low gate voltage of 0.1 V. The
SiNW with a width of 12 μm, similar to that of a planer FET
device, is insensitive to the gate voltage. It can be considered
that when an additional Vg was applied to the interface of the
SiNW channel and solution, the electric field produced in the
channel drives the change in the depletion region. As the
SiNW becomes narrower, the ratio of the change of the
depletion region to the whole channel becomes higher, which

Figure 5. (a, b) AFM images of SiNWs in both three dimensions
(3D) and two dimensions (2D), (c) height profile of fabricated
SiNWs, and (d) SEM observation image of the AFM cantilever.

Figure 6. (a) Ids−Vds curve for Vg varied from 0 to 1 V, illustrating n-type accumulation mode behavior. Inset: schematic diagram of the
measurement system for evaluating the FET performance. (b) Ids−Vg transfer characteristic and Ig−Vg curve of the SiNW biosensor for a constant
Vd at 0.1 V.

Figure 7. Comparison of current change ratios versus Vg using SiNWs
with different widths.
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is the reason why the current of the narrow SiNW channel can
be modulated more efficiently by a low gate potential. The
measurement results were in agreement with the predicted
results based on the previously presented theoretical model. As
a result, the biosensor with a SiNW width of 16 nm displaying
superior FET characteristics was adopted for target IgG
detection.
3.2. Detection Performance of the SiNW Biosensor.

The real-time response of currents through the SiNWs during
OVA immobilization, BSA blocking, control experiments, and
target IgG detection were monitored to gain a better
understanding of the sensor performance. Here, a constant
voltage of 0.1 V was applied to the source and drain. The back-
gate contact was grounded and therefore fixed to the same
potential as the source contact. The charges of the protein act
as the top-gate to modulate the current of SiNW. Figure 8a

shows the real-time current response upon the injection of
various protein solutions over 15 min. The average current of
the last 60 s was used to calculate Ids. The Ids in the PBS
solution was stable at approximately 21.2 nA, establishing the
baseline current relative to which changes in the current were
measured. During OVA immobilization, the OVA molecules
bind to the amine-modified SiNWs by electrostatic absorption
while introducing additional negative charges to the solid
(SiNW surface)−liquid (OVA solution) interface. Therefore, a
decrease in the Ids of the SiNWs upon immobilization of OVA
is observed. Here, the current decreased continuously and the
decrease in current with respect to the baseline PBS

measurement was approximately 0.9 nA. To avoid nonspecific
binding of target IgG, a molecular blocking layer of BSA was
used. BSA was applied to the whole sensor surface to block the
nonfunctionalized surface of OVA immobilization. After BSA
blocking, the current decreased approximately 1.0 nA with
respect to the Ids of OVA immobilization, demonstrating that
the nonfunctionalized surface was blocked by BSA due to
nonspecific binding. It can also be estimated that the surface
receptor OVA coverage did not achieve full saturation. After
blocking, the sensor was ready to detect target IgG.
As introduced in the previous section, a control experiment

with the cIgG protein was performed prior to target IgG
detection. The current response to the cIgG protein shows that
although cIgG with a high concentration was introduced to the
SiNW surface, it did not lead to a significant current change.
The current decreased just 0.25 nA compared to the BSA-
blocking step, indicating that the cIgG protein did not bind to
OVA or BSA and also demonstrating that no nonspecific
binding had occurred because the SiNW surface-functionalized
sites were saturated. To demonstrate the sensitivity and LOD
of the SiNW biosensor, the current response to different
concentrations of target IgG, ranging from 6 aM to 600 nM,
was investigated in order after the control experiment. The Ids
of cIgG was used as the reference current to calculate the
current change for various concentrations of target IgG. By
adding a 6 aM IgG solution, a sufficient decrease in the
electrical current of approximately 0.72 nA was obtained. The
concentration of the IgG solution was 1012-fold lower than that
of nonspecific cIgG, but the current change was almost three
times higher than that of cIgG. It is clear that the current
change was observed by the specific binding of OVA−IgG.
Moreover, the addition of target IgG with concentrations of 60
aM, 6 fM, 600 fM, 60 pM, 6 nM, and 600 nM resulted in
continuous decreases in Ids of 1.22, 3.14, 4.50, 5.40, 6.21, and
6.64 nA, respectively. It can be concluded that the negative
charges accumulate on the surface of SiNWs as the OVA−IgG
binding-induced concentration increase occurs, resulting in a
decrease in current through the SiNWs. As observed from
Figure 8a, it can be seen that when the concentration exceeds
60 nM, the changes of Ids over time became smaller compared
to other concentrations. It can be considered that the OVA−
IgG binding was saturated at a concentration of 60 nM.
To investigate resistance change ratios for different bio-

logical solutions, the I−V characteristics for a direct current−
voltage of −0.1 to 0.1 V in increments of 5 mV were each
measured three times in real-time. Figure 8b shows the average
I−V of the SiNWs response to different biological solutions. It
can be clearly seen that the slope of the I−V characteristics
decreases as the target IgG concentration increases, which
agrees with the current change trend of Figure 8a.
For further evaluation of the device performance, the

resistance change ratio of the SiNW biosensor as a function
of the target IgG concentration was calculated based on the
average I−V characteristics. The average resistance of SiNWs
in the cIgG solution was considered as the reference value R0.
The average resistance in the target IgG solution is denoted R.
The relative resistance change ratio can be calculated as (R −
R0)/R0. Figure 9 shows the logarithmic IgG concentration
dependence of resistance change ratios and current change
ratios. The error bars were calculated based on the I−V
characteristics, which were measured three times. In an
ultralow concentration of 6 aM IgG in the PBS solution, a
resistance change ratio of approximately 5% was obtained. The

Figure 8. (a) Real-time current measurement of the biosensor with 16
nm SiNWs during the processes of antigen immobilization, blocking
nonspecific binding sites, and control experiments with nonspecific
antibody and specific antibody detection. The conceptual diagram of
these processes is shown in the inset. (b) I−V electrical characteristics
of the SiNW biosensor to various biological solutions.
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resistance change ratio increases with the logarithmic
concentrations of IgG from 6 aM to 600 nM. When the IgG
concentration was increased to 60 nM, the resistance change
ratio increased more slowly because the IgG molecules bound
to the OVA became saturated. On the basis of the above
analysis, it can be concluded that the SiNW biosensor detected
IgG biomolecules at the ultralow concentration of 6 aM. The
number of IgG molecules in 10 μL with a concentration of 6
aM is approximately 36.
To further demonstrate the specificity of the SiNW

biosensor, a second control experiment of functionalizing
SiNW with BSA was performed as a separate experiment, and
the resulting resistance change ratio responses to target IgG
with various concentrations are shown in Figure 10a. Here, the

width of the SiNWs was 20 nm. First, the BSA solution was
introduced into the sensor tube in sequence from a low
concentration of 1 fM to a high concentration of 10 μM with
incubation times of 15 min for each solution. The purpose of
this step was to saturate the SiNW surface with the BSA
protein to prevent nonspecific binding. From the resistance
change ratio dependence of the BSA concentration, it is clear
that as the BSA protein binds to the SiNW surface, the
resistance of SiNWs increases continuously. After the SiNW
surface is saturated with BSA, PBS solutions with target IgG
with concentrations ranging from 6 fM to 600 nM were
introduced to the SiNW surface. As can be seen, the control
signals fluctuated at low concentrations of IgG but became
stable at higher concentrations. The resistance change ratio did
not show any significant increase in either low or high
concentration of target IgG. Figure 10b summarizes the
resistance change ratio dependence of IgG concentration based
on both OVA-functionalized SiNWs and BSA-functionalized
SiNWs. A clear and significant increase in the resistance change
ratio as the IgG concentration increases was obtained in the
OVA-functionalized SiNW biosensor. It was demonstrated that
the electrical signal change was derived from the specific
binding of IgG−OVA and the SiNW biosensor was highly
specific.

3.3. Estimation of Dissociation Constant. To under-
stand the binding kinetics of target IgG and OVA, the
dissociation constant (Kd) was estimated from the current
change (ΔId) as a function of the target IgG concentration. To
calculate ΔId, the average current of the last 60 s of the real-
time current measurement was adopted. The average current
of the biosensor in the cIgG solution was considered as the
reference value I0, the average current of the biosensor in
albumin solution as I, and ΔId was calculated as I − I0. Figure
11 shows the current change (−ΔId) of the SiNW biosensor as

a function of the logarithmic IgG concentration. The value of
−ΔId sharply increased with increasing IgG concentration
from 6 aM to 600 nM and then gradually saturated after 60
nM. A nonlinear curve was successfully fitted by a sigmoidal
function based on the Hill absorption equation.50,51
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Figure 9. Resistance change ratios and current change ratios of the
SiNW biosensor response to target IgG with different concentrations.

Figure 10. Results of control experiments. (a) Resistance change ratio
response to various concentrations of IgG of BSA-functionalized
SiNW biosensor. (b) Comparison of resistance change ratio
dependence of IgG concentration based on both OVA-functionalized
SiNWs and BSA-functionalized SiNWs.

Figure 11. Current change as a function of the logarithmic target IgG
concentration, which was fitted to a Hill adsorption isotherm (lines)
to investigate the dissociation constant between OVA and target IgG.
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where ΔImax and ΔIbase are the approximate maximum and
minimum ΔI, respectively, pKd is the logarithmic dissociation
constant of the specific binding between OVA and target IgG,
which is equal to −log10(Kd), pCIgG is the logarithmic IgG
concentration, and n is the Hill coefficient. Based on the least-
squares method, ΔImax, ΔIbase, pKd, and n were estimated to be
−6.1 nA, −0.1 nA, 14.1, and −6.8, respectively. The
correlation coefficient R2 was 0.964 in the experimental results
fitting, which can be used to determine the best fitting
isotherm to the experimental data. Based on the analysis, the
dissociation constant Kd was calculated as 7.9 fM. The
dissociation constant Kd between OVA and monoclonal
antibodies has been detected by surface plasmon resonance
and determined to be approximately 2.4 × 10−8−3.1 × 10−8

M.52 Here, the dissociation constant evaluated from exper-
imental data was approximately 6 orders of magnitude lower
than the reported Kd value. The following three aspects should
be considered to understand this: (1) the integration of critical
factors on SiNW biosensor greatly improves the detection
capability for low electrical potential of biomolecules, which
was also demonstrated by the FET characteristics. The details
of specific impacts can be considered as employing n-type
SiNWs is beneficial to detecting negatively charged molecules;
scaling down the SiNW width and decreasing the doping
concentration can increase the proportion of the depletion
region thickness over the whole SiNW width. (2) The surface
functionalization of SiNWs improves the binding of OVA−IgG
for the following reasons: modifying SiNW with 2-amino-
ethylphosphonic acid coupling provided a high-density SAM
layer to ensure increased stability of OVA immobilization. (3)
As we introduced in the previous section, target IgG is a
polyclonal antibody with various affinities to OVA. It is
possible that the low LOD is due to the antibody species that
have a high affinity to OVA. The use of polyclonal antibodies
might have resulted in obtaining a relatively low Kd compared
with monoclonal antibodies.53 On the other hand, the IgG
molecule has two identical antigen-binding sites and the
distance between the antigen-binding sites is limited. In this
work, the density of OVA molecules on the SiNW surface was
relatively high; thus, it is possible to establish bivalent
interactions with IgG molecules, possibly resulting in an
increase of the change in the Gibbs free energy of OVA and
IgG binding54 and increasing its equilibrium constant.55

Despite the possibility of a relatively high binding affinity
between target IgG and OVA, the IgG with low concentrations
cannot be detected by a planer FET biosensor because the
ratio of the depletion region change to the whole channel was
low. We gave sufficient evidence to demonstrate that the
sensitivity of the biosensor can be greatly improved by the
integration of critical factors for the SiNW biosensor with
precise design and fabrication.
At last, a comparison of the performance of SiNW

biosensors based on antibody and antigen binding is concluded

in Table 1.29,56−58 Although the detection target biomolecules
of the previous studies were different from that of this work, as
a reference, the critical factor-integrated SiNW biosensor
shows significant improvement of LOD and provides
significant potential for rapid, sensitive, and specific diagnosis
of diseases at an early stage. In addition, it is also worth paying
attention to that by functionalizing specific recognition
elements on the SiNW surface, the biosensor can be applied
to the detection of viruses, cancer-related biomarkers, nucleic
acids, and other disease-related proteins at extremely low
concentrations.

4. CONCLUSIONS

To develop a SiNW biosensor with extremely high sensitivity,
the detection components of the SiNW biosensor structure,
NW functional interface, and target biomolecules were studied
and optimized. To improve the sensitivity of the SiNW
biosensor sensing mechanism, first, a simple theoretical model
was proposed and used to analyze the dependence of several
critical factors such as the SiNW type, width, and doping
concentration on the resistance change ratio of the SiNW. It
was indicated that narrow n-type SiNWs with low impurity
doping concentrations are beneficial to detect negatively
charged molecules with high sensitivity. Second, based on
the theoretical analysis, a SiNW biosensor integrating
optimized critical factors was fabricated by a precisely
controlled CMOS-compatible process. An n-type Si layer
with a doping concentration of 2 × 1016−6 × 1016 cm−3 was
fabricated by controlling the phosphorus dopant layer
thickness and thermal diffusion temperature. High-quality
SiNWs with a width of 16.0 nm were fabricated via a high-
resolution EBL process and controllable plasma etching
process. The native oxide layer on SiNW was adopted as the
gate insulator to transport the captured charged molecules
closer to the SiNW surface. As a result of structure
optimization, the FET transport behavior of SiNWs with
different widths demonstrated that the narrow SiNW channel
is beneficial to modulate the channel current by a low gate
voltage. The biosensor with the SiNW width of 16 nm shows
superior FET characteristics, indicating that the biosensor has
significant potential to detect biomolecules at an ultralow
concentration. Furthermore, to detect target IgG with high
sensitivity and specificity, 2-aminoethylphosphonic acid
coupling was employed to modify the surface of the SiNWs
and OVA molecules were adopted to functionalize the SiNW
surface to capture target IgG molecules. The detection
performance of the optimized SiNW biosensor was evaluated
by real-time detection of specific IgG molecules at various
concentrations and control experiments. The optimized SiNW
biosensor revealed ultrahigh sensitivity and high-specificity
detection of target IgG with a LOD of 6 aM. The study
provides significant potential in applications including
detection of viruses, cancer biomarkers, and other proteins

Table 1. Comparison of the Sensing Performance of the Improved Biosensor with Other SiNW Biosensors Based on Antibody
and Antigen Binding

device specification width (nm) doping concentration (cm−3) target analytes LOD reference

p-type SiNWs 50 1015 insulin 10 fM 53
p-type SiNWs 200 1016−1017 antigen 5 fM 54
n-type SiNWs 20 carcinoembryonic antigen (CEA) 0.55 fM 55
n-type SiNWs 90 3 × 1018 PSA 30 aM 29
n-type SiNWs 16 2 × 1016−6 × 1016 IgG 6 aM this work
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with rapid response, high sensitivity, and high specificity for
early disease detection.
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