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ABSTRACT A silicon nanowire field effect transistor (FET) straddled by the double-gate was demonstrated for biosensor application.

The separated double-gates, G1 (primary) and G2 (secondary), allow independent voltage control to modulate channel potential.

Therefore, the detection sensitivity was enhanced by the use of G2. By applying weakly positive bias to G2, the sensing window was

significantly broadened compared to the case of employing G1 only, which is nominally used in conventional nanowire FET-based

biosensors. The charge effect arising from biomolecules was also analyzed. Double-gate nanowire FET can pave the way for an

electrically working biosensor without a labeling process.
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S
emiconductor nanowires have great potential in the

direct electrical detection of biomolecules due to their

high sensitivity.1-3 Charged molecules on nanowire

surfaces induce a field gating effect that changes the current

or its corresponding conductance through the nanowire. In

principle, this effect is strong enough to detect single

charges.4,5 In most reports, nanowire biosensors were

fabricated by the use of bottom-up approaches because of

theirattractivenessincontrollingananometer-sizedfeature.6-9

These approaches, however, have a few weaknesses in

position and shape control because they rely on a random

process. Moreover, integrability can be a serious concern.

Compatibility with the standard complementary metal oxide

semiconductor (CMOS) process is highly attractive for imple-

mentation of the readout and signal control circuit onto the

same substrate in terms of monolithic integration. On the

contrary, top-down approaches can utilize a well-established

CMOS technology,10-12 thereby overcoming the aforemen-

tioned difficulties, reducing the cost, and improving the

reliability. To achieve high sensitivity, researchers have

made attempts to scale down a structural dimension of the

nanowires, including width4,12 and thickness.13 But the top-

down approaches inevitably impose a constraint in delineat-

ing ultrasmall feature sizes for high sensitivity and increasing

throughput for cost reduction in the case of electron beam

(e-beam) lithography or size reduction by employment of

iterative oxidation, and removal of its oxide may be indis-

pensable; hence, the fabrication process becomes unwont-

edly complicated. Thus, it is important to find a new

alternative in a structural point of view while we keep

completely utilizing the CMOS compatibility neither usage

of advanced lithographic tools nor employment of the size

reduction technique.

Herein, we propose a double-gate nanowire FET biosen-

sor, which has separated double-gates, that is, G1 and G2,

that sit vertically on the silicon nanowire and face each other,

as shown in Figure 1. It is noteworthy that the aggressively

scaled dimensions of the silicon nanowire are not necessary

in this approach. By comparison with conventional nanowire

FET biosensor activated by a single back-gate (or bottom

gate), the most remarkable difference in the double-gate FET

is that symmetric/asymmetric biases can be applied to two

gates. A conduction path in the silicon nanowire is controlled

independently and precisely. Thus, sensitivity is improved

compared to an operational scheme with a single gate only,

especially in the subthreshold regime, which is an optimal
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FIGURE 1. Schematic of the double-gate nanowire FET with im-
mobilized biomolecules. Anti-AI (antibodies, Y-shape) are diffused
through a solution and selectively bound to its antigens, which are
immobilized onto the opened channel at the top of the nanowire.
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sensing domain.14 This suggested structure is very similar

to the double-gate FinFET15 except for the separated gate

by a chemical-mechanical polishing (CMP) process. It

should be noted that the FinFETs have nearly been com-

mercialized because it has matured as a technology. There

is no risk to employ such matured technology for nanowire

FET-based biosensor application.

Double-gate nanowire FETs were fabricated by the use

of an 8 in. silicon-on-insulator (SOI) wafer (see the Sup-

porting Information, Figure S1). The wafer has a top Si

thickness of 100 nm, which was initially doped with boron

and measured with a resistivity of 9 to 18 Ω·cm, that is,

an approximate doping concentration of 1015 cm-3. Un-

derneath this Si, there is the buried oxide with a thickness

of 140 nm. As a first step, nitride 50 nm thick was

deposited for etch stopper during the subsequent CMP

process to separate the gate. The widths of nanowires

range from 50 to 110 nm, which were patterned by the

use of optical lithography with 193 nm wavelength from

KrF and conventional plasma etching. Afterward, tetra-

ethyl orthosilicate (TEOS) oxide 30 nm thick and n+ in

situ doped polycrystalline silicon (poly-Si) 110 nm thick

were deposited for a gate dielectric and a gate electrode,

respectively. By employment of the CMP process, the

protruded poly-Si on the nanowire channel begins to be

polished and is then completely removed so that the

connected single gate is separated into the double-gate.

After patterning a gate region, the source and drain

electrodes were formed by the use of arsenic implantation

with 30 keV of energy and a dose of 5 × 1015 cm-2. The

etch stopper nitride was removed by hot phosphoric acid.

To cure damage stemming from the nitride etching

process on the top surface of the nanowire, additional

oxidation was carried out to grow a 3 nm thermal oxide

at 700 °C for 30 min in an oxygen ambient.

Figure 2a shows a bird’s eye view of a scanning electron

microscope (SEM) image of the fabricated double-gate nano-

wire FET. The two gates are straddling both sidewalls of the

nanowire. Drain current (ID), flowing from the drain to

grounded source, was modulated by both or either of G1 and

G2. G1 was assigned as a primary gate, and G2 was set as a

secondary gate. Reversed roles of G1 and G2 can definitely

work due to the symmetric structure of the two gates. Figure

2b shows a cross-sectional transmission electron microscope

(TEM) image that was taken along the dashed line of G1-

nanowire-G2 depicted in Figure 2a. G1 and G2 were physi-

cally isolated from the nanowire by virtue of the gate- and

buried-oxide. Biomolecules were immobilized onto the

opened channel at the top of the nanowire, as shown in

Figure 1. Their intrinsic charges from the biomolecules

directly affect the channel potential; hence, the current-

voltage (I-V) characteristics are modulated accordingly.

To characterize the fabricated double-gate nanowire

FETs, a semiconductor parameter analyzer (HP 4156C) was

used. As shown in Figure 3a, the FETs show the typical I-V

characteristics of conventional n-channel metal oxide semi-

conductor field effect transistors (n-MOSFETs). When the G1

voltage (VG) is larger than the threshold voltage (VT), it

induces inversion electrons and the drain current starts to

flow. As we pointed out, there are two ways to drive the

MOSFET in the double-gate structure, that is, single-gate (SG)

mode and double-gate (DG) mode.16 In SG mode, G1 is used

as a drive gate and G2 serves as a supplementary gate to

pin the channel potential at a fixed voltage. The role of G2

is analogous to that of the body terminal in the standard

FIGURE 2. Images of the fabricated double-gate nanowire FET. (a)
SEM image from a bird’s eye view, showing gate 1 (G1) and gate 2
(G2), which contact both sides of the nanowire. (b) Cross-sectional
TEM image along the dashed line in (a). G1 and G2 are physically
separated by the gate and buried oxide.

FIGURE 3. Measured I-V characteristics of the double-gate nanowire
FET of 110 nm width (WNW) and 1 µm length (LNW). (a) ID-VD

characteristics for a VG1 of -1.0 to 2.0 V with a stepsize of 0.5 V and
at VG2 ) 0 V. (b) ID-VG1 characteristics for VG2 of -2.0 to 0.5 V with
a stepsize of 0.5 V and VD ) 50 mV. DG mode with VG1 ) VG2 is
denoted by red squares. (c) dVT/dVG2 extracted from the ID-VG1

characteristics in (b) versus VG2. In the VG2 > VT,DG (threshold voltage
in DG mode), the device shows a much larger VT shift as the VG2

changes. (d) Simulated VT shift versus VG2. VT shift is calculated after
the injection of charges with a value of -6 × 1010 (black squares)
and -6 × 1011 cm-2 (blue triangles) on the top of the nanowire.
When VG2 increases, the device shows a much larger VT shift, which
is a response to the charges.
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4-terminal MOSFET. In contrast, G1 and G2 are connected

in DG mode, which implies that the same voltage is always

applied to G1 and G2. Data measured in the SG mode (hollow

circles) in Figure 3b show that current controllability by G1

can be changed according to the bias condition of G2, as was

done by the back body bias in the standard MOSFET. In the

n-channel MOSFET, the increment of the G2 voltage (VG2)

from negative to positive value tends to lower VT and

degrades the subthreshold slope (SS), defined as d(VG1)/d(log

ID), that is, it becomes less steep. However, the characteris-

tics of DG mode (red squares) show steeper SS than that of

SG mode due to the nature of the double-gate. As shown in

Figure 3c, when VG2 is larger than VT,DG (VT in the DG mode),

VT significantly changes in response to a small change of VG2,

which means it is very sensitive to VG2. Comparatively,

changes in VT are independent of VG2 when VG2 is less than

VT,DG. From these properties of the double-gate nanowire

FETs, it is inferred that the double-gate nanowire FET under

a condition of VG2 > VT,DG is more effectively influenced by

the extra charged biomolecules than the single-gate nano-

wire FET; thereafter, improved sensitivity is expected in the

double-gate nanowire FET. To confirm G2’s influence on

sensitivity, a numerical simulation was performed using a

three-dimensional semiconductor simulation package (AT-

LAS in SILVACO Inc.).17 The extra charge, a role of charged

biomolecules bound on top of the silicon nanowire, was set

to a value of -6 × 1010 cm-2 (black squares in Figure 3d)

and -6 × 1011 cm-2 (blue triangles in Figure 3d), respec-

tively. Figure 3d shows that VT shift (∆VT), due to the

introduction of the charges, is enhanced when G2 is at

positive bias, which corresponds to a condition of VG2 > VT,DG.

It is noteworthy that the differing values of ∆VT between the

cases setting a charge with -6 × 1010 and -6 × 1011 cm-2

increases as VG2 increases, which means that the signal

resolution to distinguish different concentrations of target

biomolecules can be improved.

As shown in Figure 4, negatively charged species, that

is, antibodies, bound to antigens immobilized on the top

of the nanowire take the inversion layer (electron channel)

away from the top; hence, the current is reduced (see the

Supporting Information, Figure S2). ∆VT is extracted from

the ID-VG1 plot at the fixed drain current (ID) between the

time before and after immobilization of the biomolecules.

As shown in Figure 4a, since the electron channel is

formed close to the G1 side under the condition of VG2 <

VT,DG, G1 can control the channel efficiently; hence, it leads

to small ∆VT in the subthreshold region. Under the condi-

tion of VG2 > VT,DG, shown in Figure 4b, however, the

channel is far from the G1 side; hence, G1 loses the

controllability of the channel potential. As a result, ∆VT

starts to increase.

To verify the aforementioned benefit in the double-gate

nanowire FET, that is, the impact of G2 on sensitivity,

bioexperiments using the specific antigen-antibody interac-

tion for the detection of the avian influenza (AI) virus were

carried out.18-20 AI antigen (AIa) fused with silica-binding

protein (SBP) was immobilized on the top surface of the

nanowire via SBP domain, which plays the role of an anchor

(Figure 1). A drop of 100 µL of SBP-AIa dissolved in 25 µg/

mL (86.7 nmol/L SBP-AIa) of phosphate-buffered saline (PBS,

pH 7.4) solution was cast on the double-gate nanowire

device for 1 h at room temperature. Then, it was rinsed

several times with deionized water and was subsequently

dried with N2 gas. Anti-AI antibody dissolved in 20 µg/mL

(133.6 nmol/L anti-AI) of PBS solution was introduced on the

SBP-AIa-immobilized device in the same way; hence, the

specific binding between SBP-AIa and anti-AI was accom-

plished. The anti-AI was successfully detected up to concen-

tration of 200 ng/mL (1.34 nmol/L anti-AI) (see the Support-

ing Information, Figure S3). Figure 5a-c shows ID-VG1

characteristics before and after anti-AI binding in the same

device for various VG2, including the floating G2 condition,

which is very similar to conventional single-gate nanowire

FET without G2. Inherent negative charges of anti-AI in-

crease VT and, resultantly, decrease ID in the n-channel

MOSFET.19 This unique property of VT and ID depending on

charge polarity was verified by the use of 34-mer single-

stranded DNA (ssDNA) of 10 nmoles to show negative

charges that were immobilized with the aid of positively

charged 3-aminopropyltriethoxysilane (APTES), which served

as a self-assembled monolayer (SAM) (see the Supporting

Information, Figure S4). ID was increased with the reduced

VT due to positive charges stemming from APTES modifica-

tion. However, ID was decreased again after ssDNA absorp-

tion by the negative charges, which led to an increment of

VT. This verifies that the double-gate nanowire FET can

FIGURE 4. The effect of VG2 conditions on the VT shift. Negatively
charged antibodies take an electron channel away from the top.
(a) VG2 < VT,DG. Since the formed channel is close to the G1 side,
G1 can easily control the channel, leading to a small VT shift. (b)
VG2 > VT,DG. The channel is induced on the G2 side. The VT shift
increases due to the relatively large distance between G1 and the
formed channel.
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electrically detect negatively charged anti-AI without a label-

ing process or an extra transducer to transform the mea-

sured signals.

VG2 is applied in the following three cases: (1) SG mode

with VG2 < VT,DG, (2) SG mode with floating VG2, and (3) SG

mode where VG2 > VT,DG. When VG2 of -2.0 V (<VT,DG) is

applied, there is no remarkable change in the SS, VT, or ID,

as shown in Figure 5a. On the contrary, as shown in Figure

5c, the SS, VT, and ID are dramatically changed when a VG2

of 0.5 V (>VT,DG) was used. It is noteworthy that this bias

condition shows enhanced sensitivity compared to case (2),

which is the most similar to a conventional single-gate

nanowire FET, as shown in Figure 5b. Similarly, ∆VT in

Figure 5d is extracted by employment of the constant

current method, i.e. the referenced VT in the VG1 scale was

read at ID of 10 nA. It is concluded that the best sensitivity

was found at the condition of VG2 > VT,DG. Therefore, the

double-gate nanowire FET with the supportive gate (G2)

enhances sensitivity more than the single gate nanowire FET

even for the same dimensions of nanowire and fixed con-

centration of biomolecules.

In summary, the label-free electrical detection of biomol-

ecules by the double-gate nanowire FETs was demonstrated.

The proposed FETs are composed of two gates, primary and

secondary, in an electrical way but the same gate in a

physical way, and these gates were vertically straddling on

the silicon nanowire. By means of the secondary gate, it is

easy to control the carrier conduction paths, which critically

affect the device parameters such as the subthreshold slope,

threshold voltage, and drain current. It was experimentally

observed by antibody-antigen interaction and theoretically

supported by the commercialized simulator that the nano-

wire structure with the double gate showed improved sen-

sitivity compared to that with a conventional single gate.

Moreover, the charge effect of biomolecules was investigated

by use of the negative charge of both antibodies from avian

influenza and DNA. Since sensitivity enhancement becomes

obscure only when scaling down the nanowire size, it is the

right time to find a new approach by implementation of a

double gate and utilization of the full advantages of matured

CMOS technology.
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