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Specific and label-free femtomolar biomarker
detection with an electrostatically formed
nanowire biosensor

Gil Shalev1, Guy Landman1, Iddo Amit1, Yossi Rosenwaks1 and Ilan Levy2

We report a specific, label-free and real-time detection of femtomolar protein concentrations with a novel type of nanowire-

based biosensor. The biosensor is based on an electrostatically formed nanowire, which is conceptually different from a

conventional silicon nanowire in its confinement potential, charge carrier distribution, surface states, dopant distribution,

moveable channel and geometrical structure. This new biosensor requires standard integrated-circuit processing with relaxed

fabrication requirements. The biosensor is composed of an accumulation-type, planar transistor surrounded by four gates, a

backgate, front gate and two lateral gates, and it operates in the all-around-depletion mode. Consequently, adjustment of the

four gates defines the dimensions and location of the conducting channel. It is shown that lithographically shaped channels of

400nm in width are reduced to effective widths of 25nm upon lateral-gate biasing. Device operation is demonstrated for

protein-specific binding, and it is found that sensitive detection signals are recorded once the channel width is comparable with

the dimensions of the protein. The device performance is discussed and analyzed with the help of three-dimensional

electrostatic simulations.
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INTRODUCTION

Biosensors are analytical devices that convert a biological response into

an electrical signal. They are normally composed of two main

components: the sensing device and the sensing molecule, that is,

the chemical or biological recognition elements. As a functional hybrid

system, the main challenge is to design a system that couples the

unique features of the biorecognition event with sensitive signal

detection and amplification. Many researchers have reported the

potential utilization of nanostructure-based biosensors in the detection

of biological species featuring direct electrical transduction.

Nanowire-based biosensors, in particular, are promising candidates

for the transduction of analytical signals in solution into electrical

signals, and ultrasensitive sensing has been demonstrated for ions,1

molecules,2 proteins,3–6 DNA7 and viruses.8 Nanowires are fabricated

either via bottom-up or top-down processes. However, bottom-up

fabrication has thus far prevented the commercialization of such

nanowire sensors mainly due its incompatibility with high-volume

manufacturing. In contrast, various top-down methods entail a high

level of non-standard processing complexity and high process

variation.5,9–11 In addition, both methodologies produce three-dimen-

sional nanowires that inherently suffer from a high density of surface

states and non-uniform doping distributions that entail degradation in

device performance.12–14 The development of nanofabrication tools

and techniques, such as electron beam lithography, focused ion beam

and nanoimprint lithography, has propelled the momentum of

functional nanostructure-based biosensor fabrication. Altghough this

rich inventory of nanofabrication methods has been available for many

years, the methods still lack the capability for on-chip integration of

nanostructure-based biosensors with an allied signal-processing

circuitry and a fluid-handling module using standard microfabri-

cation technology. A novel, double-gate nanowire field effect transistor

for biosensing was recently reported.15 The device was patterned with

193 nm lithography, and specific sensing of 1.34nmol l�1 of anti-avian

influenza was demonstrated.

In this work, we present an electrostatically formed nanowire

(EFN) biosensor capable of specific, label-free and real-time detection

of femtomolar protein concentrations. The EFN biosensor is com-

posed of a nanowire-like conducting channel that is not physically

fabricated, but rather, electrostatically formed post fabrication.

Consequently, fabrication requires standard, integrated-circuit pro-

cesses, thus eliminating the need of sophisticated nanoscale fabrica-

tion. Competitive performance coupled with standard silicon

processing makes the EFN biosensor a viable technology for various

real-time diagnostic applications.
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The EFN biosensor resembles the silicon-on-insulator (SOI)

G4-FET developed in 200216–18 and is presented schematically in

Figure 1a. The biosensor is composed of an accumulation-type

transistor with four, independent gates: a backgate VGb, a front-

gate/reference electrode (VREF) and two additional lateral junction

gates (VGj1 and VGj2) located on both sides of the conducting channel.

The nanoscale channel is induced and controlled by depletion regions

formed around it by the four surrounding gates. In this way, the size,

shape and location of the channel in the bulk SOI are determined.

Figures 1b and c illustrate an EFN biosensor with voltages VGj1¼VGj2

that provide wide and narrow channels (nanowire dimension),

respectively; the channel vertical position is controlled by VGb and

VREF as demonstrated in Figures 1d and e. Figure 1f shows a scanning

electron microscope top image of the EFN.

The EFN is conceptually different from both the conventional

silicon nanowire (SiNW) and the double-gate nanowire. A SiNW is a

three-dimensional structure in which the confinement is chemical

(compositional), that is, it is due to a material (for example, air or

SiO2) with different properties surrounding the wire. The confine-

ment potential of the double-gate nanowire is chemical on the SiO2

side and electrostatic on the silicon side (this is an ordinary

confinement potential of an inverted metal-oxide-silicon capacitor).

On the contrary, in the EFN device, the confinement is fully

electrostatic; that is, it is due to the external applied bias rather than

chemistry. This fact implies that the interplay between sensing, charge

carrier distribution and the confinement potential is inherently

different in comparison to a SiNW or a double-gate nanowire

(see the Supplementary Information for device simulations of the

EFN parabolic potential vs the step-like potential in the SiNW

and the double-gate nanowire). Additionally, degradation in the

performance of SiNW-based devices due to metal catalysts and

non-uniform dopant distribution19–22 does not exist in EFN

biosensors because EFNs are electrostatically shaped inside single-

crystalline silicon.

Figure 1 Schematic illustration of the EFN biosensor with antibody/analyte complexes bonded to the gate dielectric. (a) Note the nþ þ and the nþ implants

for the source/drain and channel regions, respectively. The junction areas are pþ doped to allow efficient reverse biasing of the p-n junctions that

electrostatically induce and control the width of the channel, using the electrical wiring shown in the inset. (b–e) Demonstrate the electrostatic control of

the size, shape and location of the conducting channel. (b) Wide channel; (c) Reverse-bias forming a narrow channel; (d) Biasing of the top reference

electrode and the backgate move the channel close to the biological event or (e) away from the noise centers at the Si/SiO2 interface. (f) Scanning electron

microscope top image of the EFN device. The red rectangle in the middle of the device is the opening of the passivation layer where the modified gate

dielectric is exposed to the analytes.
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The EFN configuration allows the channel to be sufficiently

removed from the Si/SiO2 interface,23 which is the dominant noise

source in SiNWs24–29 as well as in inversion-type planar devices30

(and in the double-gate nanowire, where the conduction is due to the

formation of an inversion layer at the silicon/SiO2 interface). It was

recently demonstrated that the low-frequency noise originating from

charge trapping/detrapping at the Si/SiO2 interface is the prevailing

noise source in wet environments, as the noise-level dependency on

ion concentration and pH level is negligible.31–33 This EFN degree of

freedom improves the signal-to-noise ratio, which is crucial for

biosensing applications because the signal-to-noise ratio level will

determine the sensitivity limit of the biosensor.34 Moreover, the ability

to control the vertical position of the channel compromises between

the need for maximum proximity of the biological events to the

conducting channel on the one hand, and the need for high signal-to-

noise ratio on the other. Figures 1d and e illustrate the control of the

vertical location of the EFN nanowire using solely the appropriate VGb

and VREF. In Figure 1d, the channel is closer to the biological reaction

and the noise centers (trap states that exchange electrons with the

conducting channel) at the Si/SiO2 interface, whereas in Figure 1e,

the channel is further removed from the reacting surface and from the

Si/SiO2 interface.

As the confinement potential in the EFN is controlled electro-

statically, the channel position can be changed in real time, and in this

manner, a further increase in device sensitivity can be achieved (as

examined in the Discussion section below). To summarize, the EFN

allows post-fabrication determination of the channel size and shape,

as well as the channel lateral and z-locations. In contrast, these

parameters are predetermined and fixed in both SiNW and double-

gate nanowires. We note that one of the advantages in biological

detection using NWs is attributed to their large surface-to-volume

ratio.3–8 We demonstrate below that the sensitive sensing with the

EFN biosensor is governed by the downscaling of the sensor active

area to dimensions similar to that of the analytes. It should be noted

that the EFN-enhanced sensitivity is not due to additional biasing as

was argued for the dual-gated SiNW.35 An enhanced sensitivity was

achieved with the dual-gated SiNW, once the shift in backgate

threshold voltage was recorded (due to the ratio between the top

dielectric and the buried dielectric). In the present case, only the shift

in the front threshold voltage is measured, and hence the enhanced

sensitivity is not due to the presence of additional gates.

EXPERIMENTAL PROCEDURES

Silicon fabrication
Silicon-on-insulator wafers measuring 600 in diameter were used (SOITEC,

Bernin, France). The thickness of the SOI layer was 260 nm, with boron doping

of 1.6� 1014 cm�3 (resistivity of 13–22O cm). The thickness of the buried

oxide was 1mm. The fabrication of the devices was as follows: the devices were

isolated from one another using isolation trenches. Successive implants for the

channel region, the source/drain regions and junction regions were performed.

The SiO2 gate dielectric of 50 Å in thickness was grown via low-pressure

chemical vapor deposition (LPCVD). The channel doping (As) was in the

range of 1.6� 1017 cm�3. The EFN biosensor is partially depleted for the given

channel doping and SOI thickness. The doping (As) at the source and drain

regions was in the range of 5� 1019 cm�3, and the junction doping (B) was in

the range of 5� 1019 cm�3. The source/drain and channel implants ensure an

n-type accumulation device. The implant steps were followed by 100 nm SiO2

plasma-enhanced chemical vapor deposition (PECVD) for the interlayer

dielectric and opening of the contacts. Ti/Al/TiN was sputtered and patterned

for interconnections followed by a 4500 Å passivation layer of plasma-

enhanced chemical vapor deposition nitride. The last step of the process

was the opening of the passivation above the EFN biosensor-active region.

This step was performed with a dry etch followed by a final wet etch. Owing to

the EFN geometry, two channel lengths need to be defined. The full channel

length (L) is defined as the lithographic length between the source and drain,

and the effective length (Leff) is defined as the length of the junction gate

(Figure 1a). All devices had a full channel length of 10mm and an effective

length of 7mm. The channel width (W) for all devices was 400 nm. See the

Supplementary Information for schematic illustrations of the silicon

processing.

Chemical modifications. Prior to modification, the devices were rinsed with

EtOH (100%), dried using N2 and activated with UV/O3 (UVOCS T10X10,

Montgomeryville, PA, USA) for 30min. Immediately after activation, the

devices were dipped for 10min in 1% APTMS (3-aminopropyltrimethoxysi-

lane, Sigma, Rehovot, Israel), in EtOH/DI (95:5) water solution, rinsed and

sonicated for 10min in 100% EtOH, dried in N2 and annealed for 10min at

110 1C. The binding of either antibodies (anti-troponin and anti-PSA) to the

APTMS was performed using a single-step preparation by dipping the

APTMS-activated device for 2 h in 0.1� MES buffer pH 4.7 supplemented

with 5mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (Pierce, Rock-

ford, IL, USA) and 1mgml�1 polyclonal rabbit anti-troponin or 1mgml�1

polyclonal rabbit anti-PSA for the anti-troponin and anti-PSA devices,

respectively (Abcam, Cambridge, MA, USA). The dies were washed twice

with 0.1� MES buffer pH 4.7, then once in phosphate buffer pH 6. The

devices were measured immediately or stored under N2 until use.

Electrical connections. Electrical measurements of current vs applied refer-

ence-electrode voltage (IDS-VREF) and current vs time (IDS-t) of the EFN

biosensor in a wet environment were performed with a custom-made flow cell.

The measurements were performed with a homemade Ag/AgCl reference

electrode and 0.01� diluted commercial phosphate-buffered saline working

solution with 10mM sodium phosphate and 150mM NaCl at pH 7.4 (Pierce).

The electrical connectivity of the devices is illustrated in the inset of Figure 1a.

Five voltages were applied to the devices: drain-source voltage (VDS), voltage at

the reference electrode (VREF), back gate voltage (VGb) and two voltages at the

junctions (VGj1, VGj2). All measurements were performed with VGj¼VGj1¼

VGj2 . The pH sensitivity of EFN biosensors was measured with alternating

injections of 0.01� phosphate-buffered saline solutions at pH 7 and 9. All the

IDS-t measurements were performed with VDS¼ 50mV. The low value of VDS

was applied to guarantee the condition of VDS5VGj . This condition provides a

conducting channel with homogenous diameter throughout the length of the

channel.

RESULTS

Figure 2a shows IDS-VREF measurements of the EFN biosensor

modified with cardiac troponin (anti-cTnI) for various junction gate

voltages: VGj¼ 0, �0.5, �1, �1.5 and �2V, in which the backgate

voltage (VGb) was �7V for all devices. Note that IDS decreases as VGj

becomes more negative due to the presence of p-n junctions on both

sides of the channel formed by the boron and arsenic dopants. The

p-n junctions control the effective width, Weff, of the conducting

channel; reverse bias (negative VGj) increases the depletion regions on

both sides of the channel and hence reduces its width (IDS decrease),

whereas forward bias (positive VGj) reduces the depletion areas and

consequently increases the channel width (IDS increase). The sensi-

tivity of IDS to variations in VREF is characterized by the transistor

gain (gm¼ dIDS/dVREF), which is extracted from the IDS-VREF

measurements (Figure 2a). The shape of the gm curve shows the

expected single-peak signature for a device operation in the linear

regime. The gain decreases as VGj becomes more negative (reversed

bias), which is a direct consequence of the increase in the depletion

regions at the junctions that reduce IDS and gm. Finally, the shift in gm
towards higher values of VREF as VGj is more negative, reflecting the

shift in the front threshold voltage (VTf) due to a decrease in the front

channel potential (csf).
18 The value of VREF (for a given VGj) that

provides the highest gain was selected for the IDS-t measurements for

Femtomolar biomarker detection with nanowire biosensors
G Shalev et al

3

NPG Asia Materials



both the pH-sensitivity measurements and the measurements for

analyte detection.

Solution-related leakage currents of an EFN modified with anti-

cTnI are presented in Figure 2b. Note that the solution-junction gate-

leakage current (IGj) was measured for VGj¼ �2 V and 0.5 V for VREF

range of �2 to 2V. It is shown that IGj is not dependent upon VREF.

As expected, the solution leakage current is greater when the PN

junctions are forward-biased. However, the solution reference elec-

trode leakage current (IREF) exhibits strong dependence upon VREF,

where negative VREF implies an increase in IREF. Finally, IREF is greater

when the PN junctions are forward-biased, as expected. Drift currents

(IDS) were on the order of several mV for the initial 10h. Figure 2c

presents the hysteresis between forward sweep and backward sweep.

The small hysteresis between the two slopes is indicative of small,

defect-induced charge trapping.

Figure 2d shows the sensitivity to pH of the EFN biosensor

modified with anti-cTnI for VGj¼ 0 V (VDS¼ 50mV, VREF¼ 1.4V,

VGb¼ �7V). Alternating injections of pH 7 and 9 solutions were

performed, and as expected, higher pH entails smaller IDS as the

biologically modified gate dielectric is more negatively charged. The

gain of the EFN biosensor was measured with a VREF¼ �10mV

calibration pulse, and in this manner, the shift in the front threshold

voltage (due to the change in pH) was extracted. The pH sensitivity of

the device was calculated to be 43mVdec�1, where the maximum

theoretical value for the pH sensitivity of the SiO2 gate dielectric at

this range of pH is 47–50mVdec�1.22 A real-time, specific and label-

free detection of 10 pgml�1 (B340 fM) cTnI is demonstrated

in Figure 3a. The measurement was performed with narrow Weff

(VGj¼ �2V), and VREF was selected to provide the highest gm
according to the IDS-VREF plot. VDS and VGb were set to 50mV and

�7V, respectively. The analyte injection occurred at t¼ 0, where a

sharp decrease in the current is recorded. This effect is in agreement

with the isoelectric point of cTnI (pI¼ 5.2–5.4) that, in conjunction

with the pH of the solution (pH¼ 7.4), suggests that the troponin is

negatively charged, and hence the current decrease is measured for the

n-type channel. Non-specificity (with identical conditions) was also

demonstrated for a device modified only with APTMS.

Figure 3b presents the plots of normalized source-drain current vs

time of six devices pre- and post-injection of 10pgml�1 cTnI. Each

device was subjected to a different VGj to study the effect of the channel

width upon threshold shift due to label-free and specific binding of

cTnI. Four devices were operated with VGj¼ 0, �0.5, �1 and �1.5V,

and two devices with VGj¼ �2V. For each device, VREF was selected to

provide the largest gm according to IDS-VREF plots, and VDS and VGb

were set to 50mV and �7V, respectively. The gm for each plot was

measured experimentally, and in conjunction with the shift in current,

the shift in the front threshold voltage (DVTf) due to the injection of

cTnI was extracted. No modulation of current was recorded for VGj¼ 0

V, whereas only a minute decrease in current of 2% was recorded for

VGj¼ �0.5 and �1V, which provides DVTf of B7mV. However,

a substantial decrease in current of 10% was demonstrated for

VGj¼ �1.5V (DVTf of B30mV), and a more pronounced decrease

in current of 15% was demonstrated for the two devices subjected to

VGj¼ �2 V, which entails DVTf of B73mV and DVTf of B65mV.

Figure 3c presents the EFN dose-response for cTnI concentrations

of 10 pgml�1, 10 ngml�1 and 10mgml�1 for VGj¼ �1.5V. Another

EFN biosensor was modified with APTMS and anti-PSA, and the

following voltages were applied: VGj¼ �2V (Weff¼ 25nm), VDS¼ 50

mV, VREF¼ 1.5V and VGb¼ �7V. PSA at a concentration of

100 fgml�1 (B3 fM) was injected, and a real-time decrease in the

current was evident. The decrease in current, with a corresponding,

calculated threshold-potential shift of DVTf¼ 30mV, is consistent

Figure 2 Electrical characterization of the EFN biosensor. (a) IDS vs VREF and gain (gm) curves of the EFN biosensor measured for different lateral gate

voltages (VGj¼0, �0.5, �1, �1.5 and �2V). Note that as the junctions are more reverse biased, the IDS and the maximum value of gm are smaller

because the effective width of the channel decreases. The measurements were performed in 0.01� phosphate-buffered saline buffer solution at pH 7. The

channel is doped with 1.6�1017 cm�3 of (As), the source/drain regions are doped with 5�1019cm�3 (As), and the junction areas are doped with

5�1019cm�3 (B). The lithographic width and length of the conducting channel are 400nm and 7mm, respectively. (b) Solution-related leakage currents in

EFN. Leakage current at the reference electrode vs applied reference voltage for different biasing of junction gates. (c) Small hysteresis between forward

and backward sweeps. (d) pH sensitivity of EFN biosensor. The modulation of IDS due to alternating injections of pH 7 and pH 9 solutions is presented; the

resulting pH sensitivity is 43mVdec�1.
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with the pI of PSA (5.8) and the pH of the solution (7.4) and suggests

that the PSA is negatively charged (Figure 3d). Nonspecificity was

verified by repeating the experiment with an identical device that was

modified only with APTMS.

DISCUSSION

A three-dimensional device simulator (Synopsys TCAD Sentaurus,

Mountain View, CA, USA) was used to calculate Weff as a function of

VGj; Weff was estimated using the FWHM of the electron density of

the conducting channel at the z-plane (vertical axis), where this

density attains its maximum width (Figures 4a and b). We note that

Weff decreases from 190nm for VGj¼ 0 V to 25nm for VGj¼ �2V

and that for Weff 480nm (VGj¼ �1V), the current modulation

upon binding of troponin is negligible. However, for Weff othan

80nm, the effect of the troponin binding is clearly observed. An even

smaller EFN can be realized in the following way. Adequate thermal

treatment will drive the boron dopants of the junction gates towards

the center of the conducting channel and in this way form the PN

junctions closer to the channel center. (See the Supplementary

Information for simulations of 10nm EFN).

The inverse correlation between Weff and the difference between the

average potential of the depleted/accumulated SOI region pre- and

post-analyte binding, DcSOI, which is correlative to DVTf , was

simulated and presented in Figure 4c. The EFN device was simulated

with parameters identical to those of the measured devices (apart from

the length of the device, which was set to 3mm to reduce computation

time). A 1000 nm3 SiO2 cube having a fixed charge of 1019 cm�3 was

used to simulate the presence of a single-charged protein analyte, and

VGj was changed from 0 to �1.8V in steps of 0.2V. Two simulations

were performed for each VGj, one with the localized charge in the

channel center and the other one without any charge, and the average

potential in the SOI region (cSOI) was extracted for each simulation.

The difference in cSOI with and without charge was calculated for each

value of VGj. When no voltage is applied at the junctions (VGj¼ 0V

andWeff¼ 190 nm), the shift in cSOI is 2mV (Weff¼ 190nm), whereas

for VGj¼ �1.8V (Weff¼ 37nm), the shift is DcSOI¼ 20mV. Note

that, as expected, a decrease in Weff entails a greater shift in cSOI (See

the Supplementary Information).

Further modeling was used to extract the analyte charge density

above the nanowire. Analytical modeling of the threshold voltage of a

G4 transistor was recently reported.16 When the metal gate of the G4

transistor is removed and the gate dielectric is exposed to an

electrolyte and a reference electrode, the metal work function (fm)

is replaced in the following manner36: fm/q¼ Eref�c0þ wmol, where

Eref is the reference electrode potential relative to vacuum, c0 is the

double layer potential at the solution–oxide interface and wmol is the

dipole potential of the solution. For an EFN biosensor, we assume

that the organic layers (APTMS, anti-cTnI and cTnI) can be modeled

as a system of serially connected capacitors. Finally, we assume that

the potential drops across the ATPMS layer, the anti-cTnI layer and

c0 did not change following the binding event. It was previously

demonstrated� that using the above assumptions, the shift in front

threshold voltage (DVTf) is
37:

DVTf ¼ �
QcTnI

CcTnI

¼ �
Q�

cTnI � t
2
cTnI

ecTnI
ð1Þ

where QcTnI, Q*cTnI, CcTnI, ecTnI and tcTnI are the overall charge, the

charge density per unit volume (that is, the troponin charge density

Figure 3 Specific, label-free and real-time detection with an EFN biosensor. The measurements were performed in a buffer solution of 0.01� phosphate-

buffered saline at pH 7. (a) Response of IDS to injection of 10pgml�1 cTnI at t¼0 s. The device was biased as follows: VDS¼50mV, VGb¼ �7V, VGj¼ �2

VREF¼1.6V. A decrease in IDS of 15% is clearly observed following the cTnI binding. The decrease in current is expected for the given pI (5.2–5.4) of cTnI

and the pH of the solution. Nonspecificity is also demonstrated because no change in current is apparent following injection of 10pgml�1 of cTnI to a

device modified solely with APTMS (at t¼0 s). (b) Normalized source-drain currents of six EFN biosensors subjected to 10pgml�1 cTnI injections at t¼0 s

and biased with VDS and VGb of 50mV and �7V, respectively. Each device was biased with a different VGj: 0 V, �0.5V, �1V, �1.5V and two devices with

�2V. For VGj¼0V, no modulation in current is recorded, whereas for VGj of �0.5V and �1V, only a minute current change is noticeable. Substantial

current decreases of 10 and 15% are clearly observed for VGj¼ �1.5V and for the two devices with VGj¼ �2V, respectively. (c) Normalized IDS vs time for

the EFN dose response at cTnI concentrations of 10pgml�1, 10ng/ l�1, 10mgml�1. The applied voltages were VDS¼50mV, VGb¼ �7V, VGj¼ �1.5

(Weff¼55nm) and VREF¼1.6V. (d) Real-time, specific, and label-free detection of 3 fM PSA was obtained for VGj¼ �2V (Weff¼25nm), VDS¼50mV,

VREF¼1.5V, VGb¼ �7V. Note a shift of 30mV in threshold voltage. Nonspecificity is also demonstrated.
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directly above the conducting nanowire), the capacitance, the

permittivity and the thickness of the cTnI layer, respectively (the

Debye screening is neglected because the measurements were per-

formed with 0.01� phosphate-buffered saline, which ensures a

Debye length of 7 nm). We assume a sparse cTnI layer (as full

coverage of the APTMS layer and antibodies is not anticipated) with

ecTnI¼ 80 and tcTnI¼ 10nm. The value of Q*cTnI is calculated for each

VGj and presented in Figure 4d. Note that as Weff decreases (or as VGj

is more reverse-biased), there is a probability of obtaining an analyte

distribution that provides greater charge density above the induced

nanowire and consequently an enhanced device sensitivity. Finally,

considering a typical dimension of 10nm of a single cTnI molecule

and 30% surface coverage of the cTnI layer, then the charge of a single

cTnI molecule is 5 e�, which is consistent with the theoretical

calculations based on the typical Henderson–Hasselbalch

equation (using software such as SEQMOL or PyMOL). Finally, the

EFN detection sensitivity can be even further enhanced if a ’lateral

voltage scan’ mode is applied in the following manner. The two side-

gate voltages VGjs are continuously adjusted in such a way that the

nanowire sweeps the channel from one pþ region to the other (See

the Supplementary Information and Supplementary Movie 1). In this

way, the source-drain current is modified each time the EFN passes in

close proximity to an analyte. This mode is similar to sensing using a

NW array.

We have presented an electrostatically formed biosensor possessing

a promising immunodetection performance in terms of real-time,

specific and label-free detection with fM sensitivity. The conducting

nanowire of the EFN biosensor is electrostatically defined post

fabrication, which permits standard, CMOS-compatible silicon pro-

cessing with extremely relaxed design rules. It was demonstrated that

the electrostatically defined shape and position of the nanowire

govern the detection sensitivity, that is, smaller the width of the

nanowire, greater is the shift in the EFN threshold voltage. The EFN

competitive sensing performance yields an inexpensive, disposable

and ultrasensitive platform for various sensing applications.
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