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Abstract

We have used liquid-gating to investigate the sensitivity of nanowire (NW)-based biosensors for
application in the field of ultrasensitive biodetection. We developed an equivalent capacitance
model of the biosensor system to explore the dependence of the sensitivity on the liquid-gate
voltage (V)g), which was influenced by capacitive competition between the NW capacitance and
the thin oxide capacitance. NW biosensors with highest sensitivity were obtained when we
operated the device in the subthreshold regime while applying an appropriate value of V4; the
influence of leakage paths through the ionic solutions led, however, to significant sensitivity
degradation and narrowed the operating window in the subthreshold regime.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since the first one-dimensional (1D) nanomaterial-based
biosensor was developed for biological and chemical sensing
in 2001 [1], such systems have attracted increasing attention
for their promising use as highly sensitive biosensors
because of their high surface-to-volume ratios and sizes
comparable with those of biomolecules [1-12]. Reports of
such biosensors being used for the selective detection of
viruses [2], antigens [3, 5], DNA [8], and other biological
species [1, 6, 7, 9, 10] have appeared steadily over the
past decade. At present, one of the most pressing issues
is improving the sensitivity of these biosensors so that they
may be used for the ultrahigh-sensitivity detection of only
a single or a few biomolecules. During the preparation
of this paper, Gao er al observed the improved sensitivity
of a nanowire (NW)-based biosensor in the subthreshold
regime [13]; nevertheless, there remains a lack of information
regarding the physical correlation between the sensitivity of
biosensor systems and their operating conditions. Herein, we
reveal that the sensitivity of one such device can be modulated
electrically, through liquid-gating, to its limit by applying
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an appropriate liquid-gate voltage (Vj,), thereby modifying
the capacitive coupling effect in the biosensor system. We
also describe the origin of the sensitivity degradation in the
subthreshold regime.

2. Experimental details

In this study, n-type polycrystalline silicon (poly-Si) NWs,
employed as 1D conducting channels to study the sensi-
tivity of NW biosensors, were fabricated using fully com-
plementary metal-oxide—semiconductor (CMOS)-compatible
processes [10]. First, the starting Si substrate was covered
with a 100 nm silicon oxide (SiO,) layer and an 80 nm silicon
nitride (Si3Ny) layer. Next, a SiO,-dummy gate structure
(length, 2 pum; width, 500 nm) was formed on the substrate.
Subsequently, an amorphous silicon (a-Si) layer (thickness,
100 nm) was deposited onto the substrate; the sample was
then subjected to annealing at 600°C to transform the a-Si
into poly-Si. The poly-Si NWs and source/drain (S/D) contact
areas were defined through a photolithography process and
reactive plasma etching processing. Note that two sidewall
poly-Si NW channels connected in parallel were formed along
the edges of the dummy gate structure using the sidewall-
spacer technique. The low-resistive poly-Si areas used for S/D

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Representative diagrams of the NW device structure and
the measurement setup. (a) Typical NW device structure, fabricated
using the sidewall-spacer technique, revealing two NWs connected in
parallel along the dummy gate edges. (b) Top-view SEM image of
the NW device, revealing that it featured two NW channels
connecting the S and D electrodes. (c¢) Conductance measurement
setup of the liquid-gating NW device. The Au microwire that was
inserted directly into the solution served as a liquid-gate electrode.

contacts were fabricated through ion implantation. Finally,
the S/D contacts were passivated by a 150 nm SiO, layer,
thereby decreasing both the leakage current [14] and noise
in the solution environment. A schematic representation of
the NW device prepared using the sidewall-spacer technique
is provided in figure 1(a). The top-view SEM image of the
NW device in figure 1(b) reveals that the NW device featured
two poly-Si NWs (lengths about 2 wm) connecting in parallel.
The vertical thickness and height of the poly-Si NW were
about 45 nm and about 70 nm, respectively, determined from a
cross-sectional view transmission electron microscopy (TEM)
image (not shown here).

Phosphate-buffered solutions (PBS, 10 mM) were
prepared in deionized water; the pH was adjusted to
a specific value using sodium phosphate monobasic and
sodium phosphate dibasic (J T Baker, USA). In liquid-gating
systems [15], a biosensor will have sufficiently high efficiency
to modulate the inherent conductance of the NW through the
gating effect if any surface potential changes occur at the
solution—SiO, interface, induced by a change in the number
of surface charged groups; therefore, we used such systems to
investigate the sensitivity of our biosensors. The liquid-gate
electrode comprised a gold (Au) microwire (this inert metal
was used to suppress electrochemical reactions between the
solution and the electrode) inserted into a solution of known
pH. The conductance measurements were performed using the
lock-in technique at room temperature. A sine wave (47 Hz;
amplitude 10 mV) was applied to the drain electrode. The
source electrode was connected virtually to the ground of the
lock-in amplifier system. Figure 1(c) provides a schematic
representation of the measurement setup for characterizing
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Figure 2. Experimental conductance of the NW device in the pH-7.5
solution, plotted with respect to Vj,. Inset: schematic representation
of the equivalent circuit of the measured conductance, which was
contributed mainly by the parallel connection of the inherent
conductance of the two parallel NWs and the ionic conductance of
the leakage paths through the solution.

the conductance in the liquid-gating device. The measured
conductance of the device increased upon increasing V,; from
0.96 to 1.5 V in the pH-7.5 solution (figure 2), indicating
the typical electrical behavior of an n-type device in which
electron carriers play the dominant role in current transport.
The inset to figure 2 presents the equivalent circuit of the
measured conductance in the liquid-gating NW device system;
competition between the inherent conductance of the poly-Si
NWs and the ionic conductance of the leakage paths would
govern the measured conductance of the NW device. The
threshold voltage (Vi) of this device, extracted through linear
extrapolation, was 1.23 V.

3. Results and discussion

To change the surface potential at the solution—SiO, interface,
and, thereby, to evaluate the sensitivity of the NW biosensor,
we increased the degree of deprotonation of the silanol (SiOH)
groups by varying the pH from a low to high value to increase
the density of negatively charged groups (SiO™) [1, 16], as
illustrated in figure 3(a). We performed real-time conductance
measurements to observe the change in conductance caused by
the change in surface potential at the solution—SiO, interface
upon increasing the pH from 7.5 to 8.5. Initially, we used
a syringe pump to deliver the pH-7.5 solution into direct
contact with the NW. When the conductance of the device
became electrically stable, the pH-7.5 solution was replaced
by the corresponding pH-8.5 solution. We positioned an air
bubble (about 50 ul) intentionally between the two different
solutions. As this bubble flowed across the surface of the
NW, we observed in real-time that the electrical signal was
disturbed, confirming that the change in solution pH occurred
simultaneously with the change in the signal. We measured
the conductance of the device under pH changes from 7.5 to
8.5 at various values of Vj,. Figure 3(b) presents the data
normalized to AG/Gyyg_7.5 for comparison. The conductance
of the n-type NW device decreased upon increasing the pH
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Figure 3. (a) Schematic representation of the deprotonation of SIOH
groups on the NW surface upon increasing the pH. (b) Real-time
AG/Gyu—75 curves for pH changes from 7.5 to 8.5 at various values
of Vj;. An air bubble, placed intentionally between the pH-7.5 and
pH-8.5 solutions, caused the initial disturbance of the electrical
signals.

from 7.5 to 8.5; we attribute this behavior to the presence of
additional negative charges at the SiO, surface. According
to previous reports [1, 5, 12, 17], the conductance of p-type
NW devices will increase upon increasing the pH from low
to high values—opposite to the trend we observed for our n-
type system. Furthermore, the value of AG/Gpy_7.5 of our
NW device could be controlled electrically by varying the
value of Vjg, as indicated in figure 3(b). Figure 4 presents
a semilogarithmic plot of the conductance of the device with
respect to the value of Vi, in the pH-7.5 solution. The
subthreshold swing of this device was extracted to be as
high as 132 mV/dec. Moreover, the measured conductance
was weakly dependent on the value of Vi, when the device
was operated in the low conductance regime, as indicated
in figure 4, suggesting that the ionic conductance of the
leakage paths played a major role in the measured conductance.
The magnitude of the ionic conductance contributed by
the leakage paths in our NW device reached as high as
about 4 x 107° S, as denoted in figure 4. Furthermore,
figure 5 plots the experimental sensitivity of the NW device,
defined as AG/Gpy_7.5 (calculated by averaging the real-time
conductance responses depicted in figure 2), with respect to
Vig. The highest sensitivity of the NW biosensor occurred in
the subthreshold regime, with the sensitivity decreasing upon
further increasing the value of V).; figure 5 reveals a sevenfold
enhancement in sensitivity for the NW device operated in the
subthreshold regime relative to that in the above-threshold
regime. Understanding the cause of the dependence of the
sensitivity on the value of Vi, in the liquid-gating NW device
will require further investigation.

To simplify the quantitative model of sensitivity, we focus
herein on the relationship between the sensitivity and the
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Figure 4. Left-hand axis: semilogarithmic plot of the G-V}, curve
for the device in the pH-7.5 solution (red line). The extracted value of
the subthreshold swing is 132 mV /dec. The magnitude of the ionic
conductance contributed by the leakage paths through the solutions in
our case is labeled (green line). Right-hand axis: plot of g,/ Gpu—75
with respect to V), using data obtained from the G-V, curve.
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Figure 5. Comparison of the experimental data for the pH sensitivity
(M) and the fitting curve (red solid line) obtained using equation (1).
Inset: equivalent capacitive model of the solution/NW system. The
increased negative charge (—A Q) due to deprotonation at the oxide
surface is labeled in the circuit.

surface potential at the solution—SiO, interface. Physically
speaking, there are three capacitances connected in series
within this solution/NW system: the electrical double-layer
capacitance (Cpr), the thin oxide layer capacitance (Coy), and
the capacitance of the nanowire (Cnw). The Debye screening
length for 10 mM PBS is about 3 nm, comparable with the
thickness of the thin oxide layer (thickness of 2-3 nm in our
case). In addition, the dielectric constant of the electrical
double-layer (about 80) was more than 20 times greater than
that of SiO; (about 3.9) [14]. This situation suggested that Cpy,
would be substantially greater than C,x, indicating that Cox
would play a dominant role in determining the values of those
two Vg-independent capacitances connected in series between
the NW and the liquid-gate electrode. Finally, the equivalent
capacitive model can be simplified as Cyy serially connected
to Cnw; thus, the value of At (the surface potential change
at the solution—SiO; interface) can essentially be considered as
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the value of AVj,. Relative to the slope of G, which varied
dramatically with respect to Vi, in the subthreshold regime, the
slope of G in the above-threshold regime varied only slightly
with respect to V), as indicated in figure 4. Therefore, the
sensitivity (§) for the NW biosensor operated in the above-
threshold regime can be defined as

AG

GpH-75

‘ gm
GpH-75

S = ‘ Ao ey

where g, and Gpg_7s5 are the transconductance and
conductance, respectively, of the device in the pH-7.5 solution.
Figure 4 reveals that the g,/ G n—7.5 curve obtained from the
G-V}, data is a function of Vi,. To extract the value of Ay,
we fitted the experimental data for the sensitivity at various
values of Vi, in the above-threshold regime using equation (1),
in which A1t is the only fitting parameter. Figure 5 compares
the experimental results with the fitting curve, providing an
extracted value of Ay, of about —10.5 mV for the pH change
from 7.5 to 8.5; this agrees well with the value reported in
the literature for the pH sensitivity of the SiO, surface [18].
In addition, relative to the ideal value, based on the Nernst
equation, of —60 mV /pH, the absolute value of our system
is low, presumably because of the dependence of A/, on the
site density and dissociation constant of the SiOH groups [16].

The NW biosensor exhibited optimal sensitivity when
we applied a value of Vi, of 1.06 V, which corresponded
approximately to the maximum value of g,,/Gyu-75, as
labeled by the green shadow in figure 5. Using the expression
G ~ exp(aeVig/kpT) for an NW biosensor operating in the
subthreshold regime [15], the correlation between g,/ GpH-7.5,
AG, and Gpy_75 can be given as

084G _1 S [1 — explaeA o /KT ()
= — explae X .
0Vig Gpu-75  GpH-75 P oxITB

Accordingly, g,/Gpu-7.5 is proportional to the differential
conductance change divided by the conductance, indicating
that it can essentially be correlated to the sensitivity of the
NW biosensor. Therefore, it suggests that we have developed
a new methodology for optimizing the sensitivity of NW
biosensors: by applying an appropriate value of Vi, that has
been extracted from the g,,/G curve. Note that the device-
to-device variations in the threshold voltages and electrical
performances of the electronic devices cannot be ignored when
their feature sizes are decreased to the nano-scale, especially in
the case of NW devices. Therefore, it remains highly unlikely
that we could control all NW biosensors, fabricated using the
same fabrication process flow, so that they operate with similar
sensitivity performances when applying the same operational
bias conditions. How we can optimize the sensitivity of NW
biosensors prior to performing the biological measurements is,
therefore, an important issue for the practical application of
NW biosensors. Thus, we have demonstrated a method for
evaluating the sensitivity of NW biosensors using solutions of
various values of pH; this approach can be applied practically
to the field of highly sensitive NW biosensors.

To further investigate the dependence of the sensitivity
on the value of Vj, in the NW device, as plotted in figure 5,

we divided the whole sensitivity into two stages. In the first
stage, the sensitivity of the NW device decreased as the value
of Vj, increased beyond 1.06 V. We attribute this behavior
mainly to the potential coupling effect between all effective
capacitances connected in series within the liquid-gating
system. The inset to figure 5 displays the equivalent capacitive
model, comprising Cox and Cnw, that we used to explore the
correlation between the sensitivity of the NW biosensor and
the capacitive coupling effect in the solution/NW system. The
increased negative charge (—A Q) due to deprotonation at the
oxide surface is also labeled in the circuit. The coupling ratio
() of the surface potential change in the NW to the liquid-gate
voltage change, based on the capacitive model, can be given as

_ AYnw  AYnw - Cux
AV1g Al/fox Cox + CNW

(©)

where Ayox and Aynw are the surface potential changes at the
solution—SiO, interface and at the NW, respectively. When V},
is swept from the subthreshold regime to the above-threshold
regime, the increase in the electron carrier density of the n-
type NW will result in an increase in Cnw, which will play an
increasingly important role in determining the value of «. As
a result, the sensitivity of the NW device will decrease, due to
the decrease in the coupling ratio, upon increasing the value of
Vig. Consequently, capacitive competition between Cnw and
Cox will govern the sensitivity of the NW biosensor in the high
conductance regime, depending on the value of Vjg, in terms of
the potential coupling ratio of AYnw to Aex.

Notably, a significant drop in sensitivity occurred in the
low conductance regime, which can be regarded as the second
stage (figure 5), presumably because the inherent conductance
of the NW was comparable with the ionic conductance of the
leakage paths through the solutions (about 4 x 10~ S in this
study, as mentioned above). The measured conductance of the
biosensor was contributed mainly by the parallel connection of
the inherent conductance of the NW and the ionic conductance
of the leakage paths. Therefore, the influence of the ionic
conductance could not be neglected in the low conductance
regime; as a result, the influence of the leakage paths will
cause notable sensitivity degradation and will narrow the
operating window in the subthreshold regime. Thus, the
ionic conductance of the NW plays a significant role in
determining the optimal sensitivity of NW biosensors operated
in the subthreshold regime, especially in the case of biosensors
incorporating NWs having low inherent conductance.

4. Conclusions

In summary, we have demonstrated that the sensitivity of
an NW biosensor can be electrically modulated using liquid-
gating. The surface potential change at the solution—-SiO,
interface, due to deprotonation, can also be extracted. The
dependence of the sensitivity on the value of Vi, originated
from competition between Cnw and Co, based on the
equivalent capacitive model. = The significant sensitivity
degradation caused by the leakage paths through ionic
solutions will narrow the operating window of biosensors
operated in the low conductance regime. Our findings open
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a window toward understanding how liquid-gating can be used
to electrically modulate the sensitivities of biosensors to their
limits, thereby allowing them to be applied to the promising
field of ultrahigh-sensitivity biosensors.

Acknowledgments

We thank Professor H C Lin and the National Nano
Device Laboratories (NDL) for helpful assistance during
device fabrication. This study was supported financially
by the National Science Council (NSC99-2218-E-492-001
and NSC98-2321-B-009-001) and the Department of Health
(DOH99-TD-N-111-003) of Taiwan.

References

[1] CuiY, Wei Q, Park H and Lieber C M 2001 Science 293 1289
[2] Patolsky F, Zheng G, Hayden O, Lakadamyali M,
Zhuang X and Lieber C M 2004 Proc. Natl Acad. Sci.
101 14017
[3] Zheng G F, Patolsky F, Cui Y, Wang W U and Lieber C M
2005 Nat. Biotechnol. 23 1294
[4] Patolsky F, Zheng G and Lieber C M 2006 Nat. Protoc. 1 1711

(5]

(6]
(7]
(8]
(9]

[10]

[11]
[12]

[13]
[14]

[15]
[16]

[17]

[18]

Stern E, Klemic J F, Routenberg D A, Wyrembak P N,
Turner-Evans D B, Hamilton A D, LaVan D A, Fahmy T M
and Reed M A 2007 Nature 445 519

Besteman K, Lee J, Wiertz F G M, Heering H A and
Dekker C 2003 Nano Lett. 3 727

Yeh P H, Li Z and Wang Z L 2009 Adv. Mater. 21 4975

Hahm J I and Lieber C M 2004 Nano Lett. 4 51

Wang W U, Chen C, Lin K H, Fang Y and Lieber C M 2005
Proc. Natl Acad. Sci. 102 3208

Hsiao C Y, Lin CH, Hung CH,SuCJ, Lo Y R, Lee C C,

Lin HC, Ko FH, Huang T Y and Yang Y S 2009
Biosens. Bioelectron. 24 1223

Stern E, Steenblock E R, Reed M A and Fahmy T M 2008
Nano Lett. 8 3310

Chen Y, Wang X, Erramilli S, Mohanty P and
Kalinowski A 2006 Appl. Phys. Lett. 89 223512

Gao X P A, Zheng G and Lieber C M 2010 Nano Lett. 10 547

LuMP, HsiaoCY,LoP Y, WeiJ H, Yang Y S and Chen M J
2006 Appl. Phys. Lett. 88 053114

Rosenblatt S, Yaish Y, Park J, Gore J, Sazonova V and
McEuen P L 2002 Nano Lett. 2 869

Van Hal R E G, Eijkel J C T and Bergveld P 1996 Adv. Colloid
Interface Sci. 69 31

Vu X T, Eschermann J F, Stockmann R, GhoshMoulick R,
Offenhdusser A and Ingebrandt S 2009 Phys. Status Solidi a
206 426

Mai Anh T, Dzyadevych S V, Soldatkin A P, Duc Chien N,
Jaffrezic-Renault N and Chovelon J M 2002 Talanta 56 627


http://dx.doi.org/10.1126/science.1062711
http://dx.doi.org/10.1073/pnas.0406159101
http://dx.doi.org/10.1038/nbt1138
http://dx.doi.org/10.1038/nprot.2006.227
http://dx.doi.org/10.1038/nature05498
http://dx.doi.org/10.1021/nl034139u
http://dx.doi.org/10.1002/adma.200902172
http://dx.doi.org/10.1021/nl034853b
http://dx.doi.org/10.1073/pnas.0406368102
http://dx.doi.org/10.1016/j.bios.2008.07.032
http://dx.doi.org/10.1021/nl801693k
http://dx.doi.org/10.1063/1.2392828
http://dx.doi.org/10.1021/nl9034219
http://dx.doi.org/10.1063/1.2172014
http://dx.doi.org/10.1021/nl025639a
http://dx.doi.org/10.1016/S0001-8686(96)00307-7
http://dx.doi.org/10.1002/pssa.200880475
http://dx.doi.org/10.1016/S0039-9140(01)00611-7

	1. Introduction
	2. Experimental details
	3. Results and discussion
	4. Conclusions
	Acknowledgments
	References

