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The sensing mechanism of nanowire field effect transistor (NWFET) biosensors is investigated by
taking into consideration both the charge and dielectric effects of biomolecules. The dielectric effect
of the biomolecules is dominantly reflected in the linear regime, whereas the charge property is
manifested in the subthreshold regime. The findings are supported by bio-experiments and numerical
simulations. This study provides a rudimentary means of understanding interactions between biomo-
lecules and NWFET biosensors. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.5003106]

Nanowire field effect transistors (NWFETSs) have shown
great feasibility for use as biosensors by virtue of their high
sensitivity, low-cost, and the provision of label-free electrical
detection at very low concentrations.'™ Intrinsic charges of
the biomolecules bound on the NW surface interact electro-
statically with carriers in the NW and lead to a conductance
change. These electric field effects arising from the charged
biomolecules have been extensively analyzed in previous
studies. Many representative experimental results related to
sensor response have been theoretically analyzed in terms of
concentration- and time-dependences.*® In addition, optimal
operation conditions to detect the charges of the biomolecules
have been suggested for comprehensive design consider-
ations.”® A new type of detection based on the dielectric
properties of biomolecules has been reported to potentially
detect neutral or weakly charged biomolecules.'”'" When
the biomolecules are filled into a nanogap (or nanocavity)
between the gate and the channel, the gate capacitance in a
dry environment is increased with the dielectric constant, and
thus, the device conductance is modulated. To enhance this
dielectric effect in biomolecule sensing, various sensor struc-
tures have been suggested and characterized with simulation
and modeling.">"* The dielectric effect on the screening of
intrinsic molecular charges has been analyzed in the presence
of an aqueous solution.'>'® Although the previous works can
explain how each of the charge and dielectric properties of
biomolecules affects the sensor operation, the influence of the
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both effects on the electrical characteristics of NWFET bio-
sensors has not been fully understood with experimental
data.'>!” Moreover, the operation condition to maximize the
charge and dielectric effects is needed to be investigated for
highly sensitive detection of biomolecules. In this work, we
propose a sensing mechanism, taking into consideration both
the charge and dielectric properties of biomolecules, which
simultaneously affect the detection of biomolecules. Through
designed bio-experiments, charge and dielectric behaviors of
biomolecules are observed, and the experimental findings are
supported by numerical simulations. We find that the dielec-
tric effect of the biomolecules is dominantly enhanced in the
linear regime, whereas the charge effect is maximized in the
subthreshold regime.

When analyzing the effects of biomolecules in NWFET
biosensors, an analogy between a conventional metal-oxide-
semiconductor field effect transistor (MOSFET) and the
NWFET biosensor may be noted, as illustrated in Fig. 1(a).
In both cases, an electrical field from a gate modulates the
drain current (/p), which flows horizontally from the drain to
the source. In operation of MOSFETS, trapped charges in a
gate dielectric induce the shift of a threshold voltage (V)
near the subthreshold regime, which can be exploited in
memory applications.'® In a similar manner, a V7 shift occurs
in the NWFET biosensors due to the intrinsic charges of the
biomolecules bound on the NW surface, resulting in a con-
ductance change in the NW. The electrical characteristics of
the MOSFETs are mostly governed by the gate field, which
is applied across the gate dielectric. For example, the vertical

Published by AIP Publishing.
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FIG. 1. (a) Schematics of a conventional MOSFET and a typical NWFET
biosensor. (b) SEM image of the NWFET in the sensing region. (Inset) TEM
image showing a cross-sectional view of the NWFET (scale bar =50 nm)
along the dashed line in (b). The black arrow represents the top surface of
the NW, which is opened so as to immobilize biomolecules. (c) A schematic
showing a NWFET in the cross-section and biomolecules interacting on the
NW. The antibody of the avian influenza (anti-Al) specifically binds to
SBP-Ala, which is a fusion protein including a silica binding protein (SBP)
and an antigen of Al (Ala).

field is strengthened as the dielectric constant (k) of the gate
dielectric increases. Hence, the on-state Ip in the linear
regime is increased by the employment of a “high-k" gate
dielectric material.'® Similarly, when biomolecules are intro-
duced onto NWFETs, £ is increased (k> 1) from unity, cor-
responding to the air. Thus, it is evident that the dielectric
properties from the biomolecules affect the electrical charac-
teristics of the biosensors, especially the on-state I in the
linear regime.

To verify the aforementioned effects of electric and
dielectric properties, NWFETs were fabricated by use of a
silicon-on-insulator (SOI) wafer with the aid of a top-down
approach, previously reported by our group.>° Figure 1(b)
shows the SEM and TEM images of the fabricated NWFET.
Both sidewalls of the NW are covered by gatel (G1) and
gate2 (G2), which modulate the NW conductance. A cross-
sectional TEM image [inset of Fig. 1(b)] shows that the fab-
ricated NWs have a width of 110 nm and a height of 100 nm.
The thickness of the gate oxide is 30 nm. As marked with a
black arrow in the inset of Fig. 1(b), the top surface of the
NW is open for immobilization of biomolecules as depicted
in Fig. 1(c). GI and G2 are electrically tied, and the same
gate voltage (V) is applied with respect to the grounded
source.

To investigate the sensing mechanism taking into con-
sideration both charge and dielectric effects, the surface anti-
gen of the avian influenza (Al) virus and its specific antibody
were used as test biomolecules, as shown in Fig. 1(c). The
surface antigen of Al (Ala) was fused with a silica binding
protein (SBP), which is designed to be selectively immobi-
lized on the silica surface. Thus, SBP-Ala, a protein fused
with SBP and Ala, can preferentially be immobilized onto
the silicon NW surface without extra surface treatment.
Details of the SBP design and immobilization procedure can
be found in previous reports.”'' The devices were incubated
at room temperature for 1 h in a SBP-Ala solution of 25 ug/
ml incorporated into PBS buffer (pH 7.4). They were then
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washed in deionized water and dried under a flow of N, gas
prior to the electrical measurement. SBP-Ala-functionalized
devices were then incubated for 1h in a 20 pg/ml solution
containing the antibody (anti-Al) in PBS buffer, followed by
the same washing and drying procedure. Anti-Al specifically
bound to SBP-Ala, which was already immobilized on the
NW surface. All electrical measurements were performed in
a dry environment with a semiconductor parameter analyzer
(HP 4156) unless otherwise mentioned.

Figure 2(a) shows the electrical characteristics of SBP-
Ala-functional NWFETs before (filled square) and after (hol-
low square) subsequent binding of anti-Al. As shown in the
log scale graph, the threshold voltage is shifted to the posi-
tive side and /p in the subthreshold regime (V5 =~—1V) is
reduced. This is caused by negatively charged anti-AL> As
shown in the linear scale graph, however, I, after anti-Al
binding crosses over I before anti-Al binding when Vi is
above —0.15V. As outlined below, it was verified that the
increment of Ip in the linear regime (Vg=~—-0.5V) is
caused by the dielectric property of the biomolecules. As
shown in Fig. 2(b), the maximum transconductance of the
device increased after anti-Al binding. This directly shows
that the & of the device is increased due to specific binding of
the anti-Al; the amount of the maximum transconductance is
accordingly proportional to k.'"® We observed that the incre-
ment of the maximum transconductance is also shown in the
p-channel NWFETSs after anti-Al binding (Fig. S1, supple-
mentary material). In the case of n-channel NWFETs, as
illustrated in Fig. 1(c), the dielectric effect stemming from
the fringing field via the biomolecules is competing with the
charge effect via the vertical field, as they are oppositely act-
ing on Ip. In contrast, they unilaterally influence I, in the
case of p-channel NWFETs, and thus, a cross-over of I is
not observed (Fig. S1, supplementary material).

As shown in Fig. 2(c), the relative change in the conduc-
tance (AG/Gy) has a negative value in the subthreshold
regime, whereas it has a positive value in the linear regime.
This result shows that the charge property dominates in the
subthreshold regime,” whereas the dielectric property is
dominant in the linear regime. I, in the linear regime is also
sensitive to the source/drain contact resistance. To avoid the
unwanted change in the contact resistance at each measure-
ment, we carried out the same experiment in real-time in a
wet environment, i.e., the NWFET is not surrounded by air
(dry environment) but submerged in a solution medium (see
Fig. S2 in the supplementary material for the I versus Vg
curves measured in a PBS solution after SBP-Ala immobili-
zation). The trend shown in Fig. 2(c) is consistently repro-
duced. The direction of AG/G, is opposite in different
operational regimes [Fig. 2(d)]. Specifically, AG/G, upon
injection of the anti-Al solution decreases in the subthresh-
old regime (V5= —1.5V), whereas it increases in the linear
regime (V= —1.0V). The analysis of the charge and dielec-
tric effects of biomolecules on the biosensor operation is
complicated in the presence of an aqueous solution contain-
ing water and ions. Various factors such as ionic strength,
orientation of biomolecules, and electric field should be con-
sidered for the signal generation.21 Jayant et al." extended
the previous study by Liu and Dutton'® and highlighted
the role of permittivity affecting the screening of intrinsic
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molecular charges. The permittivity difference between the
molecular layer and electrolyte generates the energy barriers
that ions encounter. This partition effect stems from the Born
charge-dielectric interaction where an energy cost is incurred
when ions diffuse from the electrolyte with a high permittiv-
ity into the molecular layer with a low permittivity. This
energy penalty leads to ion exclusion within the molecular
layer and in turn lower screening. In addition to the confor-
mational flexibility of the probe biomolecule (SBP-Ala),*?
this lowered screening effect would be a possible reason
why the charge of the anti-Al can be detected even in a high
ionic strength electrolyte such as a 1x PBS solution (Debye
length, ~0.76 nm) [Fig. 2(d)]. However, the aforementioned
theory based on the Debye length modulation could not fully
explain our observation that the drain current was increased
upon addition of an anti-Al solution when the NWFET is
biased in the linear regime [Fig. 2(d)]. A plausible explana-
tion is that the capacitance of the molecular layer is
increased in certain conditions,23_25 and this effect is seen as
the current increment in the linear regime. The debating
influence of the molecular layer on capacitance in watery
environment demands further investigation in depth.

The effects of the both charge and dielectric properties
on the NW conduction in a dry environment were also veri-
fied by the use of a three-dimensional device simulator
(ATLAS in SILVACO Inc.’®). As shown in the cross-
sectional view depicted in Fig. 3(a), the biomolecules on the
NW surface are simply modeled with a combination of the
charge and dielectric layer. In this model, the sum of the
thicknesses of the charge layer (7¢) and dielectric layer (#p)
is equal to the length of the target biomolecule (i.e., anti-Al),
which is ~14nm with the vertical orientation (or fully
extended configuration).>’ The charge layer to mimic a nega-
tive net charge of the biomolecule is designated as a floating

with a thickness of 2 nm (see supplementary material for how
to set the charge layer in the simulation). Thus, for the
remaining part of the biomolecule, the thickness of the dielec-
tric layer is set as 12nm. The effect of #- and 75 on the sensor
response is described in the supplementary material. When
the charge effect is considered solely, the dielectric constant
(k) of the dielectric layer is assigned as unity (k=1). It is
noted that some biomolecules including biotin (pI=3.5),
streptavidin (pI =5-6), and antibody (pI=6.01) are nega-
tively charged, as their pl values are lower than pH of buffer
solution (pH=7.4) (see supplementary material for the pl
value of the antibody).”® In the case of neutral or weakly
charged biomolecules, the dielectric property of the biomole-
cules dominates the charge effect. A value of the dielectric
constant in the simulation is assigned as k =2.0-5.0 with con-
sideration of the dielectric constant of biomolecules including
biotin (k=2.6), streptavidin (k=2.1), and proteins including
the antibody (k=4-6)."* As shown in Fig. 3(b), Ip is
decreased and shifted to positive voltage in parallel after neg-
ative charge is introduced to the charge layer. This is because
negative charge repulses the electrons from the NW surface
and lowers the electron concentration.>?° In contrast, Ip is
increased with an increased slope (d//dV;) as the dielectric
constant is increased [Fig. 3(c)]. A cross-over consistent with
the experimental result [Fig. 2(a)] cannot be reproduced in the
both simulation conditions. Instead, the cross-over of I is
found when the charge and dielectric parameters are com-
bined as shown in Fig. 3(d). This result supports the fact that
the both charge and dielectric effects should be considered to
understand the operation of NWFET biosensors. Although the
simple model of biomolecules with a combination of the
charge and dielectric layer can explain the behavior of
NWEFET biosensors in a dry environment qualitatively, further
work is required to develop a more elaborate model of
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biomolecules and to provide physical quantities of biomole-
cules by fitting experimental data with simulation data.

Figure 3(e) shows the normalized conductance data (AG/
Gy) in the subthreshold regime as a function of the charge
density and dielectric constant. The response increases as the
charge density increases, whereas the response is not signifi-
cantly affected by the dielectric constant. Figure 3(f) exhibits
the same normalized conductance data in the linear regime.
The results show that the response increases as the dielectric
constant increases. However, the response according to the
charge density does not vary substantially. It is thus inferred
that the charge property governs in the subthreshold regime,
while the dielectric property dominates in the linear regime.
This result is also shown in the simulated /5, versus Vs curves
in both log and linear scales for different dielectric constant
and charge density (Fig. S5, supplementary material).

One of the key parameters in biosensors is the signal-to-
noise ratio (SNR), which is defined as the ratio of signal
power to the noise power. It is reported that the minimum
input-referred noise is achieved when the FET is biased in
the subthreshold regime.’® When the charge of biomolecules
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supplementary material). (c) Ip versus
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(black) and after (red) setting the dielec-
tric constant of 3. (d) Ip versus Vs from
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old regime) and (f) Vo=1.5V (linear
regime) is also shown.
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is considered, a peak value of SNR is achieved in subthresh-
old operation.”*° However, when the charge of biomolecules
is assumed to be neutral and the dielectric constant is consid-
ered, it is observed that the input signal power is much low-
ered in the subthreshold regime (Fig. S6, supplementary
material). Thus, the SNR in the subthreshold regime can be
degraded, while the SNR in the linear regime is expected to
be improved. It means that SNR is a function of not only the
bias condition but also the property of biomolecules.

In summary, we presented a comprehensive sensing
mechanism of nanowire FET based biosensors by taking into
consideration the both charge and dielectric properties aris-
ing from biomolecules. Taking inspiration from the effect of
the gate dielectric in conventional MOSFETs, the dielectric
behavior of the biomolecule was experimentally observed in
n-channel nanowires. Unlike the charge effect, the dielectric
effect of the biomolecules dominated in the linear regime.
Thus, the sensing regime for achieving a maximum response
can be tunable according to the dependence on the property
of the biomolecules. This study will help researchers analyze
the sensor response by considering both the charge and
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dielectric effects of biomolecules and attain a better under-
standing of the overall behaviors of nanowire FET based
biosensors.

See supplementary material for a typical biosensing exper-
iment with p-channel nanowire FETs, setting of the charge
layer in the simulation, I, versus V curves measured in a PBS
solution after SBP-Ala immobilization, calculation of the
charge of an anti-Al, the effect of the thicknesses of the dielec-
tric layer and charge layer, simulated I, versus V¢ curves for
different dielectric constants and charge densities, and input
signal power for calculating the signal-to-noise ratio.
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