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bstract

Localized surface plasmon resonance (SPR) biosensors with metallic nanowires regularly patterned on a gold film are considered for sensitivity
nhancement. The theoretical investigation was conducted using rigorous coupled wave analysis in terms of various design metrics, such as the
esonance angle shift, the SPR curve angular width, and the minimum reflectance at resonance. The results show that nanowires of a T-profile

resent more effective sensitivity enhancement than an inverse T-profile. The sensitivity enhancement mediated by the presence of nanowires has
lso been clarified qualitatively based on the dispersion relation between metal film involving nanowires and surrounding dielectric medium. The
tudy is expected to provide extremely high sensitivity in SPR-based biosensing.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Surface plasmon resonance (SPR) is widely used in optical
iosensors for detection and analysis of biological and chemical
nteractions [1–5]. SPR is attributed to the excitation of surface
lasmon polaritons (SPPs) when a TM-polarized beam of light
ncident on a thin conducting metal film between two dielectric

edia is coupled to surface plasmons formed in the film [6].
hese plasmons resonantly couple with the incident light at a
pecific resonance angle as the momentum matching between
n incident photon and a SPP is achieved. A conventional SPR
iosensor is based on the attenuated total reflection configura-
ion, in which an incident beam is coupled through a prism on

slide glass coated with a gold film, as shown in Fig. 1 [7].
s incident light passes through a transparent dielectric super-

trate and is reflected at the metal film to a photodetector, a
mall change in refractive index induced by interactions amongst

iomolecules on the metal surface results in an angular shift of
esonance. By measuring the resonance shift, it is possible to
uantify a surface reaction of interest. SPR-based biosensors

∗ Corresponding author. Tel.: +82 2 2123 2777; fax: +82 2 313 2879.
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ave successfully measured various biochemical reactions such
s antibody–antigen binding [8,9], DNA hybridisation [10], bio-
aterial and cell receptor interactions [11], and other adsorption

rocesses [12,13].
It has been well known that use of metallic nanostructures on

SPR-biosensor leads to a large shift in resonance angles, com-
ared to a conventional SPR biosensor, through strong optical
oupling between SPPs on a metal film and localized surface
lasmons (LSPs) of plasma oscillations confined in nanostruc-
ures [14,15]. When the LSP resonance condition is satisfied, the
xistence of nanostructures deforms the dispersion relation of
PP modes, which results in damping of SPP features [16,17].
ince LSP effects usually provide improved sensitivity, SPR
iosensors that exploit nanostructures have drawn tremendous
nterests in recent years. It has been empirically reported that
anostructures can enhance the sensitivity of an SPR biosensor
y one to two orders of magnitude [18–20].

In general, an SPR curve is obtained by varying either an
ncidence angle or light wavelength. While SPR sensors mainly

easure the resonance angle shift, oftentimes curve angular

idth (CAW) and minimum reflectance at resonance (MRR)
eed also be taken into account for improved quantitative anal-
sis of target analyte binding events [16,21,22]. In the pres-
nce of nanostructures, a measured SPR curve shows different
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Fig. 1. Schematic diagram of a conventional SPR biosensor. The TM-polarized
l
B
t

r
w
a

b
t
i
n
a
w
m
m
f

w
b
s
b
C
i
i
u

m
d
o
s
t
o
L
S

2

o
o
t
e

ε

w
g
T
i
w
A
c
e

∇

∇

w
r
F
(
i
n
w
h
u
W
t
a
n
o
n
fi
c
t
t
c
t

e
s
e
t
o
s
o
r
t
p
w
e
a
f
o
l
o

ight in the xz-plane is incident at an angle θ. Layers 1, 2, 3, and 4 represent a
K7 glass prism, a binding film of chromium, a SPP supporting gold film, and

arget analytes, respectively.

esonance properties, such as increased SPR CAW and MRR as
ell as an additional shift in resonance angle, possibly due to

bsorptive damping and localized coupling [6,14,16,17,23].
In our previous study, nanowire-mediated localized SPR

iosensors were found to offer significant enhancement in sensi-
ivity, mainly induced by resonantly excited LSPs and LSP–SPP
nteractions [24]. More specifically, a SPR structure based on
anowires of a T-profile showed better sensitivity than those of
n inverse T-profile. However, only angular shift of resonance
as employed as a metric for the calculation since it was the
ost conveniently available, so that the structure optimized for
aximum sensitivity enhancement was in fact suboptimal from

unctional aspects of a biosensor.
In this paper, we investigate a SPR biosensor structure, in

hich excitation of and interactions with LSPs are mediated
y nanowires, and extend the analysis based on comprehen-
ive design metrics, other than sensitivity enhancement induced
y resonance angle shift, such as variations of MRR and SPR
AW. Optimal design parameters of nanowires are determined

n terms of the sensor performance and the fabrication reliabil-
ty. In addition, the extended analysis is qualitatively explored
sing the dispersion relation to clarify the effects of LSP modes.

This paper is organized as follows. In Section 2, a numerical
odel based on the rigorous coupled-wave analysis (RCWA) is

escribed. Results of obtaining optimal nanowire structure based
n various design parameters, such that it maximizes localized
urface plasmon resonance, are presented in Section 3. Qualita-
ive analysis of the sensitivity enhancement is discussed based
n the dispersion relation between an incident photon and an
SP in Section 4, which is followed by concluding remarks in
ection 5.

. Numerical model

For numerical analysis, RCWA has been employed to obtain
ptical characteristics of a periodic structure of gold nanowires
n a smooth gold film. For RCWA, the complex dielectric func-
ion of a metallic nanowire grating is written as a Fourier series

xpansion

(x, z) = ε(x + Λ, z) =
∑
m

εm(z) exp(jmKGx), (1)

t
i

n

ators B 117 (2006) 401–407

here Λ is the grating period, εm the Fourier component of the
rating dielectric function, and KG = 2π/Λ is the grating vector.
he coordinates in Eq. (1) are depicted in Fig. 1. The light source

s assumed to be a unit-amplitude monochromatic plane wave
ith wavelength λ and an incidence angle θ with the z-axis.
n electric or a magnetic field inside a grating region with a

omplex dielectric function is determined by solving two wave
quations,

2 �E + ∇
(

�E · ∇ε

ε

)
+ k2ε(x, z) �E = 0, (2)

2 �H + ∇ε

ε
× ∇ × �H + k2ε(x, z) �H = 0, (3)

here �E and �H are the electric and magnetic field intensity,
espectively. k (=2π/λ) is the wave number in the free space.
or a particular polarization component of incident light, Eq.
2) or (3) can be simplified, leading to RCWA expressed as an
nfinite set of coupled-wave equations where the electric or mag-
etic field is expanded in terms of space-harmonic components
ith variable amplitudes in the z-direction [25,26]. The space-
armonic amplitudes are then solved for the coefficient matrix
sing eigenvalues and eigenvectors of the differential equation.
hile the total coefficient matrix is an infinite one, calcula-

ion results can be obtained in practice to an arbitrary level of
ccuracy with a truncated matrix. Each space-harmonic compo-
ent inside a metallic grating is phase-matched to a diffraction
rder. Because the tangential components of electric and mag-
etic fields must be continuous at boundaries of a grating, the
eld of each diffraction order outside a grating is related to the
orresponding space-harmonic inside a grating. Note that since
he field is more rapidly varying in short distances of a nanos-
ructure with a size smaller than 100 nm, more space-harmonic
omponents are needed to attain the convergence and to improve
he accuracy in calculation.

The RCWA has been successfully applied to explaining
xperimental results that involve nanostructures [27–29]. It
hould be noted that our RCWA routine was found to corroborate
arlier studies using nanowires that range a few tens of nanome-
ers in size [30]. For instance, Schider et al. found, by fabricating
ne-dimensional silver nanowires (Λ = 2250 nm) with a cross-
ection of 83 nm in width and 25 nm in height on a thin layer
f indium tin oxide and a fused quartz substrate, that the optical
esponse of regularly patterned nanowires strongly depends on
he polarization of the incident light [31]. The extinction spectra
roduced by RCWA, shown in Fig. 2, are in excellent agreement
ith experimentally obtained results; for TM polarization, the

xtinction maximum is located near 500 nm and the full width
t half maximum is approximately 120 nm. On the other hand,
or TE polarization, no resonance is found as was empirically
bserved. The extinction grows slightly with increased wave-
ength due to the absorption of silver. Note that the position
f an extinction peak indicates the resonance wavelength while

he spectral width exhibits the damping of plasmon resonance
nduced by nanowires.

In addition, optical properties of two-dimensional metallic
anoparticles on a transparent dielectric substrate were also
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Fig. 2. Calculated extinction spectra of silver nanowires for TM and TE polar-
izations. The plasmon resonance is found for TM polarization, but not for TE
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Fig. 3. Schematic diagram of a nanowire-mediated localized SPR biosensor
with gold nanowires of a T-profile on a gold film. The illumination at a fixed
wavelength 633 nm is incident at an angle θ in the xz-plane. Layers 1, 2, 3, 4,
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olarization. The optical extinction is defined as log(T0/T), where T0 and T are
he magnitudes of the optical transmission through the bare substrate and the
anowire sample deposited on a substrate.

eproduced with RCWA [30,32]. While detailed results are not
hown here, the optical extinction of Ag nanoparticles at differ-
nt aspect ratios was calculated by modeling as Ag nanowires
or TM and TE polarizations. Since two-dimensional arrays, so
alled cross gratings, can be represented as a structural sum of
wo gratings that cross at right angles (one in the lateral direction
nd the other longitudinally), approximation of two-dimensional
anoparticles as one-dimensional nanowires is supported in the
ase that there is no coupling between given polarized light
nd the grating when the grating vector is perpendicular to
he polarization direction. The spectral characteristics for TM
olarization showed that a change in aspect ratio leads to a distin-
uishable increase of peak positions, while the extinction peak
n the long-wavelength side disappeared for TE polarization.
he experimentally observed general trends have agreed very
ell with the numerical results, which confirms that RCWA pro-
ides a useful tool to analyze the optical properties of nanowires.

In the current study, RCWA has been employed to investigate
nanowire-mediated localized SPR biosensor with a schematic
iagram shown in Fig. 3. One-dimensional gold nanowires with
eriod Λ oriented along the y-axis are regularly patterned on
gold film that supports SPP modes. A 2-nm thick layer of

hromium attaches the gold film to a prism. Binding analytes
re modeled as a 1-nm thick self-assembled monolayer (SAM)
f refractive index 1.526, which covers both gold nanowires and
gold film. The thickness of the gold film is 40 nm for both con-
entional and nanowire-mediated localized SPR configurations.
ince a SAM layer is extremely thin compared with the wave-

ength of incident light, the absorption can be neglected so that
he layer is essentially a dielectric [15]. A TM-polarized light of
= 633 nm is incident on a side of the prism and the incidence

ngle is scanned with an angular resolution �θ = 0.01◦. The
ielectric function of a BK7 glass prism and of chromium and

old layers was determined, respectively, as 1.515, 3.48 + 4.36i,
nd 0.18 + 3.0i at λ = 633 nm [33].

Based on the reports that nanostructures ranging from 20
o 50 nm in size produce the strongest and sharpest SPR sen-

c
w
n
m

, and 6 represent a BK7 glass prism, a layer of chromium, a gold film, one-
imensional gold nanowires, target analytes, and air, respectively. The thickness
f each layer is 2 nm (d2), 40 nm (d3), 20 nm (d4), and 1 nm (d5).

itivity enhancement [14,15,17], gold nanowires considered
n this study are also sized in this range. In particular, one-
imensional nanowires with a T-, an inverse T-, or a rectan-
ular profile are under consideration for the analysis using a
chematic shown in Fig. 3, where wtop (wbottom) denoting the
idth of the nanowire top (bottom) is either 20 or 40 nm. The
anowire depth d4 (= dtop + dbottom) is fixed at 20 nm. For con-
enience, a geometry factor (GF) of nanowires is introduced
s dtop/d4 if wtop > wbottom for a T-profile and dbottom/d4 if
top < wbottom for an inverse T-profile. A GF is defined to be
if wtop = wbottom = 20 nm, and 1 if wtop = wbottom = 40 nm

or a rectangular profile. Consequently, T- and inverse T-profiles
ave an equal volume of nanowires if the GF is the same.

. Results

To represent the impact of nanowires on the sensitivity
nhancement quantitatively, a sensitivity enhancement factor
SEF) is introduced as

EF = |θNWSPR(with analytes) − θNWSPR(without analytes)|
�θSPR

,

(4)

here the subscripts NWSPR and SPR represent the plasmon
esonance angles with and without analytes of a nanowire-
ediated localized SPR configuration and a conventional SPR

cheme [24].
Fig. 4 shows the calculated reflectance characteristics of a
onventional SPR configuration. The resonance angles with and
ithout bound analytes are 45.29◦ and 45.12◦; thus the reso-
ance shift �θSPR = 0.17◦. Since SPR curves are highly asym-
etric, the SPR CAW is defined as the angle difference between
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Fig. 4. SPR curves of a conventional SPR biosensor shown in Fig. 1. The
thickness of each layer is 2 nm (chromium), 40 nm (gold), and 1 nm (target
analytes). The solid and dotted curves represent without binding and with bind-
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Fig. 6. Nanowire period, Λpeak, with GF when the SEF is the highest for
nanowires of a T-profile (�) and an inverse T-profiles (©). The vertical line
shown of the T-profiles indicates the range of nanowire periods in which the
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ng to analytes. The resonance angles are 45.12◦ and 45.29◦, respectively. The
nset describes the definition of the SPR CAW as the angular difference between
eflectance minimum and maximum.

eflectance minimum and maximum as presented in the inset of
ig. 4. The SPR CAW and MRR are obtained as 2.40◦ and 0.03
or a conventional SPR configuration.

Using Eq. (4), peak SEFs calculated for T- and inverse T-
rofiles and presented in Fig. 5 show that a T-profile generally
xhibits a larger SEF than an inverse T-profile. The highest SEF
btained of a T-profile is 47.35 at GF = 0.25, while that of an
nverse T-profile is 19.29 when the GF = 0.9. For a T-profile,
oth dominantly excited LSP modes and the structure effect
hat incurs relatively small interference between substrate and
anowires lead to great improvement of sensitivity [24]. For an
nverse T-profile, however, LSPs are not resonantly excited as
he strong interaction with a substrate results in damping of LSP

odes.

In Fig. 6 that represents the nanowire period at the peak SEF

s the GF varies, the highest SEF for an inverse T-profile is
btained at Λ = 50 nm, i.e., Λpeak = 50 nm, with all values of

ig. 5. Peak SEF with GF for nanowires of a T-profile (�) and an inverse T-
rofile (©). GF varies from 0 to 1.

t
s
(
w
i
t
Λ

i
o
F
a
S

S
Λ

n
b
b
t
S
t
a

EF exceeds a given SEF threshold. The threshold is set to be 20, the maximum
EF obtained from an inverse T-profile.

F. On the other hand, for a T-profile, Λpeak varies from 50
o 140 nm. From Figs. 5 and 6, a nanowire-mediated localized
PR biosensor with a T-profile generally results in larger sen-
itivity enhancement, particularly at a longer nanowire period.
his, in turn, implies that nanowires of a T-profile, since they
chieve better performance at a longer period, are relatively easy
o fabricate. The vertical line of a T-profile in Fig. 6 indicates
he range of nanowire periods, �Λ, in which the SEF exceeds

given threshold. The range �Λ can measure performance
eliability and robustness to fabrication errors in implementing
anowires and thus a wide range is desired. The SEF threshold
or a T-profile is set to be 20, since it is the maximum SEF of
n inverse T-profile (see Fig. 5). Thus, the SEF at nanowire
eriods that are included in the vertical line is to be higher
han that of an inverse T-profile and the threshold. A nanowire
tructure of GF = 0.5 has the widest range of nanowire periods
Λ = 105–172 nm, i.e., the width of the range �Λ = 67 nm) at
hich a SEF exceeds the threshold. At GF = 0.6 and 0.8, �Λ

s also significant, larger than 30 nm. Note that at GF = 0.25,
he vertical line is shown as ranging from 109 to 137 nm while

peak = 50 nm. This implies that �Λ in the vicinity of Λpeak
s extremely narrow and the SEF can still exceed the thresh-
ld at a longer nanowire period far from Λpeak. It is clear from
igs. 5 and 6 that nanowires of a T-profile exhibits better char-
cteristics than those of an inverse T-profile, in terms of the peak
EF, Λpeak, and �Λ.

For practical applications of a nanowire-mediated localized
PR biosensor, structural optimization based on the peak SEF,
peak, and �Λ may not be sufficient. For good performance,

anowires with a narrow CAW and a small MRR are desired,
ecause with a highly broad CAW and a shallow MRR, it
ecomes quite difficult to accurately detect the resonance posi-
ion and to analyze precisely the effect of binding events on a

PR structure. For this reason, in the design process, other prac-

ically important SPR properties such as CAW and MRR were
lso counted in besides the angular shift of resonance.
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Fig. 7. The SPR CAW with GF for nanowires of a T-profile (�) and an inverse
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nant than SPP modes and results in the enhanced sensitivity. The
disparity between T- and inverse T-profiles is more evident in the
GF range of 0.25–0.75. At other values of GF, the SPR CAW of
-profile (©). The dotted line indicates the SPR CAW of a conventional SPR
cheme in Fig. 4.

Broader SPR CAW implies the resonance condition more
oosely met due to the presence of nanowires since a wide SPR
AW involves LSPs excited around the resonance with diverse
omentum matching conditions. As observed in Figs. 7 and 8,

he CAW and the MRR are largely increased as LSP modes in
anowires are excited. Generally, the SPR CAW of a T-profile
s larger than that of an inverse T-profile as shown in Fig. 7.
he contrast between the two profiles is starker in the MRR
haracteristic in Fig. 8. The prominent difference stems from
anowire-induced perturbation in the dispersion relation of SPR
s discussed in the subsequent section in more detail. In Fig. 8,
ince LSP modes are in resonance, nanowires of a T-profile show
n increased MRR. However, for an SPP-dominated inverse T-
rofile, the MRR is comparable to that of a conventional SPR
onfiguration. Our numerical results show that in general, a T-
rofile brings about larger damping of SPP modes and more
esonantly excited LSP modes than an inverse T-profile. Thus,

se of a T-profile improves the sensitivity of nanowire-mediated
ocalized SPR biosensors more efficiently.

ig. 8. The MRR with GF for nanowires of a T-profile (�) and an inverse T-
rofile (©).
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Considering that a T-profile shows a larger SEF than an
nverse T-profile and also that small values of CAW and MRR are
btained around GF = 0.8 for a T-profile, optimized nanowires
re a T-profile at GF = 0.8. From Figs. 5 and 6, these nanowires
chieve the peak SEF = 40.91 at Λpeak = 100 nm. The �Λ is
2 nm (from 96 to 128 nm), which is large enough not to be
ensitive to fabrication errors in nanowire period. At this GF,
he CAW is relatively narrow while the MRR is the smallest
ompared with those obtained at other GFs of a T-profile.

. Discussion

Compared with a conventional SPR scheme, the existence of
anostructures near the metallic film leads to significant pertur-
ation of the dispersion relation of SPP modes. In particular,
hen the excitation of LSP modes are dominant, large SPP
amping is observed as it makes SPR curves broader and shal-
ower and also induces the resonance at higher angle.

Fig. 9 presents the resonance angles of a nanowire-mediated
ocalized SPR biosensor with different profiles, as GF varies
rom 0 to 1. Calculation results show that the resonance angle
enerally changes to a larger value due to the presence of
anowires, compared with the characteristics of a conventional
PR scheme shown as the dotted line in Fig. 9. Especially, when
GF is in the range of 0.25–0.75, the shift in a T-profile is

arger than in an inverse T-profile. In the case of GF = 0.9 for a
-profile, the resonance angle is nearly close to that of a conven-
ional SPR scheme. It is expected that the influence of LSPs at
F = 0.9 of a T-profile should be insignificant with limited sen-

itivity enhancement. The resonance angle shift shown in Fig. 9
s similar in appearance to the broadening of the SPR CAW
bserved in Fig. 7, which is due to the damping of SPP modes
s the effect of LSPs excited in nanowires becomes more domi-
T-profile with smaller resonance angle becomes comparable

ig. 9. Resonance angles for nanowires of a T-profile (�) and an inverse T-profile
©). The incident light is TM-polarized with a fixed wavelength of 633 nm. The
otted line represents the resonance angle of a conventional SPR biosensor
hown in Fig. 4.
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o that of an inverse T-profile. These results are attributed to two
rocesses; absorption damping and localized coupling between
PPs and LSPs. In the case of an inverse T-profile, though excited
SPs may induce minor changes in SPP features, the SPP modes
till dominate so that the LSPs do not resonantly affect the SPR
ith a limited impact of nanowires.
Impacts of nanowire profiles on the SPR characteristics can

lso be studied using the dispersion relation. Across the interface
etween a metal film and a surrounding dielectric medium, the
ave vector, kspp, is continuous for momentum matching, so that

he dispersion relation can be written as [6,23]

spp = w

c

(
εMεD

εM + εD

)1/2

, (5)

here w and c denote the angular frequency and the speed of
ight in the free space. And εM (= ε′

M + iε′′
M) and εD are the

omplex dielectric functions of a metal film and a dielectric
edium. In the case of ε′′

M < ε′
M, the complex term kspp is taken

s

e(kspp) = w

c

(
ε′

MεD

ε′
M + εD

)1/2

, (6)

m(kspp) = w

c

(
ε′

MεD

ε′
M + εD

)3/2
ε′′

M

2(ε′
M)2 . (7)

As is well known, the resonance angle and the SPR CAW
re correlated to the real and imaginary part of kspp, respectively
16], i.e., a large real part induces a large shift of resonance angle
nd a large imaginary part similarly leads to a large SPR CAW.
lso, a large CAW implies large damping of SPP modes, which

n turn implies the dominant influence of LSP modes.
The different performance between T- and inverse T-profiles

an be described more clearly in view of the SPR CAW as shown
n Fig. 7. In general, the absorption coefficient (κM) of noble
etal is much larger than the refractive index (nM). If we assume

hat κ2
M � n2

M ≈ 0 at λ = 633 nm, the imaginary part of kspp is
elated to nM and κM by

m(kspp) = wn3
D

c

(
κ2

M

κ2
M − n2

D

)3/2
nM

κ3
M

, (8)

here nD is the refractive index of a dielectric medium. Eq. (8)
hows that the SPR CAW is more dominantly influenced by the
arge absorption coefficient of the gold film than refractive index
nd other parameters.

In particular, the imaginary part of kspp is related to the
bsorption damping effect induced by the structural difference
etween the two profiles. Since nanowires of an inverse T-profile
ave a larger interface with the gold film than those of a T-
rofile, the effective absorption of the gold film that supports
anowires of an inverse T-profile becomes also larger. From Eq.
8), the larger the absorption coefficient is, the smaller the imag-
nary part of kspp. This implies that the SPR CAW is not largely

road and the SPP modes are still influential. On the other hand,
anowires of a T-profile with a narrow contact area to a gold film
xhibit smaller effective absorption than those of an inverse T-
rofile. Thus, the gold film with nanowires of a T-profile exhibits
ctuators B 117 (2006) 401–407

a larger imaginary component, resulting in a larger SPR CAW.
Moreover, as nanowires attached to the gold film excite LSPs,
the LSPs interact with the SPPs that are formed on the surface
of the gold film. Larger coupling interaction between LSPs and
SPPs for an inverse T-profile than for a T-profile results in greater
interference and damping of excited LSPs [24].

5. Conclusions

We have studied the impact of nanowires on the sensitivity
enhancement of SPR biosensors using RCWA. Compared with a
conventional SPR scheme, nanowires built on a gold film lead to
significant deformation of the dispersion relation of SPP modes.
Especially when LSP modes couple resonantly, broad SPR CAW
and shallow MRR as well as a large shift of the resonance angle
can be observed due to absorptive damping and localized cou-
pling. Also, nanowires of a T-profile are found to present higher
sensitivity enhancement than those of an inverse T-profile. The
impact of the nanowire profile is investigated qualitatively using
the dispersion relation of gold–dielectric interface.

Also, optimal design parameters of nanowires are determined
based on quantitative metrics that measure the sensor perfor-
mance and the fabrication reliability. Optimal nanowires are
a T-profile with a GF = 0.8 (wtop = 40 nm, wbottom = 20 nm,
dtop = 16 nm and dbottom = 4 nm). This geometry results in sig-
nificantly enhanced sensitivity over 40 times larger than that of a
conventional SPR biosensor. In addition, a relatively large width
of nanowire periods, �Λ, in which the SEF exceeds a pre-set
threshold, was determined to be more than 30 nm. Our study on
a nanowire-mediated localized SPR biosensor offers physical
insights to understanding the sensitivity enhancement mecha-
nism and demonstrates the potential for significant improvement
in the sensitivity using the designed nanowire structure.
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