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HIGH SENSITIVITY LOCALIZED SURFACE
PLASMON RESONANCE SENSOR AND
SENSOR SYSTEM USING SAME

CROSS REFERENCE TO RELATED
APPLICATION(S)

This application is a continuation of International Patent
Application No. PCT/KR2009/003576, filed on Jul. 1, 2009,
the entire disclosures of which is incorporated herein by
reference for all purposes.

TECHNICAL FIELD

The present disclosure relates (o a sensor based on local-
ized surface plasmon resonance occurring in metal nanopar-
ticles or nanostructures. More particularly, the present disclo-
surc relates to a localized surface plasmon resonance sensor
using a localized surface plasmon resonance mode generated
by a conductive bridge layer formed between nanostructures,
and a sensor system using the same.

BACKGROUND ART

A localized surface plasmon refers to a quantized collec-
tive motion of free electrons occurring when they are con-
fined in nanometer-sized metal particles or structures. Since
the resonance wavelength at which the localized surface plas-
mon is excited is very sensitively dependent on the size and
shape of particles and the change in refractive index of sur-
rounding medium, studies on their applications to biochemi-
cal sensors have bheen extensively carried out.

Unlike a propagating surface plasmon resonance, wherein
excitation occurs at the metal/dielectric interface when the
condition of both momentum and energy conservation is sat-
isfied in 2-dimensionally confined metal film, the localized
surface plasmon resonance occurring in 3-dimensionally
confined metallic nanostructures is characterized by a reso-
nant light absorption and a strong scattering accompanied as
a results of energy relaxation. The light absorption and scat-
tering can be used as method of spectroscopic signal detec-
tion in a sensor application.

Although detection of signals using light absorption is
relatively easy, a considerable density of nanostructures is
necessary to achieve sufficient light absorption to measure the
decreased intensity from a light source. In contrast, detection
of signals using light scattering, commonly utilized for imag-
ing of biomolecules and cells, is advantageous in that back-
ground noise effect caused by light source can be excluded
since only the light signals scattered purely from nanostruc-
tures are detected and sensing using single particle is pos-
sible. Thus, the signal detection using light scattering facili-
tates multiplexed detection with high density and avoids the
issue of inhomogeneous line broadening oflocalized surface
plasmon resonance spectra resulting from the size and shape
distribution.

Alocalized surface plasmon resonance sensor may be used
to detect target molecules with a very small molecular weight
and trace amounts of components compared with the surface
plasmon resonance sensor whose decay length is hundreds of
nanometers or longer since the distribution of local electric
field allowing recognition of change in external environment
is limited within several to tens of nanometers from the metal
nanostructure.

The resolution of the localized surface plasmon resonance
sensor is improved as the linewidth of the resonance spectrum
is narrower, the intensity of the local electric field near the
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metal nanostructure is stronger, and the sensitivity to change
in external environment represented by the change in reso-
nance wavelength in response to the change in the refractive
index of the surrounding material is higher.

In general, as the shape of the metal nanostructure changes
from spherical to ellipsoidal, the surface plasmon resonance
wavelength shifts toward longer wavelength, the intensity of
the local electric field increases, and the sensitivity to external
change is enhanced. Among the ellipsoidal structures, prolate
structure is more favorable for use in a sensor than plate-
shaped oblate structure.

A similar phenomenon is observed when the size of the
nanostructure is increased. As the size increases, the localized
surface plasmon resonance wavelength shows redshift, the
intensity of the local electric field increases, and the sensitiv-
ity to external change is enhanced. However, in this case, the
collective motion of free electrons in the particles becomes
incoherent, resulting in multipole modes and damping of
surface plasmon, which excessively increase the linewidth of
resonant optical absorption or scattering curves and thus the
resolution of the sensor is decreased.

Typically, the metal nanostructure is prepared as colloidal
particles in solutions by chemical or electrochemical synthe-
sis method or fabricated on a specific support substrate by a
lithographic process. When compared with the solution-
based synthesis wherein reaction kinetics are adjusted during
particle nucleation and growth, the lithographic process is
advantageous in that it is easy to realize various geometrical
structures, precise control of shape and size is possible, and it
is well adopted for the fabrication of array of nanoparticles
and sensor integration.

FIG. 1 illustrates a conventional type of sensing platforms
of metal nanostructurc based on localized surface plasmon
resonance.

FIGS. 1 (a) and (b) show basic sensing platforms used in
fabrication of nanostructurcs by a lithographic process. FIG.
1 (a) shows a cylindrical plate-type nanodisc platform 110,
and F1G. 1 (b) shows a cylindrical nanorod platform 120.

The plate-type nanodisc platform 110 has an oblate struc-
ture, with the electric field direction 111 of the incident light
perpendicular to the axis of rotation 112. Although the litho-
graphic process for the plate-type nanodisc is easier as com-
pared to the nanorod type platform 120, the intensity of local
electric field and sensitivity are relatively worse. In contrast,
the nanorod type platform 120 exhibits superior plasmonic
resonance properties in longitudinal mode when the electric
field direction 121 of the incident light is parallel to the long
axis 122, but the increase in aspect ratio for improving the
intensity of local electric field and sensitivity results in diffi-
culty in the lithographic process because of reduced width in
the short axis. 'lo increase the length in the long axis without
decreasing the width in the short axis is undesirable since the
total volume is increased inducing a line broadening. Further-
more, the increased aspect ratio results in the reduction in
cross-section of end surface of nanorod where the local elec-
tric field enhancement due to the excitation of longitudinal
mode of surface plasmon is concentrated, leading to unfavor-
able environment for detection of thin analytes positioned on
that surfaces. A similar problem occurs also in the oblate-type
nanodisc platform 110. In the plate-type nanodisc platform
110, the intensity of local electric field and sensitivity are
increased when the electric field direction 111 of the incident
light is perpendicular to the axis of rotation 112 and as the
thickness-to-area ratio of the disc increases. However the
local electric field is concentrated at the edge of the disc rather
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than the surface region where the major portion of analytes
are positioned on through surface functionalization, deterio-
rating the sensing resolution.

Also, the plate-type nanodisc platform 110 and the nanorod
type platform 120 have problems when light scattering is used
for single particle detection. Typically, the spectroscopic scat-
tering properties are analyzed using a dark-field microscope
or a total internal reflection microscope. Referring to FIG. 1
(a), in dark field microscopy, light 113 is incident on the
surface of a sample to be analyzed with an incidence angle 0,
from a direction 112 normal to the surface, and only the
diffuse scattering components excluding the specular com-
ponents are detected. The incidence angle 8, makes the elec-
tric field be divided into two components: one is perpendicu-
lar and the other is parallel to the sample surface, diminishing
the portion of component for optimized localized surface
plasmon.

In analysis using total internal reflection microscopy, both
S and P waves can be used. And, since the evanescent electric
field formed at the interface of total reflection is either per-
pendicular or parallel to the sample, the problem of electric
field division which occurs in the dark field microscopy can
be avoided.

DISCLOSURE

Technical Problem

The present disclosure is directed to providing a highly
sensitive localized surface plasmon resonance sensor based
on a plate-type nanodisc structure easily fabricated by the
lithographic process, with an enhanced intensity oflocal elec-
tric field, reduced line width of optical absorption and scat-
tering spectra, and improved sensitivity to the change in exter-
nal environment comparable to or better than that of the
longitudinal mode of a nanorod, and a sensor system using the
same.

‘lechnical Solution

Alocalized surface plasmon resonance sensor according to
an embodiment includes: a first metal layer including a first
metal; a second metal layer arranged parallel to the first metal
layer and including a second metal; and a conductive bridge
layer disposed between the first metal layer and the second
metal layer and including a third metal with a corrosion
reactivity different from that of the first metal and the second
metal.

The conductive bridge layer may have a diamelter smaller
than that ot the first metal layer and the second metal layer.

A localized surface plasmon resonance sensor system
according to an embodiment includes: a localized surface
plasmon resonance sensor including a first metal layer includ-
ing a first metal, a second metal layer arranged parallel to the
first metal layer and including a second metal, and a conduc-
tive bridge layer disposed between the first metal layer and
the second metal layer and including a third metal with a
corrosion reactivity different from that of the first metal and
the second metal; a light transmitter transmitting an incident
light; and a light detector detecting a light absorption signal
and a light scattering signal for the incident light from the
light transmitter according to the characteristics of the local-
ized surface plasmon resonance sensor.

Advantageous Effects

The localized surface plasmon resonance sensor according
to embodiments is advantageous in that the lithographic pro-
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cess is facile and, since a nanodisc-type structure with a
relatively large plate surface is used and a localized surface
plasmon resonance mode of the longitudinal mode character-
islics can be excited by [orming a vertical conductive bridge,
the intensity of local electric field applied on the plate surface
of nanodisc is increased. Furthermore, the line width of the
light absorption and scattering spectra accompanying reso-
nance can be reduced and the resolution of the sensor can be
enhanced by remarkably improving the sensitivity to change
in external environment. Also, by using an evanescent field
optimized for the excitation of localized surface plasmon
mode from the vertical conductive bridge layer, the conve-
nience of sensor configuration as well as sensor chip integra-
tion and operation reliability can be enhanced.

DESCRIPTION OF DRAWINGS

FIG. 1 shows a conventional type of sensing platforms of
metal nanostructure based on localized surface plasmon reso-
nance;

FIG. 2 shows a metal nanostructure for a localized surface
plasmon resonance sensor according to an embodiment;

FIG. 3 schematically shows a process of fabricating alocal-
ized surface plasmon resonance sensor and sensing platforms
according to an embodiment;

I'IG. 4 is a longitudinal cross-sectional view of a localized
surface plasmon resonance sensor comprising a prism
according to another embodiment;

FIG. 5 shows alongitudinal cross-sectional view of a local-
ized surface plasmon resonance sensor comprising an addi-
tional sensing layer for detection of external environment
according to another embodiment;

FIG. 6 shows alongitudinal cross-sectional view of alocal-
ized surface plasmon resonance sensor comprising a plate-
type substrate according to another embodiment;

FIG. 7 shows alongitudinal cross-sectional view of a local-
ized surface plasmon resonance sensor comprising a layer of
exciting a propagating surface plasmon according to another
embodiment;

FIG. 8 shows alongitudinal cross-sectional view of a local-
ized surface plasmon resonance sensor comprising an optical
waveguide layer according to another embodiment;

FIG. 9 compares spectra of efficiencies of optical extinc-
tion, absorption, and scattering of alocalized surface plasmon
resonance sensor according to an embodiment before and
after formation of a conductive bridge;

FIG. 10 shows extinction efficiency spectra of a conven-
tional single Au nanodisc having an oblate structure in
response to change in the refractive index of surrounding
medium;

FIG. 11 shows extinction efficiency spectra of a localized
surface plasmon resonance sensor according to an embodi-
ment in response to change in the refractive index of sur-
rounding medium;

FIG. 12 shows changes in resonance wavelength in
response to change in the refractive index of surrounding
medium of a conventional single Au nanodisc having a oblate
structure and a localized surface plasmon resonance sensor
according to an embodiment;

FIG. 13 shows change in extinction efficiency spectra of a
localized surface plasmon resonance sensor according to an
embodiment in response to increased length of a conductive
bridge layer; and

FIG. 14 shows the dependence of extinction efficiency
spectra of a localized surface plasmon resonance sensor
according to an embodiment on the selection of materials for
the conductive bridge layer.
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MODE FOR INVENTION

Hereinafter, exemplary embodiments will be described in
detail with reference to the accompanying drawings.

FIG. 2 shows a metal nanostructure of a localized surface
plasmon resonance sensor according to an embodiment.

Referring to FIG. 2, a nanostructure 200 of a localized
surface plasmon resonance sensor according to an embodi-
ment comprises a first metal layer 210, a conductive bridge
layer 220 and a second metal layer 230.

The first metal layer 210 and the second metal layer 230 are
arranged such that the plate surfaces thereof are parallel to
each other. The first metal layer 210 and the second metal
layer 230 may be in the form of a plate-type nanodisc. Also,
the first metal layer 210 and the second metal layer 230 may
have a planar structure and may have various shapes includ-
ing circular, elliptical, polygonal, annular, etc. as well as
various thicknesses. The second metal layer 230 may be a
2-dimensional metal film.

The first metal layer 210 comprises a first metal, and the
second metal layer 230 comprises a second metal. The first
metal or the second metal may be one or more noble metal
selected from Au, Ag, Cu, etc., which exhibit localized sur-
face plasmon resonance in the visible and near infrared
regions with low absorptive loss by the metal itself, or an alloy
comprising the one or more metal. The first metal and the
sccond metal may be the same or different metals.

The conductive bridge layer 220 is disposed between the
first metal layer and the second metal layer. Specifically, the
both end-surfaces of the conductive bridge layer 220 arc
connected to the bottom of the first metal layer 210 and the top
of the second metal layer 230, respectively. And, the conduc-
tive bridge layer 220 comprises a third metal. The third metal
has different corrosion reactivity from the first metal and the
second metal. The corrosion reactivity may include oxida-
tion, nitration and fluoridation as well as ctching propertics.
And, the corrosion reactivity of the third metal may be higher
or distinctive as compared to the corrosion reactivity of the
first metal and the second metal. Since the third metal has
different corrosion reactivity from the first metal and the
second metal, the properties of localized surface plasmon
resonance sensor may be controlled by oxidizing or etching
the nanostructure 200. The conductive bridge 220 may be
given a smaller diameter than the first metal layer 210 and the
second metal layer 230 via a selected oxidation or etching
process. The resonance characteristics of the sensor may also
be varied by adjusting the diameter or length of the conduc-
tive bridge 220.

The third metal may comprise one or more metal selected
from Cu, Ag, Au, Sn, Al, Pt and Ti, which exhibit high elec-
trical conductivity, low optical loss and superior selective
etching property or good oxidation or nitration reactivity, or
an alloy comprising the one or more metal.

In the localized surface plasmon resonance sensor accord-
ing to an embodiment, the excitation of longitudinal mode
type localized surface plasmons due to the conductive bridge
220 may be achieved by applying an incident light such that
the direction of an electric field 240 thereof is parallel to the
conductive bridge 220 and perpendicular to the plate surfaces
of the first metal layer 210 and the second metal layer 230.

FIG. 3 schematically shows a process of fabricating alocal-
ized surface plasmon resonance sensor and sensing platforms
according to an embodiment.

Referring to FIG. 3, a nanostructure of a localized surface
plasmon resonance sensor according to an embodiment may
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be fabricated from a multilayered plate-type nanodisc struc-
ture 300 via an oxidation process S310 or an etching process
S320.

First, a multilayered plate-type nanodisc structure 300 is
fabricated by inserting an intermediate layer 340 comprising
a third metal having different corrosion reactivity between a
first metal layer 210 and a second metal layer 230. The nano-
disc structure may be fabricated using various lithographic
processes. For example, the lithographic process may include
an etching process or a lift-off process. The etching process
may involve deposition of a 3-layer metal film on a substrate
with predetermined thickness, formation of polystyrene
beads or e-beam resist layer as etching mask and etching such
as reactive ion etching (RIE) for fabrication of the plate-type
nanodisc. The lift-off may involve formation of a cylindrical
nanotemplate layer with sufficient thickness using an e-beam
resist, anodized aluminum, a block copolymer, etc., deposi-
tion of a metal film thereon and removal of the template for
fabrication of the plate-type nanodisc.

When the fabrication of the plate-type nanodisc structure
300 is completed, the oxidation/nitration process S310 or the
etching process S320 may be selectively proceeded depend-
ing on the characteristics of the intermediate layer 340 so as to
form a conductive bridge 220 with a decreased diameter.
When the oxidation process S310 is carried out on the inter-
mediate layer 340, oxidation occurs from the outer portion of
the intermediate layer 340, resulting in an outer perimetric
oxide layer 311 divided from the inner conductive bridge 220.
The oxidation process may be replaced by a nitration process
depending on the material characteristics of the intermediate
layer 340. It is beneficial that the produced oxide or nitride is
a transparent material passing light therethrough in the wave-
length region where localized surface plasmons are formed.
The outer perimetric oxide layer ofthe intermediate layer 340
may be left unremoved or may be removed by a subsequent
etching process S330.

I'IG. 4 is a longitudinal cross-sectional view of a localized
surface plasmon resonance sensor comprising a prism
according to another embodiment.

Referring to FIG. 4, alocalized surface plasmon resonance
sensor according to another embodiment comprises a nano-
structure 200 according to the above-described embodiment,
a prism 410 and a dielectric buffer layer or interface adhesion
layer 420.

The prism 410 is connected to the bottom of the second
metal layer. Specifically, the bottom surface of the prism 410
is connected to the bottom of the second metal layer of the
nanostructure 200 to transmit light energy. The prism 410
may totally reflect a light incident from any one of surfaces at
its basal plane and excite a localized surface plasmon mode in
the length direction of the conductive bridge layer of the
nanostructure using an evanescent field generated due to the
total internal reflection at the basal plane. The prism 410 may
be a rectangular prism, a cylindrical prism having a hemi-
spherical cross section, a trapezoidal prism, or the like.

The prism 410 may be connected to the nanostructure 200
either directly or via the dielectric buffer layer 420 or the
interfacial adhesion layer 420 inserted between the second
metal layer and the prism 410. The interfacial adhesion layer
420 may comprise a transparent conducting oxide such as
indium tin oxide (ITO) or one or more material selected from
Ti, W, Cr, TiN, Ta,0O5 and ZnS—SiO,, and various materials
may be used depending on applications.

An incident light 411 is P-wave polarized so that the elec-
tric field component of the evanescent field generated on the
basal plane of the prism 410 is dominant in a direction per-
pendicular to the basal plane of the prism. The localized
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surface plasmons excited by the evanescent field in the nano-
structure 200 either absorb the incident light 411 or re-emit it
as a scattered light 413.

The signal detection by the sensor may be achieved either
by observing the change in the intensity of a reflected light
412 dueto the light absorption caused by the localized surface
plasmon resonance or by measuring the spectrum of the scat-
tered light 413.

FIG. 5 shows a longitudinal cross-sectional view of a local-
ized surface plasmon resonance sensor comprising an addi-
tional sensing layer for detection of external environment
according to another embodiment.

Referring to FIG. 5, a localized surface plasmon resonance
sensor according to another embodiment further comprises
an sensing layer 430 in addition to the plasmon resonance
sensor according to the embodiment described referring to
FIG. 4.

The external environment sensing layer 430 changes opti-
cal properties such as refractive index sensitively in response
to the change in external environment. The external environ-
ment sensing layer 430 may comprise a material whose opti-
cal properties change sensitively responding in chemical gas
or liquid, including metal oxides, organic-polymer materials,
chalcogenide materials, semiconductor materials, etc. It is
desirable that the sensing layer comprises a transparent mate-
rial passing light therethrough at the operation wavelength in
order to prevent the surface plasmon damping. The external
environment sensing layer 430 may enclose the nanostructure
200 comprising the first metal layer, the conductive bridge
layer and the second metal layer.

FIG. 6 shows a longitudinal cross-sectional view of a local-
ized surface plasmon resonance sensor comprising a plate-
type substrate according to another embodiment.

Referring to FIG. 6, a localized surface plasmon resonance
sensor according to another embodiment further comprises a
plate-type substrate 440 and an index-matching oil layer 450
in addition to the plasmon resonance sensor according to the
embodiment described referring to FIG. 4.

The plate-type substrate 440 may comprise a material opti-
cally transparent at the operation wavelength, either organic
or inorganic, including soda-lime glass, borosilicate glass,
fused silica glass, etc. The introduction of the plate-type
substrate 440 allows application of various etching processes
for fabrication of the nanostructure 200. Further, the plate-
type substrate 440 may allow easy control of the process for
improving film quality when forming the dielectric buffer
layer or the interfacial adhesion layer 420 which positioned
on the bottom of the nanostructure 200.

The upper surface of the plate-type substrate 440 may be
connected to the nanostructure 200 either directly or via a
dielectric buffer layer 420 or an interfacial adhesion layer
420. lhe interface adhesion layer 420 may comprise a trans-
parent conducting oxide such as ITO or one or more material
selected from Ti, W, Cr, TiN, Ta,O5 and ZnS—SiO,, and
various materials may be used depending on applications.

An index-matching oil layer 450 may be inserted between
the plate-type substrate 440 and the prism 410. The index-
matching oil layer 450 acts to optically couple the plate-type
substrate 440 to the prism 410.

FIG. 7 shows a longitudinal cross-sectional view of a local-
ized surface plasmon resonance sensor comprising a layer of
exciting a propagating surface plasmon according to another
embodiment.

Referring to FIG. 7, a localized surface plasmon resonance
sensor according to another embodiment further comprises a
layer of exciting a propagating surface plasmon 460 in addi-
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tion to the localized surface plasmon resonance sensor
according to the embodiment described referring to FIG. 4.

The layer of exciting propagating surface plasmon 460
may enhance the intensity of local electric field at the inter-
face of the prism 410 and enhance the intensity of light
absorption and light scattering by localized surface plasmon
resonance, by exciting surface plasmon polaritons near the
basal plane of the prism 410.

The layer of exciting propagating surface plasmon 460
may be a metal layer comprising one or more metal selected
from Au, Ag and Cu or an alloy material comprising the one
or more metal. Also, in order to maximize the local electric
field enhancement effect, the layer of exciting propagating
surface plasmon may comprises a dielectric/metal/dielectric
sandwich-type structure, wherein a upper and a lower dielec-
tric layers and a metal layer inserted between them are dis-
posed, capable of exciting long-range surface plasmon. In
addition, the layer of exciting propagating surface plasmon
may comprises a waveguide-coupled surface plasmon reso-
nance layer consisting of a upper and a lower metal layers,
and a dielectric waveguide layer inserted between themis also
possible.

FIG. 8 shows alongitudinal cross-sectional view of a local-
ized surface plasmon resonance sensor comprising an optical
waveguide layer according to another embodiment.

Referring to FIG. 8, alocalized surface plasmon resonance
sensor according to another embodiment comprises the
above-described nanostructure 200 according to an embodi-
ment and an optical waveguide layer 470.

‘The optical waveguide layer 470 generates an evanescent
field due to a guided wave mode 471 propagating through an
optical waveguide and thus excites localized surface plas-
mons. The optical waveguide layer 470 may be an optical
fiber or an integrated optical waveguide, without particular
limitation. The optical waveguide layer 470 may be con-
nected to the nanostructure 200 either directly or via a dielec-
tric buffer layer 420 or an interfacial adhesion layer 420. The
interfacial adhesion layer 420 may comprise a transparent
conducting oxide such as ITO or one or more material
selected from Ti, W, Cr, TiN, Ta,O5 and ZoS—SiO,, and
various materials may be used depending on applications.

By using the optical waveguide layer 470 as a light source
transmitter and a part of exciting surface plasmons, an inte-
grated sensor or a sensor array chip can be easily fabricated.
Also, when an optical fiber is used as the optical waveguide
layer 470, remote monitoring is possible by analyzing the
change in the intensity and spectrum of guided wave 471. The
light incident to the optical waveguide needs to be in a TM
mode so as to form an evanescent field in a direction perpen-
dicular to the interface of the localized surface plasmon reso-
narce sensor.

A localized surface plasmon sensor system according to an
embodiment comprises: the localized surface plasmon reso-
nance sensor according to an embodiment; a light transmitter
transmitting an incident light; and a light detector detecting a
light absorption signal and a light scattering signal for the
incident light from the light transmitter according to the char-
acteristics of the localized surface plasmon resonance sensor.
For spectroscopic analysis, the incident light may be white
light. Even when monochromatic light is used, the change in
signal intensity at the resonance wavelength in response to the
change in external environment may be detected.

In addition, a metal nanostructure of the localized surface
plasmon resonance sensor according to the present disclosure
may be used as a basic platform for surface enhanced Raman
spectroscopy.
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FIG. 9 compares total extinction efficiency (920), light
absorption efficiency (922) and scattering efficiency (924)
spectra of a localized surface plasmon resonance sensor
according to an embodiment with those (910, 912, 914)
before the formation of a conductive bridge.

Referring to F1G. 9, a localized surface plasmon resonance
sensor according to an embodiment comprises Au nanodiscs
having a diameter of 100 nm and a length of 20 nm as a first
metal layer and a second metal layer, and a Cu nanodisc
having a diameter of 60 nm and a length of 20 nm as a
conductive bridge. The light absorption and scattering char-
acteristics of the nanostructure were calculated by a computer
simulation based on discrete dipole approximation (DDA)
method for the case where the electric field direction of inci-
dent light is perpendicular to the plate surface of the nanodisc.
As seen from FIG. 9, before the conductive bridge is formed,
the extinction efficiency (910), absorption efficiency (912)
and scattering efficiency (914) spectra due to localized sur-
face plasmon resonance exhibits simply a combination of the
transverse modes of the Au and Cu nanodiscs. However, as
the diameter of the intermediate Cu layer is decreased and the
conductive bridge is formed, the localized surface plasmon
resonance wavelength red-shifts, and the absolute intensity of
the extinction efficiency (920), absorption efficiency (922)
and scattering efficiency (924) increases. Also, the linewidth
of the spectra is decreased and the spectra become sharper.
These characteristics are very similar to the longitudinal
mode characteristics observed in the nanorod structure and
can be further controlled by varying the material of the bridge
layer and the geometrical structure.

FIGS. 10 to 12 show results of comparing with a conven-
tional single Au nanodisc for evaluation of enhancement of
sensitivity to change in external environment by a localized
surface plasmon resonance sensor according to an embodi-
ment.

I'IG. 10 shows the spectra of extinction efficiency for a
conventional single Au nanodisc having a plate-type oblate
structure in response to change in the refractive index of
surrounding medium.

FIG. 10 shows a result of calculation based on the assump-
tion that the electric field direction of incident light is perpen-
dicular to the rotational axis so that the localized surface
plasmon resonance properties are optimized. The diameter
and thickness of Au nanodisc are 100 nm and 50 nm, respec-
tively. It was assumed that the refractive index of the sur-
rounding medium changes gradually from an initial refractive
index of 1.332 (930) to 1.34 (931), 1.36 (932), 1.4 (933), 1.5
(934) and 1.7 (935), and the extinction efficiency spectra of
the Au nanodisc were computationally simulated. As the
refractive index of the surrounding medium was increased,
the surface plasmon resonance wavelength exhibited red
shift.

FIG. 11 shows extinction efficiency spectra of a localized
surface plasmon resonance sensor according to an embodi-
ment in response to change in the refractive index of sur-
rounding medium.

FIG. 11 shows a result based on the assumption that the
refractive index of the surrounding medium changes gradu-
ally from 1.332 (940) to 1.34 (941), 1.36 (942), 1.4 (943), 1.5
(944) and 1.7 (945), as in FIG. 10, and the extinction effi-
ciency spectra were computationally simulated. When com-
paring with FIG. 10, the red-shift of the resonance wave-
length in response to the change of the refractive index of the
surrounding medium was remarkable and the linewidth of the
extinction efficiency spectra was narrower in FIG. 11, which
imply the enhanced resolution.
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FIG. 12 summarizes the quantitative change in resonance
wavelength in response to change in the refractive index of
surrounding medium for both a conventional single Au nano-
disc (951) having a plate-type oblate structure and a localized
surface plasmon resonance sensor (952) according to an
embodiment.

Referring to FIG. 12, both cases (951, 952) show a linear
red-shift in the surface plasmon resonance wavelength as the
refractive index of the surrounding medium increases. In FIG.
12, the change in resonance wavelength in response to the
refractive index of the surrounding medium representing the
sensitivity of the sensor can be determined from the slope of
the respective lines. The nanostructure (952) having a vertical
conductive bridge according to an embodiment exhibited a
sensitivity of 529.6 nm/RIU, more than 2 times larger than
227.1 nn/RIU of the Au nanodisc (951) without a conductive
bridge.

The resonance characteristics and sensitivity of the local-
ized surface plasmon resonance sensor according to embodi-
ments may be further controlled by changing the geometrical
structure and material of the first metal layer, the second metal
layer and the conductive bridge layer.

FIG. 13 shows change in extinction efficiency spectra of a
localized surface plasmon resonance sensor according to an
embodiment in response to increased length of a conductive
bridge. The same basic structure as that of the localized sur-
face plasmon resonance sensor shown in FIG. 9 was used, and
the length of the Cu conductive bridge was changed from 10
nm (960) to 20 nm (962) and 30 nm (964).

Referring to FIG. 13, it can be seen that the extinction
efficiency is greatly enhanced as the length of the Cu conduc-
tive bridge is increased. When the length of the conductive
bridge is 10 nm (960), the resonance wavelength is observed
in a longer wavelength as compared to when the length of the
conductive bridge is 20 nm (962) due to the dipole interaction
between neighboring Au nanodiscs. And, as the length of
conductive bridge is increases larger than 20 nm, the gradual
red-shift in resonance wavelength is observed very similar to
that of the longitudinal mode of a nanorod. In addition to the
change of the extinction efficiency, the relative ratio of the
absorption efficiency to the scattering efficiency may also
increases as the length of the conductive bridge is increased.

The change in the diameter as well as the length of the
conductive bridge also has an important effect on the charac-
teristics of localized surface plasmon resonance. In general,
as the diameter of the conductive bridge decreases, the red-
shift of localized surface plasmon resonance wavelength
become significant, the extinction efficiency increases and
the relative ratio of the scattering efficiency increases.

FIG. 14 shows change in extinction efficiency spectra of a
localized surface plasmon resonance sensor according to an
embodiment in dependent on materials selection for the con-
ductive bridge. 1'he structure of the localized surface plasmon
resonance sensor was the same as that of FIG. 9, and Au (970),
Ag (972), Cu (974), Al (976) or Sn (978) were used as the
conductive bridge materials.

Referring to FIG. 14, when Al (976) or Sn (978) was used,
the linewidth of the extinction efficiency curve was broad-
ened and the intensity decreased because of surface plasmon
damping caused by absorption of material itself as compared
to when the noble metals Au (970), Ag (972) or Cu (974) were
used. Such problems can be complemented by adjusting the
geometry of the nanostructure or using the noble metal exhib-
iting superior plasmonic properties, such as Ag, in the lower
metal layer.

The localized surface plasmon resonance sensor according
to the present disclosure provides a longitudinal mode type
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surface plasmon resonance generated due to a conductive
bridge. In addition, the hot-spot effect of electric field con-
centrated in the nanogap formed near the conductive bridge
allows further improvement of sensitivity when the target
molecules and analytes exist there.

INDUSTRIAL APPLICABILITY

The present disclosure is applicable to a biochemical sen-
sor utilizing localized surface plasmon resonance character-
istics occurring from metal nanoparticles or nanostructures.

The invention claimed is:

1. A localized surface plasmon resonance sensor compris-
ing:

a first metal layer comprising a first metal;

a second metal layer arranged parallel to the first metal

layer and comprising a second metal; and

a conductive bridge layer disposed between the first metal

layer and the second metal layer and comprising a third
metal with a corrosion reactivity different from that of
the first metal and the second metal,

wherein the first metal and the second metal are either one

or more metal selected from a group consisting of Au,
Ag and Cu or an alloy comprising the one or more metal,
and the first metal is same as or different from the second
metal.

2. The localized surface plasmon resonance sensor accord-
ing to claim 1, wherein the conductive bridge layer has a
diameter smaller than that of the first metal layer and the
second metal layer.

3. The localized surface plasmon resonance sensor accord-
ing to claim 1, wherein the third metal is one or more metal
selected from a group consisting of Cu, Ag, Au, Sn, Al, Ptand
Ti or an alloy comprising the one or more metal.

4. The localized surface plasmon resonance sensor accord-
ing to claim 1, wherein the first metal layer or the second
metal layer has a plate-type structure.

5. The localized surface plasmon resonance sensor accord-
ing to claim 1, wherein the second metal layer is a 2-dimen-
sional metal film.

6. The localized surface plasmon resonance sensor accord-
ing to claim 1, wherein the length or diameter of the conduc-
tive bridge layer is adjusted to control the plasmonic reso-
nance properties of the sensor.

7. The localized surface plasmon resonance sensor accord-
ing to claim 1, which further comprises a prism connected to
the bottom of the second metal layer and totally reflecting an
incident light.

8. The localized surface plasmon resonance sensor accord-
ing to claim 7, which further comprises a dielectric buffer
layer or an interfacial adhesion layer between the second
metal layer and the prism, wherein the interfacial adhesion
layer comprises a transparent conducting oxide or one or
more material selected from a group consisting of Ti, W, Ctr,
TiN, Ta,O5 and ZnS—SiO,.

9. The localized surface plasmon resonance sensor accord-
ing to claim 7, which further comprises an external environ-
ment sensing layer enclosing the first metal layer, the con-
ductive bridge layer and the second metal layer, wherein a
refractive index of the external environment sensing layer is
changed in response to a change in external environment.

10. The localized surface plasmon resonance sensor
according to claim 8, wherein the external environment sens-
ing layer comprises a transparent material passing light there-
through.
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11. The localized surface plasmon resonance sensor
according to claim 7, which further comprises a plate-type
substrate between the second metal layer and the prism.
12. The localized surface plasmon resonance sensor
according to claim 11, wherein the plate-type substrate is
made of a transparent material passing light therethrough.
13. The localized surface plasmon resonance sensor
according to claim 11, which further comprises an index-
matching oil layer disposed between the plate-type substrate
and the prism and optically coupling the plate-type substrate,
with the prism.
14. The localized surface plasmon resonance sensor
according to claim 11, which further comprises a dielectric
buffer layer or an interfacial adhesion layer between the sec-
ond metal layer and the plate-type substrate, wherein the
interfacial adhesion layer comprises a transparent conducting
oxide or one or more material selected from a group consist-
ing of Ti, W, Cr, TiN, Ta,O5 and ZnS—Si0O,.
15. The localized surface plasmon resonance sensor
according to claim 7, which further comprises a layer of
exciting propagating surface plasmon disposed hetween the
second metal layer and the prism and exciting surface plas-
mon polaritons.
16. The localized surface plasmon resonance sensor
according to claim 15, wherein the layer of exciting propa-
gating surface plasmon comprises one or more metal selected
from a group consisting of Au, Ag and Cu or an alloy com-
prising the one or more metal.
17. The localized surface plasmon resonance sensor
according to claim 15, wherein the layer of exciting propa-
gating surface plasmon comprises a dielectric upper layer, a
metal layer connected to the dielectric upper layer and a
dielectric lower layer connected to the metal layer.
18. The localized surface plasmon resonance sensor
according to claim 15, wherein the layer of exciting propa-
gating surface plasmon comprises a metal upper layer, a
dielectric waveguide layer connected to the metal upper layer
and a metal lower layer connected to the dielectric waveguide
layer.
19. The localized surface plasmon resonance sensor
according to claim 1, which further comprises an optical
waveguide layer connected to the bottom of the second metal
layer.
20. The localized surface plasmon resonance sensor
according to claim 19, which further comprises a dielectric
buffer layer or an interfacial adhesion layer between the sec-
ond metal layer and the optical waveguide layer, wherein the
interfacial adhesion layer comprises a transparent conducting
oxide or one or more material selected from a group consist-
ing of Ti, W, Cr, TiN, Ta,Os and ZnS—SiO,.
21. A localized surface plasmon resonance sensor system
comprising;
the localized surface plasmon resonance sensor according
to claim 1;

a light transmitter transmitting an incident light; and

a light detector detecting a light absorption signal and a
light scattering signal for the incident light from the light
transmitter according to the characteristics of the local-
ized surface plasmon resonance sensor.

22. The localized surface plasmon resonance sensor
according to claim 1, wherein a first end-surface of the con-
ductive bridge layer contacts the first metal layer, and a sec-
ond end-surface of the conductive bridge layer contacts the
second metal layer.

23. The localized surface plasmon resonance sensor
according to claim 1, wherein the first metal layer and the
second metal layer are a nanodisc.
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24. A localized surface plasmon resonance sensor compris-
ing:

a first metal layer comprising a first metal;

a second metal layer arranged parallel to the first metal
layer and comprising a second metal; and

a conductive bridge layer disposed between the first metal
layer and the second metal layer and comprising a third
metal with a corrosion reactivity different from that of
the first metal and the second metal,

wherein the first metal layer, the second metal layer and the
conductive bridge layer together form a nanostructure.

14

25. The localized surface plasmon resonance sensor
according to claim 24, wherein the first metal layer and the
second metal layer are an Au nanodisc, and the conductive
bridge layer is a nano disc of a third metal having a higher
corrosion reactivity than that of the first and the second metal.

26. The localized surface plasmon resonance sensor
according to claim 25, wherein a first end-surface of the
conductive bridge layer contacts the first metal layer, and a
second end-surface of the conductive bridge layer contacts

10 the second metal layer.



