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Abstract

plasmonic applications.

Nanostructures

We propose a novel mirror-image nanoepsilon (MINE) structure to achieve highly localized and enhanced near field at its
gap and systematically investigate its plasmonic behaviors. The MINE can be regarded as a combination of two
fundamental plasmonic nanostructures: a nanorod dimer and nanoring. By adapting a nanoring surrounding a nanorod
dimer structure, the nanorod is regarded as a bridge pulling the charges from the nanoring to the nanorod, which
induces stronger plasmon coupling in the gap to boost local near-field enhancement. Two resonance peaks are identified
as the symmetric and anti-symmetric modes according to the symmetries of the charge distributions on the ring and rod
dimer in the MINE. The symmetric mode in the MINE structure is preferred because its charge distribution leads to
stronger near-field enhancement with a concentrated distribution around the gap. In addition, we investigate the
influence of geometry on the optical properties of MINE structures by performing experiments and simulations. These
results indicate that the MINE possesses highly tunable optical properties and that significant near-field enhancement at
the gap region and rod tips can be realized by the gap and lightning-rod effects. The results improve understanding of
such complex systems, and it is expected to guide and facilitate the design of optimum MINE structures for various
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Background

Metallic nanostructures with localized surface plasmon
resonance (LSPR) provide a method for manipulating
light at the nanoscale beyond the optical diffraction limit
[1, 2]. The collective oscillation of free electrons on the
metallic nanostructure can be excited by incident light
at specific frequencies with some unique optical phe-
nomena, such as the subwavelength localization of elec-
tromagnetic energy, the directional scattering of light
out of the nanostructure, and the formation of high-
intensity hot spots at the structure surface [3]. The
unique optical phenomena of metallic nanostructures
have been extensively applied to various fields, including
vibrational spectroscopies (surface-enhanced Raman
spectroscopy and surface-enhanced infrared absorption)
[4-6], plasmonic solar cells [7, 8], nanomedicine [9-11],
enhanced single-emitter fluorescence [12, 13], gas
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detections [14-16], and optical tweezers [17-19]. How-
ever, to promote their performance, these applications
require a highly localized and enhanced field, which de-
pends on the plasmonic modes that dominate the optical
properties of the nanostructure, while the plasmonic
modes are quite sensitive to the geometry of nanostruc-
ture [20-22]. Nanostructures have been explored with
various shapes, such as nanodisks [23], nanostars [24],
nanotriangles [25], and nanospheres [26]. In addition,
plasmonic resonances can be tuned and positioned
within a large wavelength range from ultraviolet to mid-
infrared wavelengths by adjusting the structural aspect
ratio using hybrid nanostructures, such as nanoshells
[27], nanorice [28], and nanorings [29]. Among these
hybrid nanostructures, nanorings are particularly notable
as the nanoring possesses a highly tunable plasmon
resonance, uniformly enhanced field distribution in the
cavity, large surface-to-volume ratio, and an open-cavity
structure where the analyte could be easily accessed.
These characteristics make this ring-shaped structure
particularly suitable for developing biosensors [30].
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The field intensity can be dramatically enhanced in the
gap region of the metallic dimer due to the near-field coup-
ling effect when two nanostructures are sufficiently close to
each other. Various plasmonic dimers have been investi-
gated, including nanosphere dimers [31], nanodisk dimers
[32], and nanorod dimers [33]. In particular, nanorod di-
mers provide a strongly coupled mode to achieve a large
field enhancement in the gap because the rod-shaped struc-
ture possesses a sharper shape that allows more charges to
be accumulated at the rod tip, ie., the lightning-rod effect
[34]. In other words, the optical field can be improved by
several orders of magnitude by modifying the gap distance
or the rod width of a nanorod dimer. Such highly localized
and enhanced near fields in the dimer system have been
utilized to miniaturize the trapping spot size and simultan-
eously promote the induced optical forces for optical twee-
zers. For instance, Zhang et al. have demonstrated that 10-
nm metal nanoparticles can be trapped and sensed with the
nanorod dimer [35].

Combining the features of a nanoring and a nanorod
dimer, we propose a novel mirror-image nanoepsilon
(MINE), which is equal to two mirrored nanoscale
e-shaped structures, to boost the local near-field enhance-
ment for various applications that require highly localized
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and enhanced field. Taking advantage of the nanorod
dimer which can gain a high local field at the gap of the
structure via lightning-rod and gap effects, an auxiliary
nanoring structure is adopted surrounding the nanorod
dimer to form the MINE structure for further field
enhancement. The nanoring can first induce and support
excess charges, and then the nanorod functions as a bridge
to pull these excess charges from the nanoring to the nano-
rod, inducing stronger plasmon coupling to provide a
larger near field around the gap. The MINE structure is
fabricated and simulated to explore its plasmonic behav-
iors. Two resonance peaks corresponding to symmetric
and anti-symmetric modes are identified. The symmetric
mode is preferred because its charge distribution can sup-
port a stronger local near field with a concentrated distri-
bution around the gap. We then investigate the influence
of geometry on the optical properties of MINE structure
for obtaining a highly localized and enhanced near field.

Methods
Fabrication
A schematic illustration of the gold MINE array with
structural thickness ¢, gap g, rod width w, inner radius r;,
outer radius r,, and period p is shown in Fig. la. The
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Fig. 1 a Scheme of the MINE array design. b SEM and AFM images of the fabricated gold MINE array with t =31
1000 nm. The inset shows a magnified SEM image of a single gold MINE structure. ¢ Extinction spectra of the MINE structure from the
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coordinate origin is set at the center of the gap on the
surface of the substrate. Gold MINE arrays were manu-
factured on a commercial indium tin oxide (ITO) glass
substrate that eliminates charge accumulation during
electron beam lithography (EBL). First, the ITO glass
substrate was cleaned by consecutive 5-min sonication
cycles in acetone, isopropyl alcohol, and deionized water
and subsequently dried using N,. The substrate was then
spin-coated with a 150-nm electron-beam-resist poly-
methylmethacrylate (PMMA) layer, and the MINE arrays
with dimensions of 60 x 60 um> were defined on the
PMMA layer by EBL. After the development process,
the substrate was deposited a 30-nm gold thin film using
thermal evaporation. Finally, a lift-off procedure was im-
plemented by immersing the sample into acetone for
48 h in an ultrasonic oscillator. The sample was subse-
quently put into a stripper at 45 °C for 10 min in an
ultrasonic oscillator to remove the residual PMMA. The
morphology and dimension of the fabricated MINE
structure were measured via scanning electron micro-
scope (SEM) and atomic force microscope (AFM).

Optical Measurement

The extinction spectra of the gold MINE arrays were
measured using a homemade horizontal transmission
spectroscopy with a halogen lamp as a light source. The
optical setup for the transmission spectrum measure-
ment can be separated into three main components, in-
cluding the front focusing system, the back focusing
system, and an optical spectrum analyzer. The front and
back focusing systems ensured that the focal planes of
the 20x objective lens were situated at the MINE array,
and the visible charge-coupled device (CCD) and televi-
sion screen were utilized to display the focused image of
the MINE structures. The halogen lamp served as the
incident light source that passed through an aperture to
form collimated light. The polarization of the incident
light was parallel to the major axis of the rod dimer in
the MINE structure. Then, the light was focused on the
gold MINE arrays through a 20x objective lens, and the
spot size was approximately 60 pm in diameter. Finally,
the transmitted light was collected by another 20x ob-
jective lens and fed into a multimode glass fiber con-
nected to the optical spectrum analyzer. The extinction
spectrum was calculated by -log [/u(A)/LedA)], where
I,,«(1) and I.(A) are the intensities of transmitted light
with and without the MINE arrays, respectively.

Results and Discussion

LSPR Characteristic of MINE Structure

Figure 1b shows SEM and AFM images of the fabricated
gold MINE array with average £=31 nm, g=51 nm, w =
77 nm, r;=174 nm, r, =304 nm, and p = 1000 nm. The
inset in the SEM image shows a single MINE structure
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at high magnification. No apparent electron-beam-resist
PMMA residue remains on the surrounding surfaces or
in the cavities of the nanostructures. The three-
dimensional finite element method (3D FEM), processed
via COMSOL Multiphysics software, is implemented to
investigate the optical properties of the MINE structure.
In our simulation, the dielectric function of the gold
MINE structure is described by the Drude-Lorenz model
[36]. The environmental refractive index is set as 1.0 for
air, and dispersion of the ITO substrate is considered
[37]. The scattering boundary condition is applied for all
external boundaries of the computational domain to in-
vestigate the optical behavior without considering any
optical couplings. All simulation results come from a
single MINE structure. The dimensions of the simulated
structure with =30 nm, g=50 nm, w=75 nm, r;=
175 nm, and r, = 305 nm are chosen to match the fabri-
cated dimensions. The incident optical field (from the
top) with amplitude of 1 V/m is polarized in x-direction
to excite LSPR in the central gap. In addition, consider-
ing fabrication feasibility, the right-angle apexes of the
nanorod were curved with a radius of curvature of
10 nm. The measured and simulated extinction spectra
are provided in Fig. 1c. Two main resonance peaks
(green and purple arrows) occur in the near-infrared
(NIR) region.

To identify the peaks, the corresponding surface
charge distributions are calculated, and these results are
shown in the upper figure of Fig. 2. From the symmetry
characteristic of the surface charge distributions on the
ring and rod dimer in MINE, we name the longer wave-
length peak (purple arrow) symmetric mode and the
shorter-wavelength peak (green arrow) anti-symmetric
mode. Other peaks in the even shorter wavelength re-
gion are identified as high-order modes (black arrows in
Fig. 1c). In addition, the unapparent shoulder in the
spectral range between 950 and 1050 nm in the mea-
sured spectrum can be ascribed to the grating-induced
mode that occurs in the grating or array structure [38,
39]. The symmetric and anti-symmetric modes are a
focus of the following discussion because they can be
used to achieve high local near-field enhancement in the
MINE structure. The corresponding electric-field
intensity distributions of the two modes in the x-y plane
(z=15 nm) and along the x-direction (y=0 nm, z=
15 nm) are provided in the middle and lower figures of
Fig. 2, respectively. Compared to the anti-symmetric
mode, the symmetric mode enables a stronger near field
with a concentrated distribution around the gap. Obvi-
ously, the field intensity of the symmetric mode in the
gap region is stronger than that of the anti-symmetric
mode. This occurs because the cavity field induced by
the ring and the gap field of the rod dimer in the sym-
metric mode are in the same direction, which makes the
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Fig. 2 Surface charge and field intensity distributions of the symmetric and anti-symmetric modes in the x-y plane and along the x-direction
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coupling stronger and results in a much enhanced near
field around the gap. On the other hand, the coupling
for the anti-symmetric mode is weaker owing to the op-
posite directions of the established fields in the cavity
and the gap. In addition, the symmetric and anti-
symmetric modes correspond to dipole and quadrupole
modes. This also clarifies the superior field enhancement
by a bright dipole mode compared to a dark quadrupole
mode. Therefore, the field intensity of the symmetric
mode at the gap center can be enhanced by a factor of
~190, while the enhancement factor of the anti-
symmetric mode is only ~40.

For comparison, the surface charge and field intensity
distributions in the x-y plane and field intensity distribu-
tions along the x-direction of the MINE (symmetric
mode), nanoring with a thickness of 30 nm, inner radius
of 175 nm, and outer radius of 305 nm (bonding mode)
and nanorod dimer with a thickness of 30 nm, gap of

50 nm, rod width of 75 nm, and rod length of 280 nm
(coupled dipole mode) structures are shown in Fig. 3.
Note that these distributions are calculated at their own
resonance wavelengths. The profile of the enhanced field
of the MINE structure can be viewed as a superposition
of those of the nanoring and nanorod dimer structures,
but its field intensity at the gap is much higher than that
of the nanoring or nanorod dimer. The field enhance-
ment at the outer edges of the MINE structure is smaller
than that of the nanorod dimer since the auxiliary nano-
ring reduce the charge densities at the outer edges. The
finding is in agreement with ref. [40]. It is well-known
that the nanorod dimer is able to gain a high local field
at the center of the structure by adjusting its rod width,
rod length, and gap distance. When adopting an auxil-
iary nanoring structure surrounding the nanorod dimer
to form the MINE structure, the local field can be fur-
ther enhanced owing to the excess charges from the
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nanoring. As shown in Fig. 3, the highest field intensity
of ~190 V*/m? at the gap center for the MINE structure
is 2.5 times larger than that for the nanorod dimer. From
the viewpoint of the nanoring, its plasmon resonance is
highly tunable through the variations of its inner and
outer radii. By adopting a nanorod dimer within the nano-
ring to form the MINE structure, the rod serves as a
bridge to pull the charges from the ring to rod, which in-
duces strong plasmon coupling between the rods and re-
sults in high local near-field enhancement. The maximum
near-field intensity of the MINE structure is over ten
times higher than that of the nanoring structure. These re-
sults show that our proposed MINE structure enables sig-
nificant enhancement on the local near field compared to
the individual nanorod dimer or nanoring. Based on this
concept, one can properly add an auxiliary ring-shaped
structure to any dimer system (e.g., bowtie structure) to
efficiently improve the localized and enhanced near-field
intensity inside the gap of the dimer system. In a fan-rod
electric antenna and a spiky nanoparticle dimer, the flared
section and the bulky spherical core work as electron
reservoirs similar to the auxiliary nanoring in this
study [40, 41]. The reservoir can supply a large amount of
charges into the sharp dimer structure which can confine
the accumulation of charges to apexes. Thus, the better
synergistic interaction of “plasmon coupling” and
“lightning-rod effect” can be achieved for high-field en-
hancement around the nanoscale gap. A single cross-
junction ring antenna is also similar to the MINE structure,
and it can support a high-field intensity at a cross junction
because a field can be further concentrated at the center of
the structure via attaching a ring to a cross rod dimer [42].

Influences of Gap, Outer Radius, and Rod Width on
Plasmonic Properties

To investigate the influence of gap on the plasmonic
properties of MINE structures, a series of MINE arrays
are fabricated with various gap distances from 33 to
123 nm and fixed ¢ = 31 nm, w =77 nm, r; = 174 nm, and
7, =304 nm. The corresponding SEM images are shown
in Fig. 4a. The measured and simulated extinction spec-
tra are provided in Fig. 4b. The experimental results
closely agree with the simulated ones, showing the same
trends of relative peaks and amplitudes when varying
the gap distance. Since the anti-symmetric mode is more
like a dark mode (quadrupole mode), its intensity should
be lower than that of the symmetric mode (bright dipole
mode). However, this is not observed because the free
carrier absorption becomes stronger as the wavelength
increases in the NIR region for the ITO glass substrate
used in simulations and experiments [37]. Therefore,
scattered light caused by the dipole-like symmetric mode
is absorbed by the ITO glass substrate, resulting in the
reduced intensity of the symmetric mode in the extinc-
tion spectra. Moreover, the resonance peaks of the sym-
metric and anti-symmetric modes reveal a considerable
red shift when the gap distance is reduced. This shift
can be explained from the viewpoint of the restoring
force in the nanostructure or coupling system [43, 44].
Figure 5 shows schematic illustrations of the instantan-
eous charge distributions for the symmetric and anti-
symmetric modes of the MINE structure under the
influence of gap. The restoring force (semitransparent
green arrow) induced attractive force between the rods
(semitransparent blue arrow) and induced attractive and
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repulsive forces between the rod and ring (semitranspar-
ent magenta arrow) for negative charges (black dashed
circle) are marked in these schematic illustrations. With
the reduced gap distance, the induced forces between
the rod and ring are only changed slightly, but the stron-
ger coupling effect will induce a larger attractive force in
the gap region, thereby weakening the restoring force in
the structure. Furthermore, the field intensity distribu-
tions of the two modes along the x-direction are shown
in Fig. 6a. For the symmetric and anti-symmetric modes,

the field intensities in the gap can be significantly en-
hanced with the decrease of the gap distance. The field
intensity at the center of the MINE structure as a func-
tion of gap distance is provided in Fig. 6b. When a nano-
rod dimer is adopted within the nanoring, the MINE
structure exhibits an exponential field enhancement
when the gap becomes smaller, which echoes the obser-
vations in many dimer systems [45-47]. The remarkable
enhancement of the near field is a consequence of the
strengthened plasmon coupling between the rods [2, 48].
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When the gap distance is decreased from 120 to 30 nm,
the intensity enhancement of around 12.5 times is ob-
tained for the symmetric mode. Moreover, the field inten-
sity of the symmetric mode at the gap center is 3.4 times
stronger than that of the anti-symmetric mode when g=
30 nm. This again is because the cavity field of the ring
and the gap field of the rod dimer in the symmetric mode
are in the same direction. For the symmetric mode, field
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intensity distributions in the x-y and x-z planes are shown
under different gap distances in Fig. 7.

When the gap distance reduces from 120 to 30 nm, a
greatly enhanced and strong near field is induced in the
gap region, and the plasmonic mode is gradually localized
to an extremely small range as well. Such significantly en-
hanced and localized near-field property dominates the
optical interaction with absorbed biomolecules or with
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fluorophores passing in close proximity, which is helpful
for the improvement of spectroscopic signal and fluores-
cent efficiency. Therefore, this novel MINE structure has
great potential for use in practical applications.

For the influence of outer radius, MINE arrays are fab-
ricated with various outer radii from 281 to 371 nm and
fixed £=31 nm, w=66 nm, g=383 nm, and r; =203 nm.
The corresponding SEM images are shown in Fig. 8a.
The measured and simulated extinction spectra are pro-
vided in Fig. 8b. The resonance peaks of symmetric and
anti-symmetric modes reveal slight blue and red shifts,
respectively, when the outer radius is enlarged. For the
symmetric (anti-symmetric) mode, the restoring force
becomes stronger (weaker) with the increase in the outer
radius because the attractive force in the gap region only
varies a little but the induced forces between the rod
and ring are decreased, as shown in Fig. 9. In addition,
the extinction ability can be increased for the relatively
larger outer radius for both modes. This phenomenon
could occur because the large structural size supports
more charges for inducing a larger net dipole moment,
thereby promoting the extinction ability. The field inten-
sity distributions of symmetric and anti-symmetric
modes along the x-direction under different outer radii
are plotted in Fig. 8c. The fields in the gap remain nearly
the same as the outer radius is varied, which implies that
the outer radius variation has little impact on the near-
field distribution and is not a dominant factor for near-
field enhancement. Therefore, adopting a nanoring
surrounding the nanorod dimer, by enlarging its outer
radius, more charges can be induced in the MINE struc-
ture and the extinction ability can be increased, as ob-
served in Fig. 8b. This feature is also beneficial for
practical applications.

To investigate the influence of rod width, MINE arrays
are fabricated with various rod widths from 66 to
122 nm and fixed ¢ = 31 nm, g =84 nm, r; =252 nm, and
7o =349 nm. The corresponding SEM images are shown
in Fig. 10a. The measured and simulated extinction
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spectra are provided in Fig. 10b. For the anti-symmetric
mode, the resonance peak red shifts to long wavelength
when the rod width decreases. With the reduced rod
width, the attractive force between the rods increases
slightly but the forces induced between the rod and ring
decreases significantly, which results in weakened restor-
ing force, thereby shifting the resonance peak to long
wavelength, as shown in Fig. 11. However, the symmetric
modes are barely observable as a result of strong free
carrier absorption of ITO in the NIR region. When the
wavelength becomes longer, the increased absorption
weakens the extinction ability of the MINE structure,
making the symmetric mode nearly invisible. This can
be improved by using substrates without absorption
(e.g., glass, quartz, and CaF,) in the applied wavelength
range. Even though it is difficult to observe the shift
from unapparent symmetric mode, we anticipate that a
blue shift should occur owing to the strengthened re-
storing force in system because the induced forces be-
tween the rod and ring become smaller. The field
intensity distributions of the anti-symmetric mode along
the x-direction under different rod widths are plotted in
Fig. 10c. Clearly, when the rod width is decreased from
120 to 65 nm, the field intensity at the gap center can be
further increased. Moreover, a much more significant
enhancement on the field intensity at the rod tips is ob-
served. This can be attributed to the more intensive
lightning effect owing to its sharper shape and makes
the MINE structure suitable for optical trapping that
needs large field gradient.

In summary, the optical properties of the MINE struc-
ture highly depend on the structural geometry. The influ-
ences of the gap, outer radius, and rod width are
systematically investigated. To boost the performance with
respect to the highly localized and enhanced field and in-
crease the extinction ability of the MINE structure, the
gap, outer radius, and rod width should be as smaller, lar-
ger, and narrower as possible owing to the better plasmon
coupling, more induced charges, and stronger lightning-
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rod effect. Besides, substrates without absorption in the
applied wavelength range can be utilized to avoid the de-
graded extinction. For a MINE structure with g=10 nm,
w =20 nm, t=30 nm, ;=100 nm, and r, =330 nm on a
glass substrate, the simulated extinction spectrum and
field intensity distribution of the symmetric mode along
the x-direction are shown in Figs. 12a, b. The near-field
intensity at the gap center can be dramatically enhanced

by a factor of ~3.72 x 10* for the symmetric mode with
good extinction ability.

Conclusions

A novel MINE structure, which has the combined fea-
tures of the nanorod dimer and nanoring, is proposed
and fabricated, and its plasmonic behaviors are investi-
gated numerically and experimentally. Two resonance
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The influence of rod width
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Fig. 11 Schematic illustrations of the instantaneous charge distributions in MINE structures: the influences of rod width

peaks are identified as the symmetric and anti-
symmetric modes according to the symmetries of the
charge distributions on the nanoring and nanorod
dimer in MINE. The symmetric mode is preferred be-
cause its charge distribution leads to a stronger near
field with a concentrated distribution around the gap.
In addition, the optical properties of the MINE struc-
ture highly depend on the structural geometry. The
near-field intensity can be greatly enhanced by adjust-
ing the rod width and gap distance, promoting the
lightning-rod effect and plasmon coupling. The ex-
tinction ability can be raised by enlarging the outer
radius because more charges are supported by the lar-
ger structural size. Based on the strong and localized
near field at the center of nanorod dimer, our studies
show that adopting an auxiliary nanoring surrounding
the nanorod dimer can further enhance its near field.

Compared to individual nanoring and nanorod dimer,
our proposed MINE structure can dramatically boost
the local near-field intensity because excess charges
can be induced by the ring-shaped nanostructure and
the rod-shaped nanostructure can function as a
bridge to pull these excess charges from the ring to
the rods, thereby inducing stronger plasmon coupling
between the rods and resulting considerably local
near-field enhancement. Hence, this MINE structure,
which has a significantly enhanced and localized near
field, has great potential for applications such as
improving single-molecule detection and exploring
biochemistry, including molecular bonding and chem-
ical reactions. Our studies provide illuminating insight
into complex systems and guide the design of an
optimal MINE structure. Moreover, we expect that
this nanostructure can serve as a building block for
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Fig. 12 a Extinction spectrum and b field intensity distribution of the symmetric mode along the x-direction of the MINE structure with g =
10 nm, w=20 nm, t=30 nm, ;=100 nm, and r, =330 nm on glass substrate
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various applications such as nanomedicine, biochemistry,
single-emitter fluorescence, vibrational spectroscopy, and
optical tweezers.

Competing Interests
The authors declare that they have no competing interests.

Authors’ Contributions

CYT conceived the idea. JYL and PTL carried out the experimental design

and analysis and drafted the manuscript. PTL carried out the optical setup
for the transmission spectrum measurement. TEH and CFH carried out the
experimental fabrication and measurements and numerical simulations. All
authors read and approved the final manuscript.

Acknowledgements

This work is supported by Taiwan's Ministry of Science and Technology
(MOST) under contract number MOST 103-2221-E-009-096-MY3. The
authors would like to thank the equipment support from the Center for
Nano Science and Technology (CNST) and the Nano Facility Center
(NFQ) at National Chiao Tung University (NCTU), Taiwan.

Received: 15 May 2016 Accepted: 7 July 2016
Published online: 12 July 2016

References

1. Hayashi S, Okamoto T (2012) Plasmonics: visit the past to know the future. J
Phys D Appl Phys 45:433001

2. Lindquist NC, Nagpal P, McPeak KM, Norris DJ, Oh SH (2012)
Engineering metallic nanostructures for plasmonics and nanophotonics.
Rep Prog Phys 75:036501

3. Giannini V, Ferndndez-Dominguez Al, Heck SC, Maier SA (2011) Plasmonic
nanoantennas: fundamentals and their use in controlling the radiative
properties of nanoemitters. Chem Rev 111:3888-3912

4. Alexander KD, Skinner K, Zhang S, Wei H, Lopez R (2010) Tunable SERS in
gold nanorod dimers through strain control on an elastomeric substrate.
Nano Lett 10:4488-4493

5. Waustholz KL, Henry Al, McMahon JM, Freeman RG, Valley N, Piotti ME, Natan
MJ, Schatz GC, Van Duyne RP (2010) Structure-activity relationships in gold
nanoparticle dimers and trimers for surface-enhanced Raman spectroscopy.
J Am Chem Soc 132:10903-10910

6. Pryce IM, Kelaita YA, Aydin K, Atwater HA (2011) Compliant metamaterials
for resonantly enhanced infrared absorption spectroscopy and refractive
index sensing. ACS Nano 5:8167-8174

7. Atwater HA, Polman A (2010) Plasmonics for improved photovoltaic
devices. Nat Mater 9:205-213

8. Schuller JA, Barnard ES, Cai W, Jun YC, White JS, Brongersma ML
(2010) Plasmonics for extreme light concentration and manipulation.
Nat Mater 9:193

9. Huang X, Jain PK, El-Sayed IH, El-Sayed MA (2008) Plasmonic photothermal
therapy (PPTT) using gold nanoparticles. Lasers Med Sci 23:217-228

10.  Srivastava S, Santos A, Critchley K, Kim KS, Podsiadlo P, Sun K, Lee J, Xu C,
Lilly GD, Glotzer SC, Kotov NA (2010) Light-controlled self-assembly of
semiconductor nanoparticles into twisted ribbons. Science 327:1355-1359

11, Baffou G, Quidant R, Garcia de Abajo FJ (2010) Nanoscale control of optical
heating in complex plasmonic systems. ACS Nano 4:709-716

12. Farahani JN, Pohl DW, Eisler HJ, Hecht B (2005) Single quantum dot
coupled to a scanning optical antenna: a tunable superemitter. Phys
Rev Lett 95:017402

13.  Kinkhabwala A, Yu Z, Fan S, Avlasevich Y, Mullen K, Moerner WE (2009)
Large single-molecule fluorescence enhancements produced by a bowtie
nanoantenna. Nat Photonics 3:654-657

14. Liu N, Tang ML, Hentschel M, Giessen H, Aliivisatos AP (2011) Nanoantenna-
enhanced gas sensing in a single tailored nanofocus. Nat Mater 10:631-636

15. Tittl A, Kremers C, Dorfmdiller J, Chigrin DN, Giessen H (2012) Spectral
shifts in optical nanoantenna-enhanced hydrogen sensors. Opt Mater
Express 2:111-118

16. Jiang R, Qin F, Ruan Q, Wang J, Jin C (2014) Ultrasensitive plasmonic
response of bimetallic Au/Pd nanostructures to hydrogen. Adv Funct Mater
24:7328-7337

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

42.

43.

Page 12 of 13

Righini M, Ghenuche P, Cherukulappurath S, Myroshnychenko V, Garcia de Abajo
FJ, Quidant R (2009) Nano-optical trapping of Rayleigh particles and Escherichia
Coli bacteria with resonant optical antennas. Nano Lett 9:3387-3391

Chen C, Juan ML, Li Y, Maes G, Borghs G, Dorpe PV, Quidant R (2011)
Enhanced optical trapping and arrangement of nano-objects in a plasmonic
nanocavity. Nano Lett 12:125-132

Juan ML, Righini M, Quidant R (2011) Plasmon nano-optical tweezers. Nat
Photonics 5:349-356

Kelly KL, Coronado E, Zhao LL, Schatz GC (2003) The optical properties of
metal nanoparticles: the influence of size, shape, and dielectric
environment. J Phys Chem B 107:668-677

Sosa 10, Noguez C, Barrera RG (2003) Optical properties of metal
nanoparticles with arbitrary shapes. J Phys Chem B 107:6269-6275
Myroshnychenko V, Rodriguez-Fernandez J, Pastoriza-Santos |, Funston AM,
Novo C, Mulvaney P, Liz-Marzan LM, Garcfa de Abajo FJ (2008) Modeling
the optical response of gold nanoparticles. Chem Soc Rev 37:1792-1805
Zheng YB, Juluri BK, Mao JX, Walker TR, Huang TJ (2008) Systematic
investigation of localized surface plasmon resonance of long-range ordered
Au nanodisk arrays. J Appl Phys 103:014308

Yuan H, Khoury CG, Hafner JH, Hwang H, Wilson CM, Grant GA, Vo-Dinh T
(2012) Gold nanostars: surfactant-free synthesis, 3D modeling, and two-
photon photoluminescence imaging. Nanotechnology 23:075102

Scarabelli L, Coronado-Puchau M, Giner-Casares JJ, Langer J, Liz-Marzan JM
(2014) Monodisperse gold nanotriangles: size control, large-scale self-
assembly, and performance in surface-enhanced Raman scattering. ACS
Nano 8:5833-5842

Okamoto T, Yamaguchi |, Kobayashi T (2000) Local plasmon sensor with gold
colloid monolayers deposited upon glass substrates. Opt Lett 25:372-374
Hirsch LR, Gobin AM, Lowery AR, Tam F, Drezek RA, Halas NJ, West JL (2006)
Metal nanoshell. Ann Biomed Eng 34:15-22

Wang H, Brandl DW, Le F, Nordlander P, Halas NJ (2006) Nanorice: a hybrid
plasmonic nanostructure. Nano Lett 6:827-832

Aizpurua J, Hanarp P, Sutherland DS, Kall M, Bryant GW, Garcia de Abajo FJ
(2003) Optical properties of gold nanorings. Phys Rev Lett 90:057401
Larsson EM, Alegret J, Kall M, Sutherland DS (2007) Sensing characteristics of
NIR localized surface plasmon resonances in gold nanorings for application
as ultrasensitive biosensors. Nano Lett 7:1256-1263

Blaber MG, Schatz GC (2011) Extending SERS into the infrared with gold
nanosphere dimers. Chem Commun 47:3769-3771

Juluri BK, Chaturvedi N, Hao Q, Lu M, Velegol D, Jensen L, Huang TJ (2011)
Scalable manufacturing of plasmonic nanodisk dimers and cusp
nanostructures using salting-out quenching method and colloidal
lithography. ACS Nano 5:5838-5847

Tabor C, Van Haute D, El-Sayed MA (2009) Effect of orientation on
plasmonic coupling between gold nanorods. ACS Nano 3:3670-3678
Kottmann JP, Martin OJF, Smith DR, Schultz S (2001) Plasmon resonances of
silver nanowires with a nonregular cross section. Phys Rev B 64:235402
Zhang W, Huang L, Santschi C, Martin JF (2010) Trapping and sensing 10 nm
metal nanoparticles using plasmonic dipole antennas. Nano Lett 10:1006-1011
Rakic AD, Djurisic AB, Elazar JM, Majewski ML (1998) Optical
properties of metallic films for vertical-cavity optoelectronic devices.
Appl Opt 37:5271-5283

Synowicki RA (1998) Spectroscopic ellipsometry characterization of
indium tin oxide film microstructure and optical constants. Thin Solid
Films 313-314:394-397

Zhao J, Kelly KL, Schatz GC (2003) The extinction spectra of silver
nanoparticle arrays: influence of array structure on plasmon resonance
wavelength and width. J Phys Chem B 107:7343-7350

Félidj N, Laurent G, Aubard J, Lévi G, Hohenau A, Krenn JR, Aussenegg FR
(2005) Grating-induced plasmon mode in gold nanoparticle arrays. J Chem
Phys 123:221103

Wang D, Yang T, Crozier KB (2010) Charge and current reservoirs for electric
and magnetic field enhancement. Opt Express 18:10388-10394

Li A Li S (2014) Large-volume hot spots in gold spiky nanoparticle
dimers for high-performance surface-enhanced spectroscopy. Nanoscale
6:12921-12928

Zarrabi FB, Kuhestani H, Rahimi M, Mansouri Z (2015) Plasmonic cross-
junction ring antenna implementation for field enhancement. Optik
126:3129-3131

Hao E, Schatza GC (2004) Electromagnetic fields around silver nanoparticles
and dimers. J Chem Phys 120:357



Lin et al. Nanoscale Research Letters (2016) 11:327

44,

45,

46.

47.

48.

Rechberger W, Hohenau A, Leitner A, Krenn JR, Lamprecht B, Aussenegg FR
(2003) Optical properties of two interacting gold nanoparticles. Opt
Commun 220:137-141

Aizpurua J, Bryant GW, Richter LJ, Garcia de Abajo FJ (2005) Optical
properties of coupled metallic nanorods for field-enhanced spectroscopy.
Phys Rev B 71:235420

Fischer H, Martin OJF (2008) Engineering the optical response of plasmonic
nanoantennas. Opt Express 16:9144-9154

Dodson S, Haggui M, Bachelot R, Plain J, Li S, Xiong Q (2013) Optimizing
electromagnetic hotspots in plasmonic bowtie nanoantennas. J Phys Chem
Lett 4:496-501

Jain PK, El-Sayed MA (2010) Plasmonic coupling in noble metal
nanostructures. Chem Phys Lett 487:153-164

Page 13 of 13

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Abstract
	Background
	Methods
	Fabrication
	Optical Measurement

	Results and Discussion
	LSPR Characteristic of MINE Structure
	Influences of Gap, Outer Radius, and Rod Width on Plasmonic Properties

	Conclusions
	Competing Interests
	Authors’ Contributions
	Acknowledgements
	References

