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ABSTRACT: We experimentally demonstrate a simple approach for surface
current engineering in a cross-coupled bow-tie nanoantenna by inserting a
plasmonic cavity that simultaneously offers (i) improved Fano-like dipolar
resonance contrast, (ii) electrically induced magnetic resonance, and (iii)
enhanced sensitivity. By introducing a small geometric perturbation, we
propose two physical parameters, offset (f) and split gap (s), for strong
modulation of resonance location and intensity. We report at least 3.75-fold
better dipolar resonance compared with the conventional design and
demonstrate a unique mechanism for exciting magnetic plasmonic resonance.
Finally, we obtain a large wavelength shift of 777.5 and 904 nm per refractive
index unit (RIU) with a thin PMMA coating (110 nm) for the dipolar
resonance and magnetic resonance, respectively. Numerical study indicates
the potential of the proposed bow-tie nanoantenna array structure with a self-
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similar plasmonic cavity (SSP BNA) for sensitive recording of binding events of molecules such as DNA by reestablishing
conduction current and providing “on” and “off” states. The high-density plasmonic antenna array structure will be promising for
engineering applications in optical magnetism, magnetoplasmonics, optical trapping, and massively parallel ultrasensitive

differential detection of molecular fingerprints.
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In the last few years, the field of plasmonics received
extensive attention of researchers because of plasmon’s
formidable ability to couple free-space electromagnetic
excitation into nanoscale volume and enhance near-field optical
intensity. Such an exotic advantage of metal optics paves the
way for engineering light—matter interaction more feasibly.
With the recent advancement of nanotechnology, plasmonics
has become a burgeoning research topic in energy-harvesting,
telecom, and sensing industries.' ™ Among various categories of
nanostructures reported so far to manipulate localized surface
plasmon resonance (LSPR), bow-tie nanoantennae hold a
unique position because of their giant electric field enhance-
ment at the sharp metal tips and nanofocusing characteristics.
Hence, bow-tie nanostructures have been used for high-
performance plasmonic applications such as nanolithography,®
ultralow-power optical trapping,7 single-molecule fluorescence
detection,® extreme UV generation,” and plasmonic photog-
raphy film for high-density storage.'® Variations of bow-tie
nanostructure have also been found to be of significant
engineering merit to enhance nonlinear optical effects
lately."' "> However, no significant work has been reported
to refine bow tie shape in order to mediate large damping of
plasmons in noble metals at midinfrared (IR) wavelengths.

In contrast, there has been a tremendous research interest as
well to explore novel approach of controlling properties of
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plasmons. Among these approaches, magneto plasmonics is an
emerging niche of research in order to achieve magneto optic
modulation of plasmons and plasmon-mediated magnetic
recording devices."*™"” Recently, bifunctional plasmonic—
magnetic devices have been demonstrated for magnetic-field-
controlled optical modulation and surface-enhanced Raman
spectroscopy sensors.'®'” However, most of such concepts rely
upon the integration of ferromagnetic and plasmonic materials,
making the fabrication process much challenging. However,
artificial optical magnetism in nonmagnetic materials has not
been feasible because of their low magnetic polarizabilitgr until
Pendry et al. proposed the split ring meta atom in 1999.*° Since
then, split ring resonators (SRR) have been demonstrated over
different ranges of spectra from visible to terahertz.*"**
Enhanced functionalities of this fundamental building block,
ie, SRR, by using CMOS-compatible microelectromechanical
(MEM) tuning mechanisms have also been demonstrated
recently.”>™>

Previously, several configurations of bow-tie nanostructures
such as diabolo and capped nanoantenna have been
theoretically investigated for magnetic field enhancement.”®™*

However, the designs either have poor electric field
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Figure 1. (a) 3D schematic drawing of the proposed bow-tie antenna structure (BNA) with a self-similar plasmonic cavity (SSP) denoted as SSP
BNA. (b) Top view of the unit cell. (c) SEM image of the fabricated structure. (d) Height profile of AFM scan line along the coupling gap. (e)

Zoom-in view of SEM image of the fabricated bow tie tips.

enhancement or rely on complex fabrication process. In this
work, we experimentally report a multifunctional plasmonic—
magnetic bow-tie nanostructure that demonstrates simulta-
neous enhancement of electric and magnetic fields and can be
realized by a simpler fabrication method. The proposed
polarization-independent structure is a proof-of-concept
demonstration of surface current engineering in bow-tie
antenna by sharp metal corners that offers both magnetic
resonance and significantly improved dipolar characteristics
compared to its conventional counterpart. Besides, we
demonstrate that the proposed cross-coupled high-density
plasmonic array of bow-tie structures can potentially have a
large RIU shift around the two specific bands of interest which
are spectrally and spatially distinct from each other under single
polarization (TE or TM). Such a dual-band scheme is
significantly unique to the previous approach that is based on
electrical and cavity resonance® ' in a sense that the near-
field enhancement by the deep subwavelength hotspots of the
2D metal patterns are directly accessible to the surrounding
substance. Our study also anticipates that the design can
potentially stand out as a platform for DNA programmable
devices by leveraging the increased number of hotspots and
strong cross-coupling obtained at a proximity of tens of
nanometers.
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B DESIGN

Figure 1 shows the detailed configuration of the unit cell bow-
tie nanoantenna (BNA) with a self-similar plasmonic cavity
(SSP) and the fabricated device. The cavity is symmetrically
inserted into each of the four bow-nanoantenna triangles by
joining the mid points of their sides. Furthermore, by
introducing small geometric perturbation, two design param-
eters, split gap (s) and offset (f), are deployed to modulate the
surface current density. Thus, we subdivide a single host
isosceles triangle into three nearly identical smaller triangles (I,
II and III). In this work, the following parameters are fixed: Au
thickness t = 35 nm, coupling gap g = 100 nm, antenna length L
= 2.55 pm, and pitch P = 3 um, whereas we achieve a minimum
cross-coupling gap of 44 nm between the horizontal and
vertical triangles at apex angle o = 30°.

We also investigate a conventional BNA without SSP with
similar parameters in order to make a comparison. Both
structures are fabricated on Si wafer coated with a t,, = 1 ym
thick SiO, top layer using high-resolution ELS-7000 electron-
beam lithography (Supporting Information). A 3D FDTD
solver has been deployed to obtain the near-field characteristics
of the structures (Supporting Information). Figure 2a)b shows
that the experimental results are qualitatively consistent with
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Figure 2. Measured reflection spectra: (a) experiment (b) simulation.
The inset shows the fabricated samples of BNA and SSP BNA. The
values of s, f, @, g, and P are fixed at 100 nm, 100 nm, 30°, 100 nm, and
3 pm, respectively.

the simulated results, although a strong blueshift (~0.25—1
um) is observed in the far-field resonance spectrum compared
to the near-field spectrum. Such a blueshift is a well-known
phenomenon in strongly scattering metal patterns in the
presence of large plasmonic damping.**** Additional shift can
be attributed to the structural imperfections and dispersion of
oxide layer over the large bandwidth. Slight deviation of
resonance spectrum shape in experimental data can be further

ascribed to specular reflectance setup of the FTIR. Never-
theless, the SSP BNA structure not only exhibits the additional
magnetic resonance but also enhances the dipolar resonance
contrast significantly in the far field measurement. We plot the
field profiles and the surface current distribution at the near-
field peak locations in Figure 3. By comparing the data in
Figure 3e with the data in Figure 3b, the peak magnetic field
intensity |H,l*/IH,,|* is improved sixfold at dipolar resonance
because of the presence of the plasmonic cavity. Such
enhancement can be directly correlated with the surface
current distributions as shown in Figure 3c,f. The peak electric
field intensities |EoI*/IE;|* in Figure 3a,d at dipolar resonance
are comparable to each other. However, the field distribution in
SSP BNA is spatially different because of the presence of the
split gap at the bottom of the each triangular arm.

Modified dipolar characteristics of nanorod antenna
configured into a V shape has been previously reported by
Capasso et. al.** Similarly, the origin of the dipolar resonance
enhancement in the SSP BNA structure can be traced back to
two distinct features of the geometry. First, the surface area of
each triangle of the SSP BNA structure can be treated as a
combination of three nearly identical subwavelength radiators
(radiators I-1IIT) coherently coupled to each other as shown in
Figure la. Because of their self-similar arrangement, they can
augment the far-field reflection when they resonate con-
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Figure 3. (a) Electric field intensity, (b) magnetic field intensity, and (c) surface current distribution along the midplane of the BNA at S ym
(dipolar resonance). (d) Electric field intensity, (e) magnetic field intensity, and (f) surface current distribution along the midplane of the SSP BNA
at S um (dipolar resonance). (g) Electric field intensity, (h) magnetic field intensity, and (i) surface current distribution along the midplane of the
SSP BNA at 7.5 ym (magnetic resonance). The values of s, f, @, g, and P are fixed at 100 nm, 100 nm, 30°, 100 nm, and 3 ym, respectively. The black
dashed arrows marked in i indicate the dominant component of circular current. The incident light is polarized along x axis.
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Figure 4. (a) Case I (SSP BNA) layout, (b) E-field in case I at S um, (c) Case II layout, (d) E-field in case Il at S ym, (e) Case III layout, (f) E-field
in case III at S um, and (g) simulated spectra of three cases. The dashed lines indicate the quadruplerlike resonances from the vertical pair of
triangles. In all cases, the minimum offset (f) between the void and the edge of large triangle is kept constant at 100 nm.

structively at the same wavelength. Second, the unique
structure of SSP BNA unit cell boosts the surface current
density because of the presence of the sharp corners and the
narrow conduction path. For x-polarized light, the bottom
radiators II and III are forced to strengthen the current at their
meeting points with radiator I because of the presence of the
split gap. Thus, the split gap pushes more electrons toward the
narrow junctions and strongly influences the E-field along the
bottom edge of the dipolar triangles. The current density J(x, y)
in SSP BNA still follows a dipolarlike distribution while
experiencing an amplification at the narrow junction as shown
in Figure 3f. Because of the triangular shapes of the radiators,
we find that both J(x) and J(y) are amplified through this
process. In fact, the peak current density (A/m) in SSP BNA
structure at dipolar resonance (Figure 3f) is 4.8 times larger
than that in BNA structure (Figure 3c). The overall
enhancement of J(x, y) in SSP BNA can contribute to the
increase of the net dipole moment (p) of the structure
according to p = ((1)/(—jw)) [ J(x, y, z) dV, where V is the
total volume of integration.”™ Such intuitive engineering of
moment is practical for bow-tie nanostructure because a large
portion of the dipolar current flows along the edges. More
clearly speaking, resonance contrast can increase because of
reduced reflection by reduced metal surface area at off-
resonance because we include void or air gap in the antenna
arms. However, the proposed mechanism is a systematic
approach to increase dipolar resonance contrast of bow-tie
nanostructure by surface current engineering which can be
verified by considering two other cases, i.e., case II (Figure 4b):
triangular voids without any split gap and case III (Figure 4c):
circular voids with open area equal to that of case I (Figure 4a).
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Figure 4g shows that the SSP BNA (case I) clearly outperforms
case I and case III in terms of contrast and quality factor (Q)
of dipolar resonance. Such result justifies the merit of surface
current engineering in SSP BNA with the help of narrow
corners and a split gap. It also shows that the split gap can
efficiently suppress the quadruplerlike resonances at shorter
wavelengths in a polarization independent configuration. In this
work, with the help of the optimized approach, we
experimentally observe at least 75% resonance contrast in a
highly dense SSP BNA as opposed to 20% in conventional
BNA under the Fano condition obtained by strong diffractive
coupling at P = 3 um (Supporting Information).

Figure 3gh, shows the E-field, H-field, and the surface
current distribution, respectively, in SSP BNA when the
magnetic plasmonic resonance occurs. The magnetic field
distribution in the proposed geometry is largely in contrast with
that of a conventional split-ring layout because it has multiple
magnetic hotspots (Figure 3h) arising from the amplified
current density in the narrow conduction path and a totally
different displacement field distribution. In contrast, we observe
dual electric field hotspots (Figure 3g) of deep subwavelength
volume (V/4* ~ 107°) at the split gap of the resonator by the
circulating current indicated in Figure 3i and at the tip of the
bow-tie triangle because of the cross-coupled configuration.
Thus, the proposed split gap in the design has two important
contributions: enhancement of dipolar resonance and electrical
excitation of magnetic resonance.

B STUDY OF PARAMETERS

The modulation of the optical resonance spectra as a function

of offset (f) and split gap (s) is shown in Figure S. The whole
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Figure 5. (a) Experimental data and (b) simulation data of effect of offset (f) on array reflectance. (c) Experimental data and (d) simulation data of

effect of split gap (s) on array reflectance.

spectrum shows redshift as f is decreased because a decrease of f
at a fixed s will increase the surface current density to some
extent. For dipolar resonance, the coherent interaction among
the three constituent radiators of each triangle gets stronger
when the current density becomes high. Stronger interaction
among coherent radiators is finally interpreted as a redshift of
dipolar resonance as shown in Figure Sa. This is also in
agreement with the simulation results in Figure Sb. As f is
increased, slight improvement of dipolar resonance intensity in
simulation can be attributed to two factors: (i) net dipole
moment as a function of metal surface area and (ii) increased
back ground reflection. Such resonance enhancement can also
be inferred from experimental results. In contrast, the influence
of varying s on dipolar resonance is found to be less significant
in both experiment and simulation as shown in Figure Sc,d.
This is because the split gap cannot impact the strength of
dipolar surface current flowing along the edges of the resonant
triangles. However, the modulation characteristics of magnetic
resonance as a function of f are in deep contrast with that of
dipolar resonance. It can be seen that experimental resonance
wavelength linearly shifts by 200 nm starting from 6.57 to 6.37
um as f is increased from 50 to 100 nm. Such blueshift can be
explained by plasmonic hybridization model. Figure 3j shows
that the dominant component of the circulating current marked
with dashed arrow is flowing along the horizontal edge (parallel
to the x axis) of the triangular resonator. This implies the
accumulation of positive and negative charges at the opposite
ends of this edge. As f is increased, the gap between them is
decreased; hence, the restoring force is increased. Although the
charge density decreases as fis increased, the effect of this gap is
more dominant because of inverse square dependence of
Coulombic interaction. Because higher restoring force means
higher oscillation frequency, the overall energy state of the
plasmonic structure shifts to shorter wavelengths.>® The
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observed wavelength shift can also be explained partially by
circuit theory. As f is decreased, we can assume that the
effective width of the junction at the corners is decreased, and it
will eventually increase the effective inductance (L) for a given
condition. Subsequently, the magnetic resonance wavelength A
o (LC)"? will show a redshift.*” This is a unique approach for
inductive tuning of magnetic resonance by utilizing localized
current density, whereas it is not possible in conventional split-
ring structure. The increase of resonance intensity as f is
increased can be related to the improvement of total magnetic
moment, m = (*/,) 3[ Vr' X J(r') dV, which depends on the area
of metal junctions.”*® On the contrary, the effect of varying s
on resonance location and intensity is rather straightforward. It
can be observed in Figure Sc,d that the magnetic resonance
experiences blueshift as s is increased following the relationship
C « 1/s between the capacitance and split gap.*® The
resonance enhancement is attributed to the increased magnetic
moment as the gap is increased for capacitive tuning. Between
the two parameters, f and s, we find in our experiment that the
role of f is more crucial for tuning the resonance intensity and
location (Supporting Information). This is because f can
directly alter the dominant surface current at magnetic
resonance as shown in Figure 3j and thus can modulate the
electrical response from the dominant edge of the cavity and
the magnetic response from the circular current. On the
contrary, s can only influence the magnetic response in a
capacitive way.

Apex angle is another unique parameter of bow-tie geometry
for coarse tuning of resonance over a large bandwidth. Here, we
vary the angle from 15 to 30° in our experiment. Figure 6
shows E- and H-field distribution at dipolar and magnetic
resonance for these two angles, respectively.

It is observed in Figure 7a that both the resonances blue-shift
and decrease in intensity as the angle is reduced. The shift of
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Figure 6. (a) SEM, (b) E-field distribution at dipolar resonance (4.7
um), and (c) H-field distribution at magnetic resonance (5.7 ym) for
SSP BNA with a = 15°. (d) SEM, (e) E-field distribution at dipolar
resonance (4.9 ym), and (f) H-field distribution at magnetic resonance
(7.15 pm) for SSP BNA with a = 30°.
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Figure 7. Effect of apex angle: (a) experiment and (b) simulation.

dipolar resonance is mainly attributed to the reduction of
effective length of the side edges. The drop in resonance
intensity and contrast occurs as the cross coupling shown in
Figure 6b,e between the horizontal and the vertical pair is
weakened. The magnetic resonance shift is due to the decrease
of effective inductance with the decrease of the area of current
loop. The overall magnetic moment is also likely to be affected
as the resonance contrast keeps decreasing with the decrease of
apex angle. The simulation results in Figure 7b obtained in the
absence of any substrate-induced resonance are also in good
agreement with the experimental results. The weakening of
magnetic response can be correlated with the difference of
magnetic field intensity in Figure 6¢,f as well. The simulation
result at @ = 10° in Figure 7b suggests that overlapping of
dipolar mode and magnetic mode is achievable in the proposed
nanoarchitecture by careful design.
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To further investigate the role of cross coupling, we consider
another unique structure as shown in the inset of Figure 8a,
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Figure 8. (a) Effect of cross coupling on resonance. Phase map of real
(Hz) (b) dipolar resonance, I, and (c) magnetic resonance, II.
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removing the opposite triangles that were resonantly matched
before and without breaking the polarization independence. It
is quite clear that the original cross-coupled structure
outperforms the modified one. The dipolar and the magnetic
resonance intensity drops by 40 and 23%, respectively, as we
migrate from the original structure to the modified one. In the
modified structure, the dipolar—dipolar and charge—charge
interaction are missing and dipolar—-charge interaction is
weakened alongside the weakening of near field array effect.”
Because of these combined effects, we see noticeable
degradation of dipolar resonance intensity. However, the
weakening of magnetic resonance is primarily attributed to
the weakening of near-field coupling effect. The phase maps for
dominant component of magnetic field (in hertz) in Figure 8b,c
illustrate the contrast of in-phase interaction between the
transverse and longitudinal triangle pairs at different
resonances. Such nearly coherent interaction can pump more
charges into the active components and boost up the intensity
of resonance.

Bl APPLICATIONS

We demonstrate the potential of the device for nanoantenna-
enhanced ultrasensitive spectroscopy. Figure 9a shows the
schematic for the experiment. Figure 9b shows the AFM image
of the spin-coated sample. The normalized reflectance profile in
Figure 9c shows that the C=O absorption peak of PMMA at
5.8 pm can be strongly captured by the current design.** The
experimentally observed wavelength shift for such thin layer
coating (110 nm) is found to be 381 and 443 nm for dipolar
and magnetic resonance, respectively. This gives an RIU shift of
777.5 and 904 nm for dipolar and magnetic resonance,
respectively, at npypa = 1.49. The simulated values obtained
by changing the bulk background index by 10% are 1880 and
3010 nm, respectively, whereas the simulated value obtained for
BNA is 1000 nm. The experimental shift is comparable to or
even better than the recent result (1010 nm) reported in ref 3,
in the sense that the interaction volume in our case is much
smaller than in a bulk solution. Such dual-band large shift is
attributed to the presence of plasmonic cavity, strong cross
coupling, and near-field interaction. Magnetic resonance
experiences a larger shift because it has higher spatial coverage

DOI: 10.1021/acsphotonics.5b00088
ACS Photonics 2015, 2, 890—898


http://dx.doi.org/10.1021/acsphotonics.5b00088

ACS Photonics

PMMAtop layer

Normalized Reflectance (%)

100

80

60

40

20

—SSP BNA PMMA coated
—PMMA film
-SSP BNA

%

¥ . ¥

1
1
2 .
45 5 55 6
Wavelength(um)
(c)

Figure 9. (a) Schematic of the SSP BNA enhanced spectroscopy. (b) AFM image of SSP BNA coated with 110 nm PMMA. (c) Normalized spectra
under different conditions. The values of s, f, P, and g are fixed at 200 nm, 100 nm, 3 ym, and 200 nm, respectively.

strand aune [ ON
100% H;\“? 25%
(a) 0%
75%
25%... \

-

e ]
100% \\

N.
(b)\\

A binding

site

~ 70
R
§60
< 50
|53

& 40|
5 30

0%
< 25%
=50%
=75%
—=100%

6
Wavelength (um)

o O

6 8
Wavelength (um)

Figure 10. (a) Conceptual schematic of DNA tuning of the proposed SSP BNA nanostructure. (b) DNA binding spots in a 2 X 2 array. Simulated
effects of different percentages of DNA binding events on the reflection spectrum within (c) a unit cell and (d) within an area of 36 ym? covering a 2
X 2 array. The diameter of the nanoparticle (NP) is 100 nm, matched with the width of split gap.

than the dipolar resonance. We also observe nearly 100%
reflection by the dipolar resonance in Figure 9c when the thin
metal patterns (~40 nm) are coated with a PMMA layer.
Besides, the strong effect of split gap on the overall resonance
spectrum can be efficiently exploited for precise molecular
detection and reconfiguration. In Figure 10a, a conceptual
schematic of DNA-mediated assembly of Au nanoparticle into
the structure is illustrated.*' In addition to the commonly
perceived tip-to-tip central gap in bow-tie nanostructure, the
proposed design offers four extra hotspots for enhanced
reconfiguration of plasmonic device using DNA technology.
The binding site can be realized by an additional EBL step
within an accuracy of few nanometers. As shown in Figure 10c,
with the help of its spatially distinctive dual resonances the unit
cell can successfully register binding event percentage as low as
50% under x-polarization when two hotspots, one from the
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vertical pair and one from the horizontal pair, are functionalized
and conduction current is partially reestablished. The detailed
definition of binding percentage is clearly illustrated in Figure
10a. A complete “on—oft” state can be achieved for magnetic
resonance when both of the vertical hotspots are functionalized
(75%). The role of strong cross coupling on dipolar resonance
is also quite evident at this point. Finally, a 15% diminution of
dipolar resonance contrast along with a noticeable reduction of
Q (associated with a 500 nm blue-shift of resonance dip) is
observed at 100% binding success. Because of the Fano
condition and strong near-field coupling maintained at P = 3
pum, the design can be also useful for reliable detection under
random scenarios. We consider the test configuration shown in
Figure 10b. In an area 6 gm X 6 ym, we gradually increase the
number of fully functionalized unit cells (25, S0, 75, and 100%).
As indicated by Figure 10d, complete switching of magnetic
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resonance is possible at 75% success rate according to this
model along with a pronounced change in dipolar peak. With
the help of our particular experimental findings on Fano effect
and strong cross coupling and theoretical binding model, it can
be concluded that the proposed design is highly suitable for
robust detection of random events.

B CONCLUSIONS

We experimentally demonstrate a simple yet systematic
approach that is based on surface current engineering to
compensate for damping of plasmons at mid-IR range and
enhance the bow tie dipolar resonance contrast under Fano
condition. Artificial magnetism obtained by this approach will
pave the way for bow-tie nanostructures to be treated as a
building block of negative index metamaterial for sharp-tip-
enhanced applications.*” We conduct an in-depth experiment
and identify the critical role of split gap, offset, vertex angle, and
cross coupling for the optimization of the device characteristics.
We experimentally report that the proposed configuration can
obtain a very large sensitivity because of its strongly interacting
nature and may offer a dual-band differential detection
mechanism of bulk and surface contribution.*> Moreover, the
presence of carefully chosen plasmonic voids can enable SSP
BNA for applications such as single-molecule detection and
DNA programmabili? with improved signal-to-noise ratio and
higher reliability.**~*® This simple approach can be systemati-
cally scaled up to increase the number of hotspots to as high as
17 in 1 unit cell within the limit of nanofabrication and
extended further for designing polarization-independent ultra-
compact, multiplexed, multispectral magnetic sensors, thermal
cameras, and electromagnetic energy harvesters over a broad
range of infrared spectrum.

B ASSOCIATED CONTENT
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Discussion on fabrication, simulation, measurement and
additional results. The Supporting Information is available
free of charge on the ACS Publications website at DOI:
10.1021/acsphotonics.5b00088.
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