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We demonstrate near field enhancement generation in silver nanoantenna-superlens systems via
numerical modeling. Using near-field interference and global optimization algorithms, we can
design nanoantenna-superlens systems with mismatched permittivities, whose performance can
match those with matched permittivities. The systems studied here may find broad applications
in the fields of sensing, such as field-enhanced fluorescence and surface-enhanced Raman
scattering, and the methodology used here can be applied to the designing and optimization of
other devices, such as two-dimensional near field focusing lens. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4732793]

Plasmonic nanoantennas and superlens have attracted
great attention recently due to their potential applications in
biosensing (including including surface enhanced Raman
scattering (SERS) and surface enhanced fluorescence), pho-
tolithography, quantum optical information processing, and
other technologies.'” A plasmonic nanoantenna is usually
made of paired metal nanoparticles under resonance condi-
tions, and it is capable of generating “hot spots” with a
highly localized and significantly enhanced electromagnetic
field.*~"> These hot spots have many applications, especially
for biomedical sensing such as SERS (Ref. 16) and surface
enhanced fluorescence.'” > A perfect lens is a planar mate-
rial slab with simultaneously negative permittivity and per-
meability which can focus propagating waves and enhance
evanescent waves, thereby does not suffer from the diffrac-
tion limit.” When the source object is in the near field of the
slab, the electrostatic approximation is valid and the require-
ment can be relaxed to &, = —¢,, where ¢; and ¢, are the per-
mittivities of the slab and the host material, respectively.
This condition can be readily satisfied by metals such as gold
and silver at optical frequencies. Such a thin metal slab is of-
ten referred to as a near-field superlens.”

In one of our previous works, we combined the nanoan-
tenna and superlens concepts to create a sensing device-a
nanoantenna-superlens system.”* We have shown that if we
place a nanoantenna close to a near-field superlens, the hot
spot generated by the nanoantenna can be translated to the
other side of the superlens. By doing so, we can avoid the
undesirable fluorescence quenching or structural (denatura-
tion) and/or functional changes of molecules in biochemical
sensing caused by the close contact of metal surfaces and the
molecules, while still benefit from local field enhancement
provided by nanoantennas.”> >’ However to satisfy the
operational condition of superlens, we had to use a metal-
dielectric composite superlens to match the permittivity of
the host material. While using composite for superlens pro-
vides certain degree of tunability, the effective permittivity
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of a metal-dielectric composite depends on many fabrication
conditions and is difficult to control, and the effective me-
dium theory does not take into account many factors, such as
particle size and annealing temperature, therefore may not
accurately describe the optical properties of the composite.
This uncertainty significantly limits the actual application of
the nanoantenna-superlens system.

Recently, we have studied the coupling effect in a near-
field object-superlens system.’” We have found out that the
coupling effect between the object and the superlens signifi-
cantly alters the field distribution around both the object and
the superlens and creates complex near-field interference
patterns. By using the coupling effect, it is possible to design
a nanoantenna-superlens system to translate hot-spots with
mismatched permittivities, eliminating the need for compos-
ite materials. In this report, we present such nanoantenna-
superlens systems made of pure silver and show that they
can achieve similar performance compared to the previous
systems made of composites.”*

The side view and top view of a unit cell of the
nanoantenna-superlens system we studied are shown in Fig.
1. Each unit cell consists of a nanoantenna and a slab of
superlens. The nanoantenna is composed of two closely
spaced elliptical silver cylinders embedded in a dielectric
host, and the superlens is a uniform silver slab placed above
the nanoantenna with a thin dielectric spacer between the
nanoantenna and the superlens. Above the silver superlens is
a thin dielectric cover layer that protects the superlens and
separates the superlens from molecules under detection. All
dielectric is SiO,, and the incoming light is a plane wave
normally incident from bottom with a wavelength of 633 nm.
The wavelength is chosen because it is a most common laser
wavelength and in real applications can be set to any wave-
length of interests. At this wavelength, the permittivity of sil-
ver is —17.9+40.477i, and the permittivity of SiO, is 2.12,
obviously they mismatch and do not satisfy the operational
condition of superlens, which requires that ¢; = —¢&;, where
¢ and ¢ are the permittivities of the superlens and the host
dielectric, respectively. In our discussions that follow, the
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FIG. 1. (a) Side view of a unit cell and (b) Top view of a unit cell.

superlens interface closer to the nanoantenna is referred to as
the bottom interface, while the other side is the top interface.

Nanoantenna arrays have been studied experimentally
and numerically in our previous work, where it has been
shown that the arrays can be accurately modeled using the fi-
nite element method (FEM).3' The nanoantenna-superlens
system was numerically modeled and optimized using a
commercial FEM software package COMSOL MULTIPHYSICS.
The thickness of the silver superlens was set to 20 nm, with
which a uniform silver film can be deposited. The gap width
of the nanoantenna was set to 20 nm, which can be reliably
fabricated using electron beam lithography. The thickness of
the cover layer was set to 10 nm. The other dimensions in the
system were optimized using global optimization algorithms
to achieve highest electric field enhancement at the center of
the image plane, which was a plane 1nm above the cover
layer where molecules under sensing will be placed.

The optimized dimensions were period along x axis
680nm, period along y axis 328 nm, ellipse major axis
208 nm, ellipse minor axis 92 nm, antenna thickness 43 nm,
and spacer thickness 14nm. The electric field intensity
enhancement (EFIE) maps are plotted in Fig. 2. Fig. 2(a)
shows the EFIE at the image plane, and the blue ellipses are
the outline of the nanoantenna. The translated hot spot is
clearly shown, with the EFIE up to 50. The EFIE map inside
the nanoantenna gap is plotted in Fig. 2(b) for comparison,
and the inset of Fig. 2(b) shows the gap region magnified.
Comparing Figs. 2(a) and 2(b), it is clear that the hot spot in
the nanoantenna gap is translated to the other side of super-
lens with reduced magnitude and increased size. Although
the magnitude of the translated field enhancement is not as
high as that inside the antenna gap, the volume of the trans-
lated hot spot is much larger than the nanoantenna gap,
which is beneficial for molecular detection techniques such
as surface-enhanced Raman scattering. The EFIE in the
nanoantenna gap without the silver superlens (silver is
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replaced by quartz) is plotted in Fig. 2(c) for reference, and
it is clear that EFIE is reduced compared to Fig. 2(b). The
silver superlens not only translates the hot spot but also alters
the field on the nanoatenna side.

Since the field enhancement in the nanoantenna-
superlens system is caused by near field interference, it is
possible that the hot spots are not at the center of the unit
cells. If we relax the constraints and optimize the highest
field in the whole image plane, we can achieve even higher
field enhancement. Using this criterion, one set of the opti-
mized dimensions was period along x axis 1173 nm, period
along y axis 350 nm, ellipse major axis 265 nm, ellipse minor
axis 206 nm, antenna thickness 45 nm, and spacer thickness
34 nm. Other dimensions remained unchanged (20nm gap,
20nm superlens, and 10nm cover). The EFIE map of two
unit cells at the image plane with this configuration is plotted
in Fig. 3(a). The highest EFIE in this case is above 250,
much higher than that in Fig. 2(a). The field pattern is also
drastically different, with hot spots not at the center of the
unit cells but at the edges. Fig. 3(b) shows the EFIE inside
the nanoantenna gaps. It is obvious that the highest EFIE
locations at the image plane are not directly above the gaps,
while the hot spots on the nanoantenna side are clearly inside
the gaps. This illustrates that our system is not a simple near-
field imaging system but rather a complex coupled near-field
interference system. The EFIE in the nanoantenna gaps with-
out the silver superlens (Fig. 3(c)) is drastically lower than
that in Fig. 3(b) with the superlens, which suggests strong
coupling between the superlens and the nanoantennas.

We have demonstrated near field enhancement genera-
tion in silver nanoantenna-superlens systems through numer-
ical modeling. Depending on the optimization criteria, the
highest electric field intensity enhancement may go up to 50
or 250. Although the systems we have studied here are very
similar to those in our previous work,24 their operational
principles are not exactly the same. Here, we used slabs
made of pure silver instead of metal-dielectric composite
and host material SiO, instead of Si. Their permittivities do
not match to satisfy the superlens working condition
(¢1 = —&) at the operational wavelength of choice. There-
fore, the field enhancement at the image plane is not a simple
translation of the hot spots inside the nanoantenna gaps, but
rather a result of near field interference. Near field interfer-
ence has also been explored for other applications, for exam-
ple hypergratings and near field focusing lens.’** In this

FIG. 2. (a) The electric field intensity
enhancement (EFIE) at the image plane; (b)
the EFIE inside the nanoantenna gap; and (c)
the EFIE inside the nanoantenna gap without
the silver superlens. The unit of dimensions
is nm.
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work, we have chosen a wavelength of 633 nm to demon-
strate the nanoantenna-superlens systems, simply because
this is a commonly used wavelength and light sources at this
wavelength are readily available. For real life applications,
the working wavelength may be set arbitrarily according to
the actual needs. Using optimization algorithms to optimize
near field interference patterns, we can design nanoantenna-
superlens systems with a broad variety of materials and
shapes, which greatly expands the scope of applications of
our nanoantenna-superlens systems.

This work was supported by A*STAR SERC Grant Meta-
Material — Nano Plasmonics No. 092 1540098, ONR-MURI
grant N00014-10-1-0942, AFOSR-MURI grant FA9550-10-1-
0264, ARO-MURI grant 50342-PH-MUR, and NSF Division
of Materials Reserach grant 1120923.
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