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Optical antennas are of fundamental importance for the strongly localizing field beyond the diffraction limit. We
report that planar optical antennas made of split-ring architecture are numerically found in three-dimensional si-
mulations to outperform dipole antennas for the enhancement of localized field intensity inside their gap regions.
The computational results (finite-difference time-domain) indicate that the resulting field localization, which is of
the order of many thousandfold, in the case of the split-ring resonators is at least 2 times stronger than the one in the
dipole antennas resonant at the same operating wavelength, while the two antenna types feature the same gap size

and tip sharpness.
OCIS codes: 240.6680, 260.5740, 310.6628, 260.3910.

The spatial resolution of a conventional optical system is
constrained by the diffraction limit. Beyond this limit,
although transmission apertures can provide spatial reso-
lution of the order of their aperture size in the near field,
the low intensity of their transmitted fields poses a
fundamental problem. With the help of plasmonic inter-
actions between radiated electromagnetic fields and con-
duction electrons on metallic surfaces, optical antennas
can overcome this trade-off and reach large field
enhancement levels inside their gap regions beyond
the diffraction limit [1]. This can help address important
problems, including limited density in data storage,
blurred images in microscopy, and crosstalk in detector
arrays.

To date, different types of optical antennas have been
investigated [2-12]. Among them, dipole and bow-tie ar-
chitectures have been most extensively studied [3-7].
Their spectral response, tuned by material and geometri-
cal parameters, has been numerically computed [3-5]
and experimentally observed [4-7]. These antennas rely
on sharp tips to obtain strong field localization. Also, na-
noantennas of different shapes, such as spherical [9,10]
and elliptical [8-10] structures, have been reported. Un-
fortunately, the field enhancement obtained in these an-
tennas has not reached the largest possible levels. More
complex architectures, for example, three-dimensionally
V-shaped structures [11], have been shown to lead to
higher enhancement levels. However, they are unfavor-
ably harder to fabricate. Therefore, there is a strong need
to enable high field enhancement levels, while avoiding
the need for relying on very sharp tips or three-
dimensional (3D) construction.

To address this problem, in this Letter, we numerically
study and demonstrate planar optical antennas that ex-
hibit substantially increased field localization in split-ring
architectures compared to those of single dipole anten-
nas with the gaps and tips of the same size. Evolving from
a starting dipole antenna by connecting its end points
into a split-ring antenna, we find in 3D simulations that
the field radiations from the end points are reduced,
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which enables a stronger localized field in the gap with-
out decreasing the gap size or increasing the tip sharp-
ness. This can be explained by the increased quality
factor (@ factor) of the connected optical antenna by
transforming from the dipole into the split-ring resonator
(SRR) structure. Although, previously, various forms and
variants of optical SRRs have been widely studied as me-
tamaterials for a number of interesting properties, includ-
ing negative refraction and cloaking [12], there is no prior
report, to the best of our knowledge, that focuses on the
property of field localization capability or that analyzes
and compares the field enhancement performance of
SRR antennas altered from dipole antennas as a function
of their 3D geometrical parameters. Therefore, this work
provides a systematic comparative study for the field lo-
calization of SRR antennas, which enable a larger field
enhancement than both the dipole and bow-tie antennas
reported in the previous literature [3].

In the analysis, we compute the field intensity en-
hancement inside the gap regions of the optical antennas
made of SRRs and single dipoles in the spectral range of
400 to 4000 nm using the finite-difference time-domain
(FDTD) method (Lumerical Solutions Inc., Canada). The
normalized field intensity enhancement averaged over
the gap volume V is calculated by

2
field enhancement = l [ EM dv, (@Y)
\%4 E inc

%

where E(x,y,2) and Ej,. are the field inside the gap re-
gion and the incident (source) field, respectively. In 3D
simulations, we illuminate the antennas in the positive z
direction through the substrate with a plane wave polar-
ized along the x direction [see Figs. 1(a) and (b)]. A part
of the computational domain that includes the antenna
and additional volume surrounding the antenna (ex-
tended by 100, 100, and 25 nm from the antenna in the
x, ¥, and z directions, respectively) is meshed uniformly
with a mesh size of 2.5 nm, which was carefully chosen to
mesh the corners without overspilling and to obtain good
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Fig. 1. (Color online) Optical antenna architecture of (a) the
SRR and (b) the single dipole structure, and computed field in-
tensity enhancement profiles (c) for the SRR and (d) the dipole.
In (c), the results of the SRR for [ = 110, 150. and 190 nm are
represented starting from bottom to top, respectively, with their
zero levels shifted for clarity. Also, in (¢) and (d), the intensity
enhancements are ordered with the dimensions s and d, respec-
tively, from the shorter wavelengths toward the longer.

convergence results. The rest of the computational do-
main is meshed using a coarser mesh size. It is truncated
with perfectly matched layers.

We present the field enhancement performance of
both the SRR and single dipole antennas in Fig. 1. Here
the idea is to increase the field localization inside the gap
region through connecting the dipole end points into the
split-ring antenna and decreasing the field radiation from
these end points. This connection allows the induced cur-
rent to flow continuously from one gap side to the other
over the SRR antenna when on resonance. This connect-
edness provides a new means of increasing the @ factor.
In the numerical simulations, silica (SiO,) [13] is used as
the dielectric platform on which the antennas are pat-
terned because silica is commonly available, cheap, and
optically transparent over a wide spectrum, including the
visible and near-infrared regions. Here the metal is se-
lected as gold [14] because of its high melting tempera-
ture, which is important for preventing the effects of high
field intensity. In addition, the geometrical parameters of
the SRR and dipole antennas are kept identical to avoid
an unfair comparison due to the lightning rod effect
[6,10]. The gap size (g), the metal width (w), and the me-
tal thickness () are set to be 30, 40, and 40 nm, respec-
tively, since patterns with these features can be realized
using currently available nanofabrication processes.

We first study the field intensity enhancement behavior
of the SRR architecture as a function of the antenna di-
mensions / and s in the respective x and y directions. The

minimum sizes (I,,;, and s,,,;,) are set to be 110 and 50 nm,
respectively, because of the constant metal width (w)
and the gap length (g). The geometry of a single SRR an-
tenna with l;;, = 110 nm turns into a U shape and s, is
taken to be longer than w (40 nm) to obtain a ring shape.
On the other hand, the single dipole antenna with the
varying length d from 110 to 1110 nm is simulated for
comparison purposes.

In Figs. 1(c) and (d), the resultant field enhancements
inside the gap regions of the SRR and dipole antennas are
presented, respectively. Figure 1(c) shows that the peak
value of the field enhancement for an SRR antenna in-
creases with the size of the antenna both along the x
and y directions. These maximum field enhancement de-
pendencies on the [ and s geometrical parameters are ex-
plicitly shown in Fig. 2(a). Figure 1(c) also demonstrates
that the resonance wavelength shifts toward longer
wavelengths as the geometry of the antenna enlarges.
Figure 2(b) further illustrates the resonance wavelength
shift with respect to the SRR current path length [shown
on the gold antenna in Fig. 1(a)]. Here the averaged cur-
rent path length is calculated by

L=(0-w-9)+ ({-w)+2s, @)

where w and ¢ are constant (40 and 30 nm, respectively).
Computational results show that the resonance wave-
length increases almost linearly with the current path
length for all cases (i.e., for I = 110, 150, and 190 nm)
[Fig. 2(b)]. However, the resonance wavelength is short-
er for the horizontally large resonator antennas than the
horizontally small ones, which have the same current
path lengths.

For comparison purposes, we also study the intensity
enhancement of a single dipole antenna with a varied
length as presented in Fig. 1(d). We observe that the peak
value of the field enhancement scales up with the length
of the dipole in a similar fashion with that of the SRR an-
tenna (Fig. 3). In addition, it is deduced from Fig. 1(d)
that the resonance wavelength increases linearly with
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Fig. 2. (Color online) (a) Maximum field enhancement
dependency on antenna geometries and (b) resonance wave-
length shift with the current path length (L) in the SRR antenna
architecture.
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Fig. 3. (Color online) Maximum field enhancement and reso-
nance wavelength shifts as a function of the dipole antenna
length d. (Arrows point to the corresponding axes of the
curves.)
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Fig. 4. (Color online) Maximum field enhancement versus
resonance wavelength for single dipole and SRR antennas.

the dipole length, as depicted in Fig. 3. However, Figs. 2
and 3 show that the resonance wavelength of the dipole
antenna is shorter than that of the SRR antenna, even
though the dipole antenna length and the SRR current
path length are the same.

Furthermore, the maximum field enhancements of the
SRR and dipole antennas are given as a function of their
resonance wavelengths in Fig. 4. The black dotted curve
in the figure indicates the optimum field enhancements
using the SRR designs with different lengths in the x di-
rection (1). The ratio of this field enhancement for the
optimum SRR designs to that for the dipole antenna (re-
presented with blue curve in Fig. 4) is calculated and
shown as the improvement factor in Fig. 5. This demon-
strates that the resonance field intensity enhancement of
a dipole nanoantenna can be increased more than 2 times
with a SRR nanoantenna. This result can be well under-
stood in terms of the @ factor of the resonator. In general,
it is known that the increased @ factor enhances the en-
ergy storage. It is clear from Fig. 1 that the SRR antenna
yields a higher @ factor than the dipole. As confirmed by
the field maps, this is attributed to the reduced radiation
from the end points when they are connected. Also, this
is supported by the current density maps that show con-
tinuous induced current flow from one gap side to the
other over the split-ring antenna. This leads to sharper
resonances with increased @ factor. Another way of ex-
plaining higher @ factor is through the role of stored mag-
netic energy, which was previously reported for a two-
dimensional geometry [15]. Therefore, this approach of
connectedness introduces an alternative means of sub-
stantially enhancing the @ factor and field localization
to making sharper tips and smaller gaps.
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Fig. 5. Improvement factor versus wavelength for the SRR
antenna with respect to the single dipole antenna.

In conclusion, we study planar optical antennas based
on SRRs that outperform dipole antennas for localized
field intensity inside the gap region. We numerically de-
monstrate that the field intensity localization of a dipole
antenna can be at least doubled by using the split-ring
architecture with the same gap size and tip sharpness.
In addition, similar to the case of a dipole antenna, we
show that the resonance wavelength of the split-ring
antenna exhibits a linear dependency on the antenna di-
mensions. Also, we present the peak value of the field
enhancement contingent upon the antenna size in the
split-ring designs. We believe that this simple design
strategy can be beneficial for future optical antenna ap-
plications that call for increased field localization.
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