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Nano-antennas are the optical equivalent of antennas that are used to transmit and receive information at radio

frequencies. These antennas have been used in different applications in photonics such as optical imaging, particle

manipulation, bio-sensing, and improvement of the performance of solar cells. In this article we study composite
nano-antennas made of alternating layers of silica and gold. We show that a 50% filling factor leads to a 2.0 times

increase in the electric-field enhancement factor when compared with a pure-gold antenna.
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1. INTRODUCTION

Nano-antennas are plasmonic devices that are widely used in
contemporary photonics research to enhance local photo-
physical phenomena [1-3]. When an incident wave reaches
the antenna, the latter converts it into localized surface plas-
mons (LSPs) [4]. The subsequent coupling between the excited
LSPs leads to a strong confinement of the incoming light
(assuming it has the correct polarization). This in turn, results
in the enhancement of specific electric-field components, which
can be further utilized in different plasmonic applications
including trapping of nano-particles [5] and photovoltaics [6].

There are different types of nano-antennas ranging from in-
tegrated dipole devices [7,8] and directional Yagi-Uda antennas
[9,10] to broadband spiral [11] and Charnia-like structures
[12]. In their simplest form antennas are constructed by sand-
wiching a dielectric media between two metallic regions, which
is typically achieved by creating a nano-scale air gap by using
electron beam lithography or focused ion beam (FIB) milling.
As for choice of utilized materials, most structures are fabricated
from metals; however, dielectric [13,14] and semiconductor
[15] nano-antennas have also been demonstrated.

One of the trends in recent photonic research is the study of
composite structures, for example, hyperbolic metamaterials
[16] and muldlayered waveguides [17,18]. The combination
of different materials within a single structure allows the modi-
fication of interaction with the incoming radiation, therefore
achieving new optical properties such as high values of effective
refractive index [19] or the improvement of the confinement
of light [20]. Following a similar approach we introduce

bi-material Au/SiO, dipole nano-antennas and then numeri-
cally study their ability to enhance the incident electric field.
More precisely, we show that the Au/SiO, material combina-
tion is generally preferable and a structure with a filling factor of
50% is capable of generating 2.0 times higher electric fields
than that made of pure gold.

2. DESCRIPTION OF THE DEVICE

The considered multilayered structure is schematically shown
in Fig. 1(a). It is a typical dipole nano-antenna composed of
two equal arms of length L, and width W, separated
by an air gap with width W,,. Each arm of the antenna
has a thickness of H .y = 300 nm and consists of five
60 nm thick bi-composite layers, which, in turn, are formed
by a combination of gold (thickness H4,) and SiO; (thickness
H .,) as outlined in Fig. 1(a) above. The filling factor of gold is
given by a parameter G:

Hpy + Hsion
which changes from 0 (only SiO;) to 1 (pure Au device). The
whole antenna is placed on top of a semi-infinite SiO, substrate
and is surrounded by air.

The dipole nano-antenna is numerically analyzed by using
commercial finite-difference time-domain software RSOFT
FULLWAVE [21]. The structure is designed to operate at
the free-space wavelength (1) of 1053 nm. The incoming light
is incident normally to the structure with the main electric field
along the x-direction [see Fig. 1(b) for details]. The vertical grid
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Fig. 1. (a) Multilayered dipole nano-antenna. (b) Transversal view
of the antenna.

size Ay is chosen as 5 nm, while Az =10 nm and
Ax < Wy, /5. The grid sizes for the metallic regions are
chosen as Ax = Ay = Az = 3 nm and the time step is set
to 8 x 107'® 5. The whole simulation area is terminated by per-
fectly matching layers. SiO, and air are modelled as ngo, =
1.45 and n,, = 1, respectively. The refractive index of gold
is calculated according to the software’s dispersive model [21]:

Aé'/e

~ap(@pwave)® - Oy (ioparwave) + ¢

)

where @pywave denotes FullWAVE’s computational fre-
quency (which is the angular frequency normalized on the
speed of light in vacuum: @pgwave = @0/ Cvacs Crac =
3% 10 pm/s); and 4, b, ¢, and Ae are the numerical coeffi-
cients summarized in Table 1.

Since the dimensions of the individual metal/dielectric
layers are significantly smaller than the wavelength of interest,
the whole antenna arm could be treated as having an effective
permittivity, €., which is calculated according to the
Maxwell-Garnett theory [22] as

6
8((‘)Fullwawe) =1+ Z
k

£16
Ge, + (1-GQ)ey’
where €, and €, denote the permittivities of two media (either
Au or SiO;). In numerical simulations the considered layers are

3

Eeff

Table 1. Dispersion Coefficients from the Material
Library [21]

Gold

Ae a b c
1589.516 1 0.268419 0
50.19525 1 1.220548 4.417455
20.91469 1 1.747258 17.66982
148.4943 1 4.406129 226.0978
1256.973 1 12.63 475.1387
9169 1 11.21284 4550.765

always modelled explicitly, and, thus, the wave propagation is
further calculated without implementing the effective medium
approach. However, the latter description proves to be useful
for the interpretation of obtained results, and, for this reason,
€. is found for gold/silicon dioxide cases as shown in Fig. 2(a).

In this article the magnitude of the relative electric field at a
given position (x, y, ), i.e., F (%, 9, 2), is defined as

E,(x, 7, 2)
5 4)

x,inc

Frel(x’_y) Z) =

where |E,(x, 3, z)| is the magnitude of the electric field at a
position (x, ), z) and |E, ;.| is the magnitude of the incident
electric field. It is assumed that the source is a Gaussian wave
with a very large spot-size diameter (spot-size diameter of
20 pm), much larger than the nano-antenna. The antenna
is placed between L, - We/2 <x < Ly + Wey/2,
“Wam/2 <2< Wyn/2, and 0 < y < by as illustrated in
Fig. 1(b). Since this factor strongly depends on the y position
where the electric field is being measured and does not signifi-
cantly change with the coordinates x and z inside the antenna,
the average electric-field enhancement factor is defined as

fOH"”’" F, (x=0,9z=0)dy

average H
total

F

®)

Typically, Fyyerage can reach the values above 7.5 [1,8] making
such antennas suitable for many applications including nano-
particle detection, nano-imaging, and surface enhanced.
Raman scattering. plots showing variations with x and z are
later included in the text and do not have significant variations
in the regions farther away from the composite gold/silica
regions.

3. NUMERICAL ANALYSIS OF THE
NANO-ANTENNAS

Initially, the width of the gap (W) is assumed to be 60 nm.
This is a reasonable gap width that could eventually be fabri-
cated by using FIB milling or electron-beam lithography
systems. As previously mentioned, the total height of the
antenna is assumed to be H ,,;; = 300 nm. As a frame of refer-
ence, let us consider the cases of pure gold (G = 1.0) and pure
silica (G = 0). After optimizing the dimensions of the antenna
to operate at 1053 nm, we obtain W, , =75 nm and
Ly = 150 nm. Ferqe for pure gold is quite flat for wave-
lengths between 900 and 1100 nm (close to 4.6), while it is
almost constant for pure silica (around 1.6) as can be observed
in Fig. 2(b).

The electric-field distributions along the vertical direction
for this thick antenna for G = 0and G = 1 at (x = 0,z = 0)
are shown in Fig. 3. The field does not change significantly in
pure silica although it is a bit stronger at mid-height; however,
in pure gold the field is significantly stronger closer to the silica
substrate. It reaches a maximum at about 50 nm and then de-
cays as it approaches the upper-air boundary at y = 300 nm.

The next step is to create nano-antennas based on inter-
leaved layers of gold and silica. The structures are re-designed
to maximize the average electric-field enhancement factor at
1053 nm, for example, when G = 0.5, is changed from
150 nm to the optimized value of L., = 175 nm. The spectra
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Fig. 2. (a) e of multi-layered structures in y—z plane and (b)
F yerage 35 @ function of frequency for pure gold (solid curve) and pure

silica (dotted curve).

of the optimized antennas for different filling factors are shown
in Fig. 4. The highest value of /7,y is obtained for G = 0.5
with a maximum value of Frqe = 8.93. Also, the spectrum
for G = 0.5 is broader than the spectra for other values of G.
Figure 2(a) shows the effective index of the multilayered
structure according to the Maxwell-Garnett theory. The
effective index for G = 0.5 at 1053 nm is about &4 =
4.81 - j0.0274. One potential explanation for the larger
F verage at 4 = 1053 nm for a 50% filling factor is that the silica
layers reduce the ohmic losses of the combined gold-silica

0 100 200 300 400
y (nm)

Fig. 3. F,, along the vertical direction at (x = 0,z = 0) for pure
gold (solid curve) and pure silica (dotted curve).
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Fig. 4. F, e for G = 0.25 (solid curve), G = 0.5 (solid curve
with square markers), and G = 0.75 (solid curve with triangular
markers).

antenna. In fact many modern-day power electric transformers
are based on multi-layered magnetic-dielectric structures to
reduce the loss in the magnetic core of the transformers.

The relative electric-field distribution for G = 0.5 is shown
in Figs. 5(a) and 5(b). The electric field is highest along the
plane y = 150 nm. For example, along the line (x =0,
z = 0), the electric-field enhancement at (x = 0, y = 150 nm,
z = 0) is 14.2 while the electric-field enhancement factors
close to the silica substrate and air boundary are 3.04 and
9.27, respectively. A change in the position of the maximum
electric field can be explained by the interference of the waves
inside the multi-layered structure. The electric-field profile at
y = 150 nm is shown in Fig. 5(b). Along the z-direction it is
nearly uniform but weakens on the border of the nano-antenna
and air. On the border of the antenna the electric field diffracts
and drops by 20%. Along the x-direction there is an increase in
the field close to the boundary between the air gap (it reaches a
maximum value of 16.21) and then drops considerably at the
edges of the multi-layered structure by more than 50%. Based
on Figs. 5(a) and 5(b) it seems that the variations in the electric
field are much stronger in the y-direction.

While the maximum electric field is located at mid-height
when G = 0.5, it changes its location as the filling factor is
varied as can be observed in Fig. 6. For G = 0.75 it is located
closer to the silica substrate and for G = 0.25 it is located closer
to the air boundary. The position of the maximum electric field
is a result of the multi-scattering of light inside the composite
nano-antenna and depends on the thickness of the individual
layers and the total thickness of the nano-antenna. However, in
this particular nano-antenna it seems that the higher the G is
the closer the peak is to the substrate.

So far, the width of the gap has been kept constant. If the
dimensions of the air gap are changed the coupling between the
arms of the antenna will change, and consequently, the reso-
nance wavelength of the antenna. For example, the optimized
dimensions for W,,, =30 nm are L, =165 nm and
W am = 80 nm (strong coupling between the arms) while
the optimized dimensions for W, = 120 nm are L, =
195 nm and W, = 95 nm (weak coupling between the
arms). After optimizing all dimensions of the antenna while
keeping its thickness as H o, = 300 nm and G = 0.5, the

total
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Fig. 5. Electric-field distribution for G = 0.5 and W,,, = 60 nm.
(a) Electric-field distribution (£,) along the vertical direction at
(x = 0,z = 0). (b) Electric-field distribution at y = 150 nm (middle
of the nano-antenna).

curve for Fyyerqe for different values of W, is shown in Fig. 7.
A nearly exponential dependence of Fyyeryge With W, can be
observed. Fyyerage, for Wy, = 120 nm, is about 5.0.

Figure 8 shows F e as a function of the wavelength
for the optimized nano-antenna with G = 0.5 and W,,, =
30 nm. The maximum average electric-field enhancement is
about 16.5 at the resonance wavelength of 1053 nm. In com-
parison with the results for a W,,, = 60 nm, the average

electric-field enhancement factor has nearly doubled.

16 -

0 100 200 300 400
y (nm)

Fig. 6. Electricfield disuibution for W, = 60 nm and G =
0.25 (solid curve) and G = 0.75 (solid curve with square markers).
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Fig. 7. Electric-field enhancements in monolithic Au nano-antenna
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Fig. 8. Fjyerage spectrum for G = 0.5 and W,,, = 30 nm.

The electric-field distribution at 1053 nm (G = 0.5,
W = 30 nm) is shown in Fig. 9 (solid line). The electric
field reaches its peak at the middle of the multi-layered antenna
with relative electric-field strength of 26 in the middle of the

antenna. The electric field is weaker at the lower boundary of

30

1 1 1
0 100 200 300
y (nm)

Fig. 9. Relative electric-field strength for G = 0.5 and W,,, =
30 nm (solid line) and Wg,, = 120 nm (dotted line).
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the nano-antenna and the silica substrate. Although the maxi-
mum value is different, the field profile is somewhat similar to
the one for W,, = 60 nm.

A different scenario occurs when the gap width is changed to
120 nm as can be observed in Fig. 9 (dotted line). A maximum
of the electric field is shifted from 150 to 100 nm while the
electric field is stronger at the boundary with air. It seems that
the interference of the wave inside the antenna also depends
upon the gap width and there is a shift of the maxima of
the electric field.

In any case, it seems that a filling factor of 50% leads to the
highest average electric-field enhancement, and the introduc-
tion of a dielectric has clearly improved the performance of
the antenna.

4. CONCLUSIONS

In this work we have numerically studied the electric-field
enhancement factors of bi-composite Au/SiO, dipole nano-
antennas. The initial calculations showed the improved perfor-
mance of the metal/dielectric design and its performance was
further compared with a pure-gold device (which was used as a
reference). When the filling factor is set to 50%, the average
electric-field enhancement factor is increased by a factor of
2.0 and the electric field is located at mid-height of the antenna.

From a practical point of view, the fabrication of the pro-
posed multilayered nano-antennas is not very complicated and
is similar to the case of monolithic ones. Initially, the layers can
be deposited on the substrate by means of electron-beam
evaporation and/or sputtering, and then the pattern can be
milled by using the FIB system.

Funding. Asian Office of Aerospace Research and
Development (AOARD FA2386-15-1-4064).
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