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Optimizing the Bowtie Nano-antenna for Enhanced Purcell Factor
and Electric Field
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Abstract—With the development of nano-optic technology, the optical nano-antenna has been widely
used in the fields of novel light sources, high-sensitive biological sensors, nanometer lithography, and
nano-optical imaging. The relationship between the structural parameters of the antenna and the Purcell
factor is very important for engineering applications. The electric near field profile of the antenna was
calculated and analyzed by using the finite-difference time-domain (FDTD) method, and the influence
of the structural parameters on the Purcell factor and the electric field was thoroughly investigated.
A careful comparison of bowtie antenna radiation characteristics with different structural parameters
was carried out. The results show that the thickness, the length and the curvature radius have great
effects on the Purcell factor and the optical antenna’s electric near field. These findings are promising
for improving the performance of the optical bowtie nano-antenna.

1. INTRODUCTION

Over the past decades, intense renewed effort has been made to understand surface Plasmon polaritons
(SPPs) [1]. SPPs are electromagnetic excitations existing at the interface between a metal and a
dielectric material [2-4]. The SPPs can confine the electromagnetic energy in sub-wavelength space,
which leads to a greatly enhanced localized surface electromagnetic near-field [5]. The physical property
of SPPs makes it possible to integrate photonic devices and electronic devices in the nanometer scale [6],
which can be applied in fields of new light sources [7], solar cells [8], highly sensitive biosensors [9, 10],
nanolithography [11], and nano-optical imaging [12, 13].

In recent years, there has been a surge of research activity on the optical properties of metallic
antennas with structures in the nanometer scale. The optical antenna is a nonsocial miniaturization
of radio or microwave antenna [14], but the existence of localized surface plasmons (LSPs) in the
optical antenna gives it unique behavioral features [15]. Advances in fabrication technique have enabled
construction of a metallic nano-antenna in various forms [16-22]. In comparison with the optical antenna
composed of metallic particles, the bowtie nano-antenna has wideband characteristics and can be easily
fabricated. Since it was proposed as a near-field optical probe in 1997, the bow-tie optical antenna had
been applied in biological nano-imaging and near-field optical microscopy. Experiments [23] indicate
that near-field enhancement effect and far-field radiation of the optical bowtie antenna are closely related
to the antenna’s structural parameters. Therefore, exploring the links between them can have a great
significance in optimizing the antenna structure. Most theoretical studies on the bowtie antenna have
focused on the gap distance [24,25]. However, the performance of the bowtie nano-antenna can be
affected by the size, shape, gap distance, and the incident wavelength. We mainly studied the effect
of structural parameters of the bowtie nano-antenna on the Purcell factor and near-field enhancement.
The length, flare angle, curvature radius, and thickness were taken into account in our analysis.
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2. ANTENNA MODELS AND COMPUTATIONAL APPROACH

The calculation model is shown in Figure 1. The isotropic, linear, and non-magnetic medium has been
considered in the calculation. The optical bowtie nano-antenna consists of two sectors with round tips.
The triangular structure has more advantages than the sector structure in local near-field enhancement.
However, in the actual production process, the tip of the triangular structure retains a certain curvature
due to the limitations of the manufacturing technique. Furthermore, the bowtie structure with a rounded
corner has more stable radiation patterns and a smaller area at the same time. The main structural
parameters of the optical bowtie nano-antenna selected for simulation are the length L, flare angle 6,
curvature radius R, and thickness T', which are shown in Figure 1.

T

Figure 1. Schematic of the optical gold bowtie nano-antenna.

In order to describe the optical response of the bowtie antenna, a modified Drude dielectric function
was employed [26]
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where €., wp and 1/ stand for the dielectric constant for the frequency going to the infinite, the
plasmon frequency and the relaxation time of the metal, respectively. For gold, the parameters used
were €50 = 9.5, wp = 8.948 eV and v = 0.06909eV.

The Purcell factor F' used in this study was formulated as (2) [27]
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where P(6, ¢) stands for the power radiated to the far field with the antenna structure, and Py(6, ¢)
is defined as the power radiated to the far field for the reference dipole in a vacuum. The Purcell
factor reflects the enhancement extent of the power radiated by the dipole with the optical gold bowtie
nano-antenna.

3. RESULTS AND DISCUSSION

To illustrate the influence of geometrical parameters on the Purcell factor and near-field enhancement,
the field enhancing properties of the optical gold bow-tie antenna were investigated using finite-domain
time difference (FDTD) simulations. In the following calculation, the gap distance was fixed at 20 nm
and the incident wavelength was in the range of 400-900 nm.

It is difficult to illustrate the dependence of the Purcell factor on the four different parameters.
Therefore, the values L, 0, and R were fixed to constant values. First we investigated the dependence of
the Purcell factor on the thickness T' of the bowtie nano-antenna, and the result is shown in Figure 2.
The peak value of the Purcell factor gradually increased as the thickness decreased. Furthermore, the
peak value of the Purcell factor showed a red-shift to the near-infrared region. Electric field enhancement
of the bowtie nano-antenna with four different thicknesses is shown in Figure 3. The result showed that
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Figure 2. Purcell factor of bowtie nano-antenna with different thicknesses versus incident wavelength,
when L = 100nm, 6 = 30°, and R = 10nm.

(b)

Figure 3. Electric field enhancement of the bowtie nano-antenna with thicknesses of 40 nm, 30 nm,
20nm and 15nm (L = 100nm, # = 30°, and R = 10nm). (a) T'=40nm. (b) T'= 30nm. (c¢) 7' = 20 nm.

(d) T'=15nm.
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Figure 4. The Purcell factor of the bowtie nano-antenna versus incident wavelength with different

flare angles. The curvature radius is (a) 10nm, (b) 20nm, and (c) 30 nm.

field enhancement at the sector tip increased while sector thickness decreased. This is because a thinner

sector ensures stronger near-field coupling, which leads to a larger fractional plasmon shift.

Next, effects of the bowtie nano-antenna flare angle on the Purcell factor were taken into account,
and the simulation results are shown in Figure 4. The flare angle of the bowtie nano-antenna was changed
for a constant length L and thickness T'. The influence of flare angle on the radiation properties of the
bowtie nano-antenna is characterized at 0 = 30°, 45°, and 60°. The curvature radius was changed from
10 nm to 30 nm for every constant flare angle 6. From Figure 4, it can be seen that the peak value of the
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Figure 5. The Purcell factor of the bowtie nano-antenna versus incident wavelength with different
curvature radiuses, where (a), (b) and (c) corresponds to flare angles of 30°,45° and 60°, respectively.
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Figure 6. Electric field enhancement of the bowtie nano-antenna with the curvature radius of 10 nm,
20nm, and 30nm. (a) R = 10nm, § = 30°. (b) R = 20nm, # = 30°. (c) R = 30nm, § = 30°.
(d) R =10nm, 6 = 45°. (e) R = 20nm, # = 45°. (f) R = 30nm, § = 45°. (g) R=10nm, § = 60°.
(h) R =20nm, # = 60°. (i) R =30nm, § = 60°.
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Purcell factor shows a red-shift in the optical spectrum when the flare angle increased. However, the
Purcell factor of the bowtie nano-antenna with a curvature radius of 30 nm was less dependent on the
flare angle, which is shown in Figure 4(c). Moreover, the bowtie nano-antenna with a small curvature
radius provided a better Purcell factor. This is because the tip of the sector did not change much with
the change of the flare angle of the bowtie nano-antenna when the curvature radius became larger. The
best peak value of the Purcell factor achieved by the bowtie nano-antenna was 649 at = 30° and at a
wavelength of 725 nm.

According to the above analysis, it is obvious that the Purcell factor was remarkably affected by the
radius of the curvature. Next, effects of curvature on the Purcell factor were considered. Figure 5 shows
the variation of the Purcell factor of the bowtie nano-antenna with different curvature radiuses R. From
Figure 5 it can be seen that as R increased from 10nm to 30 nm, the Purcell factor became smaller,
which can be explained by the lighting rod effect theory in electrostatics. According to Rogobete’s
conclusion, elongated objects should be chosen to benefit from a strong near field at sharp corners [28].

In order to further investigate the effect of curvature radius on the properties of the bowtie nano-
antenna structure, the electric field enhancement at a wavelength of 750 nm was investigated. The
electric field distribution of the bowtie nano-antenna is shown in Figure 6. A strong electric field
appeared on the surface of the bowtie nano-antenna as seen in Figure 6. This is due to the strong
local field excited by SPPs. Furthermore, the bowtie nano-antenna with a small curvature radius shows
a stronger field than that with a large curvature radius. This may due to the decrease of the charge
distribution on the outer side of the bowtie nano-antenna with an increase of the curvature radius of
the sector tip.

Resonance behavior of a nano-antenna is highly dependent on the total length of the antenna.
Influences of the bowtie nano-antenna’s length on the Purcell factor were theoretically investigated.
By keeping the thickness, flare angle, and curvature radius constant, the Purcell factor was calculated
with different lengths of the bowtie nano-antenna. It can be seen from Figure 7 that the Purcell factor
appreciably increased when the length increased from 80nm to 110 nm, and the peak value of Purcell
factor moved toward the greater wavelength side, which means a red shift in the spectrum. This is due
to variation of the effective wavelength [29] of the bowtie nano-antenna, which is associated with the
physical length of the bowtie nano-antenna. As the physical length of the bowtie nano-antenna becomes
larger, the effective resonant wavelength accordingly becomes larger and vice versa. In addition, the
increase of the effective resonance wavelength leads to a red shift of the Purcell factor’s peak value.
To further describe the length of the bowtie nano-antenna associated with the properties of the bowtie
antenna, the electric near field intensity of bowtie nano-antenna with different lengths is shown in
Figure 8. The results are in agreement with those previously shown in Figure 7. It is clear that electric
near field intensity obtains a remarkable enhancement when the length of the bowtie nano-antenna
increases from 80 nm to 110 nm in step sizes of 10 nm, as shown in Figure 8.
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Figure 7. The Purcell factor of the bowtie nano-antenna versus incident wavelength, where the sector
flare angle is 30°, the curvature radius is 10 nm and the thickness is 40 nm.
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(a) L=80 nm (b) L=90 nm (c) L=100 nm (d) L=110 nm

Figure 8. Electric field enhancements of the bowtie nano-antenna, the length are (a) 80 nm, (b) 90 nm,
(c) 100nm, and (d) 110 nm.

4. CONCLUSION

The bowtie nano-antenna has been shown and analyzed via FDTD simulations. The Purcell factor and
near-field enhancement of the bowtie nano-antenna were studied in great details with special focus on the
geometrical configuration. The thickness, flare angle, curvature radius, and length were systematically
varied in a series of FDTD simulations. A combination of values was found to result in a very high
theoretical Purcell factor and electric field enhancement. Also, the internal mechanism for the Purcell
factor enhancement and optical bowtie nano-antenna structural parameters were described. These
simulated calculation results and corresponding analysis have important significance in designing and
optimizing optical bowtie nano-antennas.
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