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Abstract: In this study, a new approach for simulation of electric field enhancement of 

plane wave laser around optical antenna was used to convert free-propagating optical 

radiation to localized energy. A tapered gold tip design as a novel geometry of optical 

antenna is introduced and numerically analyzed based on particle swarm optimization 

(PSO) by solving the Maxwell equations with FDTD simulation Lumerical Software. 

Five simulation stages of grating parameters to reach the maximum output intensity at 

the gold tip hot spot were performed with 90° laser incident angle. The optimal values 
of the grating period “a”, distance of the last circular grating from tip apex “b”, depth of 

etched grating “T” and duty cycle of grating “D.C” were obtained a=262.2 nm, b=759.5 

nm, T=30.1 nm, and D.C.=0.31 respectively. By using these optimal parameters for the 

gold tapered tip with a cone angle of 30° at room temperature, the maximum output 

intensity (|Emax|2) at the hot spot was obtained 52.4751. 
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1. INTRODUCTION 

The optical antenna is an optical element designed to efficiently transform 
electromagnetic wave into localized energy, and vice versa [1]. It can increase 

the optical coupling between electromagnetic wave and the localized excitation 

of nano-emitters or nano-receivers. In the other words, optical antenna can 
enhance the interaction between matter and electromagnetic wave in several 

orders of magnitude and localize the light radiation energy in the sub-

wavelength region. Therefore, it is considered as the foundation of many 

applications in the nano-photonics field [2, 3]. With the help of optical 
antennas, we can overcome the Abbe limit (diffraction limit) and this, in turn, 
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leads to new opportunities in advanced optical spectroscopy and microscopy in 
the sub-wavelength range. Thanks to these properties, sub-wavelength optical 

antenna has made the detection of high-frequency spatial features and electronic 

analyses of vibrational structure of nanoscale objects possible. The metallic 
nanoparticles with sizes smaller than the wavelength of light show strong 

dipolar excitations in the form of localized surface plasmon resonances. 

Actually localized surface plasmon resonances are non-propagating excitations 

of the conduction electrons of metallic nanoparticles coupled to the 
electromagnetic field. That is, as soon as the localized plasmon is excited, this 

results in an increase in the electric field. Properties of localized plasmons 

significantly depend on the nanoparticles shape, which allows the selective 
"tune" of the system resonances to effective interaction between matter and 

light. This subject has potentials for a wide range of novel photonic applications 

including thermal and chemical sensors [4], near-field microscopy [5, 6], nano-
detectors [7], and plasmonic systems [8, 9]. By using an optical antenna, one 

can concentrate the energy of the laser radiation in a nanometer space. In the 

recent years, the gold tip is considered as one of the best types of optical 

antenna. The advantages of this antenna include the break of the limit of 
diffraction, enhancing the electrical field around the gold tip as a result of the 

plasmon resonance which is dependent on antenna geometry, and the lightning 

rod effect [10]. Direct radiations of the tip apex in the Near-field Scanning 
Optical Microscopy (NSOM) lead to the formation of the background signal 

and impact on the efficiency of the antenna. To reduce this problem, several 

studies have been done [11-14]. Berweger et al. [11] proposed the concept of 

adiabatic nanofocusing wherein by decreasing the size of the region in which 
the electric field enhancement occurs, the background signal partially decreases. 

In the adiabatic nanofocusing, can excite surface plasmon of the shaft and 

convey surface plasmon to apex of the tip and convert it into localized plasmon 
in the apex of tip. In the design of antennas, various geometries have been 

proposed such as flower-shaped dipole, elliptic dipole nanoantenna by Edgar 

Briones et al. [15], spiral and log-periodic by Mohamed Hussein et al. [16]. In 
[17] J. L. Stokes et. al. introduced a tapered-dipole nanoantenna and two 

geometry were proposed, two-arm and cross-arm dipole antennas with tapered 

end. Gadalla et. al. in [18] was studied the field distribution around nanoantenna 

and current induced on the surface. In this study, by changing the geometry of 
the ordinary gold tip and adding circular grating using laser engraving within 

different time intervals with optimal values, maximum output intensity at the 

hot spot was achieved. Maxwell equations were solved with FDTD simulation 
Lumerical Software. In this optimal geometry, a different peak was observed as 

a result of excitation of surface plasmon of the grating. 
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2. METHOD 

The finite difference time domain (FDTD) or Yee's method is a numerical 
analysis technique to solve Maxwell’s equations with complex geometries [19, 

20]. In FDTD, the structural materials and electromagnetic field are 

characterized on a discrete mesh composed which called Yee cells. This method 
solves the Maxwell equations in a discrete manner and time step used is related 

to the mesh size through the stability criterion. The FDTD is a perfect 

representation of Maxwell’s equations in the limit that the mesh spacing goes to 

zero. The calculated intensities are normalized, with considering the intensity of 
the incident light. In side illumination, the light is linearly polarized along the 

tip axis. FDTD is one of the most common computational methods in Photonics 

and Electromagnetics [21] and many software such as Lumerical software use 
this method for computing. The FDTD method includes the discretization of 

Maxwell’s equations in both the space and the time domain to find the magnetic 

and electric fields at different positions and at different time-steps. This method 

is used to simulate the scattering of electromagnetic waves and radiation from a 
target of complex shape as well as non-uniform dielectric objects by simply 

adjusting the size, number and material properties of the Yee cell [22]. The 

intensity of light is showed by the square of the electric field intensity, which 
has the same tendency with the light intensity. In order to produce a strong field 

enhancement at the apex of tip, the electric field of the exciting laser beam 

needs to be polarized along the tip axis. The effect of material and geometry of 
tip on the electric field enhancement to find optimum size and material has been 

reported in various studies [23-26]. The electric field around the optical antenna 

is calculated and simulated based on Maxwell’s equations. 
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Where E0 and G are the initial electric field and dyadic Green’s function for the 

plane wave laser. 

 

3. SIMULATION RESULTS AND DISCUSSION  

The simulations were performed for the gold tip with grating. The geometry of 

the gold tip is depending on cladding radius, tip radius, and its height. The 

simulation is Three-dimensional FDTD with a simulation time of 30 
femtosecond at room temperature. All boundary conditions are set to Stretched 

Coordinate PML (SCPML) absorber with standard layers. To accurate study of 

scattering phenomena in the cone of the tip (hot spot), uses Total-Field Scatter-
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Field (TFSF) light source with 400 nm to 1000 nm of wavelength. In order to 
accurately determined field intensity in hot spot, uses another mesh with 1 nm 

of size at a hot spot. 

In this work the grating was used in order to increase output intensity at hot 
spot. The characteristics of gratings are improved using Particle Swarm 

Optimization (PSO) algorithm. This algorithm was first introduced by J. 

Kennedy and R. Eberhart at the IEEE International Conference on Neural 

Networks in 1995 [27]. The PSO is a stochastic optimization system based on 
population, inspired by the social behavior of flocks of birds, and has been used 

to design and optimize different optical systems [28-31]. In PSO, the potential 

solutions, which are called particles, placed at random positions, and then move 
within the parameter search space. The particles are exposed to three forces as 

they move: (1) personal best position, (2) global best position and (3) particle 

velocity. The positions of any particle are updated based on the velocity until 
convergence is achieved [32-38]. The advantages of PSO include Can be simple 

to implement, Have few parameters to adjust, Able to run parallel computation, 

Can be robust, Have higher probability and efficiency in finding the global 

optima, Can converge fast, Do not overlap and mutate, Have short 
computational time and Can be efficient for solving problems presenting 

difficulty to find accurate mathematical models. The disadvantages of PSO 

include Can be difficult to define initial design parameters, Cannot work out the 
problems of scattering, Can converge prematurely and be trapped into a local 

minimum especially with complex problems [39]. Due to the capabilities of this 

optimization method, various researchers have used this method to optimize and 

design antennas such as El-Toukhy et. al. [40], Jin et. al. [41] and Xu et. al. 
[42]. Here five simulation steps of grating parameters with the aim of increasing 

gold tip hot spot intensity was performed. The optical antenna was the grating 

period “a”, tip-sample distance “b”, depth of etched grating “T” and duty cycle 
of grating “D.C”. Fig. 1 shows these parameters of the optical antenna. All 

simulations are based on 90° laser irradiation. 

 

 

 

 

 

 

 

 

 

Fig 1. The optical antenna parameters 
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The basic parameters of the grating are a=200 nm, b=1000 nm, T=20 nm, and 
duty cycle of 0.31 (L=60 nm). The main tip has cladding radius of 520 nm, the 

cone angle of 30° and tip radius of 10 nm, 3000 nm of height and gold with 

Johnson and Christy model. The main simulation is configured the same as 
“without grating” conditions at the cone angle of 30°. At the first step of 

optimization, parameter “a” is varied from 150 nm to 300 nm. After 

optimization the optimal value of grating periods was obtained 262.2 nm to 

achieve 16.8426 of intensity (|EMAX|2) at the hot spot. The simulation is re-done 
with the optimal value as below. Figs 2 (a) and (b) show the intensity 

distribution for optimal grating period (a=262.2 nm) with 90° laser incident 

angle in the XY plane and X-axis.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2. The intensity distribution of output electric field for the optimal grating period 

(a=262.2 nm) in (a) XY plane and (b) X-axis, (c) graph of output electric field in X 

direction versus wavelength 
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Fig 2 (c) shows the graph of output electric field in X direction versus 
wavelength. These figs confirm that there are significant changes in intensity 

distribution in the plane of X-Y where Z=0 nm.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig 3. The intensity distribution of output electric field for optimal grating period 

(a=262.2 nm) and the optimal tip-sample distance (b=759.5 nm) in (a) XY plane and (b) 

Y axis, (c) graph of output electric field in Y direction versus wavelength 
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the optimal value of tip-sample distance (b=759.5 nm) in XY plane and Y-axis. 
Fig 3 (c) shows graph of output electric field in Y direction versus wavelength. 

In the third step of optimization, was concentrated on “a” parameter again to 

find the best optimal value of grating’s period with fixed “b” parameters. So, 
used the fixed value of b=759.5 nm and find that the best optimal value is same 

as the first step of optimizations a=262.2 nm with a maximum intensity of 

52.4751 (Fig 4). 
 

 

 

 

 

 

 

 

 

 

 

 

Fig 4. The output electric field in Y direction versus wavelength 

In the fourth step of optimization, was motivated on the depth of etched grating 

(T) with optimal values of “a” and “b” parameters 262.2 nm and 759.5 nm, 
respectively. The optimal value of T=30.1 nm with the intensity of 52.4751 was 

obtained. Figs 5 (a) and (b) show the intensity distribution for the optimal 

grating period (a=262.2 nm), the optimal value of tip-sample distance (b=759.5 
nm) and the optimal depth of etched grating (T=30.1 nm) in XY plane and Y-

axis. Fig 5 (c) shows graph of output electric field in Y direction versus 

wavelength.  
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Fig 5. The intensity distribution of output electric field for the optimal grating period 

(a=262.2 nm), optimal the value of tip-sample distance (b=759.5 nm) and the optimal 

depth of etched grating (T=30.1 nm) in (a) XY plane and (b) Y-axis, (c) graph of output 

electric field in Y direction versus wavelength 
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optimal value of duty cycle was obtained. The optimal value of duty cycle 0.31 
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grating (T=30.1 nm) and optimal value of duty cycle (D.C. =0.31) in XY plane 
and Y-axis. Fig 6 (c) shows graph of output electric field in Y direction versus 

wavelength. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Fig. 6. The intensity distribution of output electric field for optimal grating period 

(a=262.2 nm), optimal value of tip-sample distance (b=759.5 nm), optimal depth of 

etched grating (T=30.1 nm) and optimal value of duty cycle (D.C.=0.31) in (a) XY 

plane and (b) Y axis, (c) graph of output electric field in Y direction versus wavelength 
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(figs 7 and 8). 
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Fig. 7. The intensity distribution of output electric field for all optimal parameters in 

XY plane 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. The intensity distribution of output electric field for proposed grating period in 

ZY plane 
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In table 1, all optimization results are summarized. 
 

Table 1. The summary of optimization results 

Material Grating 

Optimization of Grating 

|EFINAL 

|2 
Angle 

a1st[150-
300] 

|E MAX |2 

b[200-
1200] 

|E MAX 
|2 

a2nd[150-
300] 

|E MAX |2 

T[25-
30] 

|E MAX 
|2 

D.C. 

|E MAX 
|2 

Gold 

L = 60 
T = 20 

a = 
200 
b = 

1000 

30 

262.2 
nm 

16.8426 

759.5 

nm 

52.4751 

262.2 

nm 

52.4751 

30.1 

nm 

52.4751 

60 nm 

52.4751 
52.4751 

 

It is worth noting that in the [43] a novel design of tapered dipole nanoantenna 

numerically and also in the [44] a nanospiral design of nanoantenna 

experimentally are showed that selecting the appropriate geometry of the 
nanoantenna leads to an increase in the electric field around them which in 

agreement with our results.  

 

4. CONCLUSIONS 

In this paper the electric field enhancement of laser around tapered gold tip as 

the optical antenna with aim of increasing gold tip hot spot intensity was 

simulated by solving the Maxwell equations. For gold tapered tip with cone 

angle of 30° at room temperature, the optimal geometry was obtained using 
PSO algorithm. The optimization results showed that to achieve maximum field 

intensity at the gold tip hot spot, the optimum values of grating parameters are 

262.2 nm grating period, 759.5 nm distance of the last circular grating from tip 
apex, 30.1 nm depth of etched grating and 0.31 duty cycle of grating. By using 

these optimal geometry for the gold tapered tip, maximum output intensity at 

hot spot was obtained 52.4751. 
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