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Abstract ─ In this paper, we investigate the near-field 

enhanced optical absorption and far-field radiation 

characteristics of plasmonic dipole nano-antenna with 

different geometries which are rectangular, square, 

circular, and ellipse dipoles. Localized E-field 

enhancement at the excitation gap and reflection profile 

in an infinite 2D array of each nano-antenna are 

characterized and optimized at the resonant frequency 

of 375 THz, which corresponds to the incident wavelength 

of 800 nm. Numerical results show that the ellipse 

nano-antenna produces the most enhanced electric field 

at the excitation gap whereas the circular nano-antenna 

yields the best reflection and far-field radiation 

characteristics. This research is useful for the researchers 

and designers in choosing appropriate plasmonic dipole 

nano-antennas when incorporating with a photoconductive 

antenna for terahertz radiation enhancement. 

 

Index Terms ─ Absorption, far-field power pattern, 

localized electric field, nano-antenna, reflection, surface 

plasmon resonance. 
 

I. INTRODUCTION 
The interaction of light with plasmonic nano-

structures has constituted a central research topic in 

current science and engineering and has been finding 

several interesting applications in nanophotonic 

technology [1–4]. Two main demands for existing and 

emerging nano-optical applications are an optical spot 

beyond the diffraction limit and a high transparent 

efficiency. Plasmonic nano-antennas can concentrate 

the excitation light beam based on the localized surface 

plasmon resonance and thus can be used in the nano-

optical system because of their ability to obtain a very 

small optical spot. In addition, the enhanced intensity of 

light confinement into a high index substrate can be 

achieved by asymmetric scattering due to surface 

plasmon excited on metallic nanostructures. Consequently, 

plasmonic nano-antenna can provide high transmission 

efficiency for practical applications. Recent reports  

on applications of plasmonic nano-antennas include 

sensitive photodetection [5], plasmon-emitting diode  

[6, 7], photovoltaic devices [8], surface enhanced 

Raman spectroscopy [9], bio-sensing [10], terahertz 

photoconductive antenna [11–13], etc. 

To maximize the field enhancement in the high 

field region of the optical nano-antenna, which is well-

known as the most important parameter to characterize 

the performance of the nano-antenna, parameters such 

as antenna geometry, dielectric loading, as well as the 

polarization of incident light have to be carefully 

optimized and fined-tune [14, 15]. The optical properties 

of different types of nano-antennas for the enhancement 

of fluorescence of molecules have been discussed and 

demonstrated over the last decades [16–21]. However, a 

detailed comparison of nano-antennas having different 

geometries in term of near-field optical absorption and 

far-field radiation characteristics is still lack in the 

literature. Therefore, the aim of this paper is to provide 

such a detailed study and comparison. Four plasmonic 

dipole nano-antennas with different geometries are 

chosen for the study and comparison; they are 

rectangular dipole, square dipole, circular dipole, and 

ellipse dipole. Absorption and reflection profiles of 

each nano-antenna are characterized and optimized at 

the resonant frequency of 375 THz which corresponds 

to the incident wavelength of 800 nm. The paper is 

organized as follows: Section 2 presents the nano-

antenna geometries and simulation approach; Section 3 

presents the results and discussion; Section 4 gives a  
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conclusion. 
 

II. GEOMETRY AND MODELLING OF THE 

NANO-ANTENNAS 
Figure 1 shows the geometry of the four nano-

antennas under examination in the side and top views. 

Both the four dipoles and the ground are made of gold. 

The dipole nano-antenna and the ground are separated 

by a SiO2 substrate which having a thickness of T. The 

widths and the lengths of the rectangular dipole are 

designated as WR and LR, while those of the square 

dipole are WS and LS, those of the circular dipole are WC 

and LC, and those of the ellipse dipole are WE and LE, 

respectively. The SiO2 thicknesses of each nano-antenna 

are denoted as TR, TS, TC, TE whereas the periodicities 

of each nano-antenna in their arrays are denoted as PR, 

PS, PC, PE for the rectangular, square, circular, and 

ellipse dipoles, respectively. The excitation gap and the 

gold metal thickness of each nano-antenna are g and  

TAu = 25 nm, respectively. Design parameters of the 

four antennas for the optimized localized E-field and 

reflection coefficient at the desired frequency of 375 THz 

are as follows: for the rectangular dipole (g = 10 nm, 

WR = 35 nm, LR = 174 nm, TR = 100 nm, PR = 550 nm); 

for the square dipole (g = 10 nm, WS = 78 nm, LS = 166 nm, 

TS = 40 nm, PS = 600 nm); for the circular dipole  

(g = 10 nm, WC = 94 nm, LC = 198 nm, TC = 60 nm,  

PC = 590 nm); for the ellipse dipole (g = 10 nm,  

WE = 40 nm, LE = 190 nm, TE = 70 nm, PE = 570 nm). 

In this paper, a full-wave electromagnetic simulator 

Microwave Studio by CST based on Finite Integration 

Technique (FIT) was used to analyze the characteristics 

of the nano-antennas [22]. Figure 2 (a) shows the model 

to study the localized E-field response at the excitation 

gap of the dipoles in which the excitation source is a 

plane wave incident from the top with an electric field 

amplitude of 1 V/m and with a polarization along the 

main axis, i.e., x-axis, of the nano-antennas. To detect 

the localized E-field, a probe was placed in the gap 

between the dipole arms and oriented along the x-axis. 

This simulation model also allows calculating the  

far-field power patterns of the nano-antennas. The 

transmission/reflection coefficient of the nano-antenna 

was studied by using a unit cell model that employed a 

two-Floquet-port model with electric and magnetic 

boundary conditions enforced along the ±x and ±y 

directions, seen in Fig. 2 (b). The Au metal and SiO2 

substrates used in the simulation can be defined in the 

material library of the CST MWS software. Figure 3 

shows the electric dispersion curves of Au and SiO2 

within the frequency range of interest, i.e., 200 THz - 

500 THz which these close to the measured values in 

the previously reported studies [23, 24]. 

 

  
  (a) (b) 

   
 (c) (d) (e) 

 
Fig. 1. (a) Side view of the nano-antennas; (b-e) geometries of the rectangular dipole, square dipole, circular dipole, 

and ellipse dipole. 
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 (a) (b) 
 

Fig. 2. Simulation models: (a) to calculate the localized E-field and far-field power pattern, and (b) to calculate the 

reflection coefficient of an infinite 2D array. 
 

      
   (a) (b) 

 

Fig. 3. Dispersion curves of: (a) gold and (b) SiO2 in the frequency of interest from 200 THz to 500 THz. 
 

III. RESULTS AND DISCUSSION 
We select the ellipse dipole nano-antenna to 

investigate the frequency response on the design 

parameters (g, TE, LE, and PE) since other three nano-

antennas was observed to behave identically. It is noted 

that in this parameter study, one parameter was varied 

whereas others were fixed. In addition, hereinafter Fpeak 

denotes the frequency where occurring the maximum 

localized electric field Epeak. Figure 4 (a) shows that the 

excitation gap, g, strongly influences the electric field 

confinement. The narrower the g is, the lower the 

resonant frequency occurred, and the significantly better 

the localized Epeak presented. Maximum Epeak could 

reach to approximately 400 V/m when g decreases to  

7 nm. For the optimized design, we chose g = 10 nm 

because of the two reasons: first, if g = 10 nm, the 

resonant frequency occurring the maximum Epeak was 

mostly close to the desired frequency of 375 THz; 

second, if g is so small, we would encounter a short 

circuit problem after the fabrication process. Figure  

4 (b) shows that when the thickness of the SiO2 layer TE 

changed, both Fpeak and Epeak significantly changed, and 

clearly demonstrated a resonance behavior. When TE 

increased from 20 nm to 100 nm with a step of 20 nm, 

Fpeak increased, reached a maximum value, and then 

decreased and similarly for Epeak. At TE = 70 nm, Fpeak 

was mostly close to the desired frequency of 375 THz, 

and Epeak reached the maximum value. This behavior is 

interesting, which was proven in [14] and said that the 

distance from the nano-antenna to the reflective surface 

(Au ground) must be selected to satisfy the resonance 

condition if we consider the SiO2 substrate layer as an 

Fabry-Perot resonator cavity. 

Figure 4 (c) shows that when LE increased, Fpeak 

decreased, which follows the theory that the antenna 

length is inversely proportional to its operating 

frequency. We can calculate the effective wavelength 

according to the formula as: 

 0

eff

eff 0 eff

c
,

f


  

 
 (1) 

where c is the speed of light (3 × 108 m/s), fo is the  
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resonant frequency (~ 375 THz), and εeff the effective 

dielectric constant of SiO2 (~ 2.4). Accordingly, the 

effective wavelength is approximately 510 nm. In theory, 

the antenna has a length of about a half of the effective 

wavelength (Ltotal ~ λeff/2 ~ 260 nm) will present the 

first resonance mode. The resulted nano-antenna length 

in our simulation is approximately of 200 nm which is 

shorter than the theoretically predicted length. This can 

be attributed to an increase of the effective permittivity 

of the whole structure due to the presence of the reflecting 

mirror Au. When we consider the localized E-field, the 

total length of the nano-antennas also influenced the 

Epeak. The value of LE = 190 nm exhibited the maximum 

Epeak of 150 V/m at the Fpeak of 374 THz. Figure 4 (d) 

shows that if the width PE of the SiO2 layer, i.e., the 

periodicity in a 2D infinite array, increased, the resonant 

frequency decreased, however Epeak at the gap increased. 

The increased width of the semiconductor layer resulted 

in an increase of the effective permittivity of the whole 

structure. For the desired resonant frequency around the 

375 THz, PE was chosen to be 570 nm. It can be seen 

that this parameter is the least influence factor on either 

Epeak or Fpeak. By investigating the design parameter 

study of the ellipse geometry, we can conclude that the 

excitation gap area significantly influenced the localized 

E-field, while the dipole length decided the resonant 

frequency of the nano-antennas. More importantly, the 

thickness of the semiconductor layer must be 

appropriately chosen to obtain the additional E-field 

enhancement thanks to the mechanism similar to a 

Fabry-Perot resonant cavity. These characteristics are 

identical for the rectangular, square, and circular dipoles. 
 

       
   (a)  (b) 

        
  (c)  (d) 
 

Fig. 4. Parameter study in terms of Fpeak and Epeak of the ellipse dipole: (a) gap between dipole arms, (b) SiO2 

thickness, (c) total dipole length, and (d) lateral size of the SiO2 substrate. 
 

Figure 5 shows the localized E-field checked at the 

excitation gap, and the reflection coefficient checked 

for a 2D infinite array of the four nano-antennas. The 

optimized results show that the localized E-field of the 

rectangular dipole was 110.3 V/m at 374.9 THz, while 

that of the square dipole was 92.2 V/m at 372.8 THz, 

that of the circular dipole was 125 V/m at 374.3 THz, 

and that of the ellipse dipole was 150 V/m at 374 THz, 

seen in Fig. 5 (a). It should be noted that the incident E-

field was chosen of 1 V/m. All the four nano-antennas 

produced a significantly enhanced localized E-field at 

the gap between the dipole arms. The ellipse dipole 

produced the highest localized E-field while the square 

dipole presented the lowest value. In the perspective of 

the reflection coefficient, the behavior was different. 

The reflection coefficient of the rectangular dipole was 
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about 0.19 whereas that of the square dipole, circular 

dipole and ellipse dipole were about 0.28, 0.11, and 

0.25, respectively, seen in Fig. 5 (b) (refer to Table 1). 

Therefore, the circular dipole produced the best 

reflection characteristic while the square dipole presented 

the worst case. It is obvious that the resonant frequency 

Fpeak, the frequency occurring Epeak, almost coincided 

with the frequency occurring the minimum reflection 

coefficient. This indicates that the four nano-antenna 

structures operate well at the desired frequency of  

375 THz and thereby maximizing the incident light 

absorption efficiency. 

Figures 6 and 7 respectively present the near-field 

distribution and the far-field power patterns of the four 

nano-antennas at their resonant frequencies. The field 

was mostly distributed in the excitation gaps and at the 

dipole ends as in a conventional RF dipole. It is obvious 

that the circular dipole exhibited the best power patterns 

with the least back radiation in comparison with the 

three remains. Generally, the ellipse dipole nano-antenna 

produces the best localized E-field enhancement at the 

excitation gap whereas the circular dipole nano-antenna 

yields the best reflection and far-field radiation 

characteristics. In other words, the circular nano-

antenna should be chosen regarding the far-field radiated 

power while the ellipse nano-antenna should be chosen 

for the demand of highly localized E-field. 

 

   
 (a) (b) 

 

Fig. 5. (a) Localized E-field and (b) reflection coefficient as a function of frequency of the four nano-antennas. 

 

                   
 (a)  (b) 

                   
 (c)  (d) 
 

Fig. 6. Field distributions checked at the resonant frequencies of the four nano-antennas: (a) rectangular, (b) square, 

(c) circular, and (d) ellipse dipoles. The resonant frequencies for each nano-antenna can be refered in Table 1. 
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    (a)   (b) 

                   
    (c)   (d) 

 

Fig. 7. Normalized far-field E-patterns calculated at the resonant frequencies of the four nano-antennas: (a) rectangular, 

(b) square, (c) circular, (d) ellipse dipoles. The resonant frequency for each nano-antenna can be referred in Table 1. 

 

Table 1: Optimized results of the four nano-antennas 

Geometry Resonant Frequency Fpeak (THz) Localized E-field Epeak (V/m) Reflection Coefficient 

Rectangular 374.9 110.3 0.19 

Square 372.8 92.2 0.28 

Circular 374.3 125.0 0.11 

Ellipse 374 150 0.25 

 

IV. CONCLUSION 
We have investigated and compared the 

performance of plasmonic nano-antennas for different 

geometries such as rectangular, square, circular, and 

ellipse dipoles. The excitation gap area significantly 

influenced the localized E-field enhancement, while the 

dipole length decided the resonant frequency of the 

nano-antennas. More importantly, the thickness of the 

semiconductor layers must be appropriately chosen to 

obtain the additional E-field enhancement thanks to the 

mechanism similar to a Fabry-Perot resonant cavity. The 

optimized results show that the ellipse dipole exhibits 

its outstanding performance regarding the localized E-

field enhancement, whereas the circular dipole yields  

its outstanding performance in terms of the reflection 

coefficient and the far-field power pattern. This study 

could be useful for the incorporation of an array of  

such plasmonic nano-antennas at the active area of 

photomixer/photoconductive antenna for an efficiency 

improvement. 
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