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Abstract - The simple theoretical model is developed to calculate effective index and field distribution of the 
fundamental TM0-mode in gap plasmon waveguide formed by two cylindrical surfaces made of gold, doped Si, and 
polyvinylidene fluoride (PVDF) materials. It is shown that doped Si and PVDF are promising materials for strongly 
confined THz-wave propagation in gap plasmon waveguide. Though mode confinement in metal waveguide is lower, it 
is preferable for low-loss undistorted propagation of the broadband THz-pulses.   
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1. Introduction 

Recently, plasmon waveguides have attracted much attention due to its potential to guide light 

in a region beyond the so-called diffraction limit [1-3]. At optical frequencies, many metals support 

fascinating optical interactions such as surface plasmons polaritons (SPPs) because the dielectric 

constant of metals in the visible and near-IR regions is predominantly real and negative. It would be 

greatly advantageous to take concepts of SPP to obtain subwavelength confined guided-wave 

propagation at terahertz (THz) frequencies. For its unique characters, THz-waves have many 

applications in scientific research and application fields, such as spectroscopy, free space 

communication, environmental sensing and medical imaging [4]. During last decade, THz 

technology has made great progress due to the rapid development of radiation sources [5–7] and 

detectors [8, 9], while strongly 2-dimentional (D) confined propagation in waveguides is also vitally 

important to the development of THz technology. Though most studies of SPPs focus on the visible 

and infrared regions, the SPPs propagation on metal flat surfaces [10, 11] and wires [12, 13] for 

THz regime is investigated as well.  

The main problem of THz-SPPs excitation in metals is large value of plasma frequency, 

which is defined by 2 2 2
04 ,p eNe m     where N is the electron density, e electron charge, ε0 is the 

vacuum permittivity and me electron mass. Since the free electron density in metals is typically of 

the order of 1022 cm3, the plasma frequency is limited to the visible and ultraviolet regions. At 

frequencies significantly below the plasma frequency (like the THz range), large negative 

permittivity strongly prohibits electromagnetic fields from penetration inside a metal, and plasmon 

excitation on the metal-dielectric interface becomes challenging.  
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There are different approaches which makes possible to decrease plasma frequency. Recently 

it was demonstrated that a periodic lattice of thin metallic wires could exhibit a plasma frequency 

even in microwave [14]. However, many periods of such a structure are required that is a limiting 

factor to the use of such media in practical applications. Besides, the periodic lattice of thin metallic 

wires is difficult and expensive to produce. An alternative composite media are structured metal 

surfaces with periodical groves or holes. This medium is characterized by an effective permittivity 

that has a plasmon form with a plasma frequency dictated by the geometry of the hole or the groove 

[15]. However, effective permittivity of the periodical structures is strongly frequency dependent 

that limit operation bandwidth of plasmonic devices.  

In this paper we are focusing on media having plasma frequency well below that of metals, 

which do not depend on the use of components with dimensions related to the frequency of interest. 

The doped semiconductors are good alternatives to metals for the excitation of low-frequency 

plasmons [16]. As the carrier densities in semiconductors are much lower than those in metals, the 

plasma frequency is much smaller, being typically at mid- or far-infrared frequencies. Therefore, 

the permittivity of semiconductors at THz is comparable to that of metals at optical frequencies. A 

decisive advantage of semiconductors is that their carrier density and mobility, and consequently 

the SPPs, can be easily controlled by thermal or optical excitation of free carriers. However, the 

doped semiconductors usually have large imaginary part of the complex permittivity that limits SPP 

propagation length.  

It has been known for some time that low-frequency plasmons can be observed in intrinsically 

conducting polymers [17]. Quite recently porous fiber with ferroelectric polyvinylidene fluoride 

(PVDF) polymer was proposed as a surface plasmon resonance (SPR) sensor [18]. The PVDF film 

(usually used in piezoelectric devices) is widely commercially available and it can be easily bonded 

to different substrates including metals. Moreover, a use of PVDF gives an opportunity to design a 

fully polymeric THz plasmonic structure, which potentially makes the fabrication process highly 

suitable for the industrial scale-up.  

In this paper we present the characteristics of THz-wave propagation in gap Plasmon 

Waveguide formed by two Cylindrical Surfaces (PWCS), made of metal, semiconductor, and PVDF 

(Fig. 1).  

 

 

 

 

 R 

L 

y 

h(y) 

x 

Fig. 1. Schematic view of the waveguide  
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The analytic description CPP modes in gap PWCS with metal surfaces has been recently 

obtained in optical regime [19]. Here the simple way to calculate fundamental TM0 mode sizes and 

dispersion in THz region is presented. Waveguide is considered as parallel plate waveguide 

(PPWG) with adiabatically varying distance between plates h(y). It is known [20] that effective 

refractive index at TM0 mode in plasmon PPWG is approximately inversely proportional to the 

distance between plates, Neff  ~ 1/h(y). Therefore the model of graded-index dielectric waveguide 

[21] can be used to calculate THz-wave confinement along the y-axis.  

 

2. Complex permittivity of materials in the THz range   

In order to model the gap PWCS, the complex permittivity of cylindrical surfaces (made of metal or 

doped semiconductors) was assumed to be Drude-like, which corresponds to the approximation of a 

single energy independent scattering time,  [22]. This quantity can be related to the dc mobility, , 

by  = e /m*. Then the frequency-dependent complex permittivity      ' "i         takes the 

form 

    

2

,p

i


    

   
  (1) 

where p is the plasma frequency,   is the damping rate (inverse scattering time) of the carriers, and 

ε is the permittivity at extremely high frequencies that is unity for metals or permittivity of 

undoped  material for semiconductors.  

When waveguide’s cylinders are made of PVDF, the material dispersion is given by 

  
  2

0
2 2
0

,dc opt
opt i

   
    

   
  (2) 

where εopt is the optical dielectric constant, εdc is the low-frequency (dc) dielectric constant, 0 is 

the frequency of the transverse-optical mode of the material.  

Using Eq.(1) with p and   given in Ref. [23], the complex permittivities of the different 

high-conductivity metals have been calculated in 0.1–3 THz region. In all cases the negative real 

part of   has an order of 105. Because THz region is far enough from plasma frequency p the 

value of '  is practically independent of frequency. For instance, in gold 5' 1.14 10    at 0.1 THz 

and it is slowly reduced to 5' 0.94 10    at 3 THz. Such small dispersion is very attractive for 

plasmonic waveguides operating in a wide frequency region. The imaginary part of the permittivity 

in metals (which is related to dissipation) is usually 3–10 times larger than  ',  whereas in the 

optical region ' ".   For gold the ratio ' "   is 0.16 for 1THz, whereas it is ' " 13    for 

300 THz (λ = 1 m).  
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The doped silicon is chosen to illustrate the behavior of permittivity of the doped 

semiconductors.  The silicon’s characteristics in THz range are well established [22] and it is widely 

available and cheapest semiconductor material. In addition, silicon already used in many studies 

related to SPP-assisted THz-wave transmission through array of holes [24, 25]. For n-doped Si 

(with N = 1018 cm3 and N = 1017 cm3) the dependences of real and imaginary parts of the 

permittivity on the frequency were calculated with Eq.(1). Because the scattering time of carriers 

depends on their density, the values of  have been assumed  = 1.35 THz for N = 1017 cm3 and  

 = 4.1 THz for N = 1018 cm-3 in accordance to Baccarani–Ostaja model [26]. The calculated 

dependencies of  '   and  "   for doped Si with N = 1018 cm-3 and N = 1017 cm3 are presented 

in Fig.2.  

As it is seen in Fig. 2, the lightly doped silicon (N = 1017 cm-3) has negative ε only for  

 < 0.9 THz and therefore it cannot support SPP-mode excitation at the interface air–Si for higher 

frequencies. The doping with free carrier concentration N = 1018 cm3 is quite sufficient to have 

negative real part of   as far as 3 THz. The last value is close to highest frequency of the common 

time-domain spectroscopy (TDS) systems.   

The calculated dependences of the real and imaginary parts of PVDF permittivity on the 

frequency are presented in Fig. 3. The following values of 0 = 0.3 THz, εopt = 2, εdc = 50, and  

 = 0.1 THz have been used in Eq.(2), accordingly to [27]. 

Fig. 3 shows that plasmon-like SPP excitation may be carried out in the frequency range 

from 0.4 THz to 1.4 THz. The upper limit is determined by the condition ε' < 0 and lower limit is 

related to necessity of the relatively small value of ε'', i.e. low absorption. Thus the use of PVDF in 

plasmon THz devices is limited by narrowband applications in the range of approximately 0.41.4 

THz. 

 

 

 

 

 

 

 

 

 
Fig. 2. Dependences of the negative real and imaginary parts of doped Si on the frequency for carrier 
concentrations N=1017cm-3 and N=1018cm-3 
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Fig. 3. Dependences of the negative real and imaginary parts of PVDF on the frequency. 

 

3. Effective index of PPWG  

In this section, we calculate the effective refractive index  Re v phn c  (vph is the phase velocity, 

c is the velocity of light) of PPWG formed by two infinite parallel plates in the YZ plane (see Fig. 

1). The plate’s separation h0 is chosen equal to the minimal distance between cylindrical surfaces 

h(y=0) of the PWCS. Here obtained results will be used in the next section to calculate propagation 

characteristics of real PWCS.  

The dispersion of SPP-mode in PPWG filled with air is given by the expression [2] 

 
2 2
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2
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
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where k0 = 2π /c is the wavenumber in air,   is the complex permittivity of the plates material. 

Using the calculated (in section 2) complex permittivities   for doped Si, PVDF, and Au, 

the numerical solution of (3) is obtained. The dependences of  Re 1n    and absorption 

coefficient  0 Imk n    on the frequency for PPWG with h0 = 0.1 mm, and plates made of doped 

Si (N = 1018 cm-3) and gold in the range 0.13 THz are presented in Fig. 4. For convenience of the 

presentation the values corresponding to gold covered PPWG are increased 50 times.  

While the absorption coefficient in gold-PPWG is small ( = 7.610-3 mm1), the effective 

refractive index is too close to 1. As we shall be convinced below, the relatively large value of  is 

favorable to have the strong field confinement in lateral direction (along the y-axis) of gap PWCS.  

In PPWG with plates made of doped Si the effective refractive index n more appreciably differs 

from 1. Though absorption losses are significantly stronger, use of the doped Si can be suitable for 

chip-scale THz wave guiding. 
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Fig. 4. The dependences of  and absorption coefficient  on the frequency for PPWG made of doped Si with 
N = 1018 cm-3 (red and green lines) and gold (blue and violet). In the last case calculated values of  and  are 
increased 50 times. 

 

Figure 5 illustrates the dependences of  and  on the frequency for PVDF covered PPWG.  

 

 

 

 

 

 

 

 

Fig. 5. The dependences of  (red line) and absorption coefficient (blue line) on the frequency for PPWG made 
of PVDF. 

 

It is seen that attenuation of THz-wave is strongly enhanced with growth of the frequency 

since nearly 1 THz. Hence it is expedient to limit the operation bandwidth of the PVDF-based 

waveguides by frequencies 0.41 THz. The main advantage of PVDF using is relatively large value 

of  that is favorable to obtain small mode size in lateral direction of PWCS.  

 

4. Effective index of PWCS  

The effective refractive index Neff = c/Vph (where Vph is the phase velocity in PWCS) of 

PWCS is calculated by considering it as PPWG with adiabatically varying plate’s separation. Using 

notations shown in Fig. 1, the distance between cylindrical surfaces of PWCS can be written as 
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  
2

0 ,yh y h
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where R is the radius of cylinders and condition y << R is used. 

Based on results of the previous section we can conclude that in all cases  << 1. This 

allows us to simplify Eq. (3) by use the approximate expression tanh(x)  x for sufficiently thin 

waveguide h0 << 1/k01/2. Then by replacing h0 with h(y) and using the condition 1   the 

following expression for the real part of the refractive index can be obtained: 
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where  = tan-1(ε''/ε'). 

Eq.(5) shows that the refractive index is maximal in the middle of waveguide (y = 0) and it 

is decreased with increase in .y  Therefore the THz beam can be concentrated in the vicinity of the 

waveguide’s middle by similar way that of graded-index dielectric waveguide. The theory of such 

waveguides is well developed. The analytical expressions for effective refractive index and field 

distribution were obtained for some profiles of the refractive index, including n(y)  1/cosh2(y) 

[21]. The same profile of the refractive index can be accepted for our case as well. It is follows from 

Eq.(5) as approximate expression  2 2
0 01 coshy Rh y Rh   is satisfied if y2 << Rh0. So using 

results of Ref. [21], it is easy to obtain that the fundamental TM0-mode field distribution along the 

y-axis and effective index Neff of PWCS are given by 
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From Eqs.(6) and (8) follows that small   of the cylinders material is favorable for strongly 

confined TM0-mode propagation in waveguide. The TM0-mode intensity distribution at frequencies 

 = 0.4 THz and  = 1 THz for PWCS (with the radius of cylinders R = 5 mm, minimal distance  

h0 = 0.1 mm) made of doped Si (N = 1018 cm3) and gold are illustrated in Figs. 6a and 6b. The field 

distribution in PVDF-based waveguide is nearly the same that of PWCS with doped Si and for this 
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reason it is not shown in Fig. 6a. It is seen that field distributions are frequency dependent as it was 

generally expected. In case of Si-based PWCS the electrical field is more strongly concentrated in 

the vicinity of middle of the waveguide (y = 0) than that of Au-based PWCS. It is related to 

relatively small   for Si material.    

 

 

 

 

 

 

 

 
Fig. 6. The fundamental mode intensities distributions in PWCS made of doped Si (a) and Au (b) at the 
frequencies 1 THz (red line) and 0.4 THz (blue dotted line). 

 

The dispersion of the effective index of waveguide Neff is very important for applications of 

PWCS with broadband THz radiation, such as THz-pulse. The calculated dependences  

Neff = Neff() are nearly same that of n = n() for corresponding PPWG (see Fig. 4). For Au-based 

PWCS the value of Neff is very close to 1 independently of frequency. For Si-based PWCS the value 

of Neff  is 1.076 at 0.1 THz and it is reduced to 1.026 at 3 THz. Even such small dispersion of the 

waveguide limits its application with broadband THz-pulses.  Indeed, after propagating 3 mm 

distance the delay of spectral components at 0.1 THz and 3 THz is 0.5 ps, which is close to duration 

of the THz-pulses commonly used in practice.   

 

5. Conclusions 

A simple theoretical model is developed to calculate effective index and field distribution of 

the fundamental TM0-mode in gap plasmon waveguide formed by two cylindrical surfaces made of 

gold, doped Si, and polyvinylidene fluoride (PVDF) materials. It is shown that doped Si and PVDF 

are good candidates for plasmon waveguides supporting strongly confined THz-wave propagation. 

While mode confinement in metal waveguide is lower, it is preferable for low-loss undistorted 

propagation of the broadband THz-pulses.   
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