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Long-range surface plasmons supported by the disordered 

nanowire metamaterials 

Considering the losses of metal and semiconductor and by obtaining exact 

dispersion relations of the modes, we theoretically study propagation 

characteristics of surface plasmons supported by disordered nanowire 

metamaterials. The metamaterials are composed of disordered nanowires made of 

metal or semiconductor embedded into the dielectric material. In case of the 

semiconductor nanowires, it is possible to considerably improve the propagation 

characteristics of surface plasmons supported by the system, as compare to the 

metallic nanowires. 

Keywords: Optics at surfaces, metamaterials. 

1. Introduction  

Considering the metal and semiconductor losses in the calculations and by 

obtaining exact dispersion relations of modes, we theoretically study propagation and 

localization characteristics of surface plasmons supported by the disordered nanowire 

metamaterials. The metamaterials are composed of the metallic and semiconductor 

nanowires and dielectric (PbS).  

Surface plasmon polaritons (SPPs) offer a promising approach to overcome the 

diffraction limit of light and to enhance the miniaturization of devices [1]. SPPs have 

been an attractive and extensively studied topic in scientific community for its various 

unique features being highly desirable in fields such as highly integrated optical circuits, 

high sensitive biological sensing, enhancing light-matter interaction, and so on [2, 3]. 

Recent works include investigations on the generation, propagation, manipulation and 

detection of light, as well as light-matter interaction mediated by the excitation of SPPs 

in metal nanostructures [4, 5]. Specifically, SPPs are surface EM waves propagating 

along the dielectric-metal interface at optical frequencies [6]. Among metamaterial 
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structures supporting SPPs, one-dimensional metamaterials composed of alternating 

metal and dielectric layers are the simplest examples [7]. It is possible to treat the 

heterogeneous material as a homogenized effective medium, whereas local resonances 

cause exotic values of the effective medium parameters that are found in nature on rare 

occasions [8]. 

Since the emergence of the metamaterial research field, the disorder within 

artificially structured materials has been a subject of extensive discussions [9-11]. 

Metamaterial at optical frequency can be considered as a kind of man-made architecture 

material possessing unusual properties [12]. One of its remarkable features is that the 

equivalent permittivities on different directions differ from each other and can be varied 

by designing its structure elaborately [12]. It is worthwhile mentioning, that this 

property enhanced by the presence of the disorder promises that metamaterial may serve 

for SPP propagating with more flexible performances than conventional metal or 

ordered metamaterial. For instance, dealing with the photonic crystals, some disorder 

can dramatically degrade the reflection and transmission properties, which are based on 

constructive interferences. In contrast, metamaterial media, by taking benefit of strong 

localization effects is, in theory, not affected by a positional disorder as long as the 

coupling between these resonators can be avoided [13]. 

It has recently been shown that the metamaterial interface can support SPPs [14-

17]. However the limited number of studies examining the SPPs deals with the 

disordered metamaterial case. In this paper, considering the losses of metallic and 

semiconductor nanowires, we examine the propagation characteristics of the SPPs 

supported by the disordered nanowire metamaterials. Furthermore, we suggest optimal 

designs of these systems, which are capable of supporting long-range SPPs. To the best 

of our knowledge, the results presented here have not been reported elsewhere.  
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2. Dispersive relations and properties of the disordered metamaterials 

The structure of the metamaterial is shown in Fig.1, where parameters d and S 

represent the diameter of the metallic nanowire. All the involved media are 

nonmagnetic, so the magnetic permeability of every medium is the same as that of 

vacuum. In our numerical calculation, we use a metallic or semiconductor nanowire 

metamaterial structure as an example to explore the dispersive features of surface 

plasmon polaritons, where ( )
2

, 2

ω
ε ω ε

ω δω∞= −
+

pM

m s
i

. By means of effective medium 

approximation it is possible to evaluate the effective permittivities of the nanowire 

metamaterial which are described by the following equations:    

( ) ( )
( ) ( )

,

,

1 1

1 1

ε ρ ε ρ
ε ε

ε ρ ε ρ⊥

 + + −
=  

− + +  

M M

m s dM M

d M M

m s d

   (1) 

    ( )|| , 1ε ε ρ ε ρ= + −M M M M

m s d
   (2) 

 

Fig. 1. Fragment of the nanowire metamaterial bounded by the isotropic medium (a) and 

the corresponding unit cell (b) 

Here, subindex M refers to the metamaterial under consideration. Moreover, ρ is 

the metal fill fraction ratio which is defined as: 

ρ =
nanowire area

unit cell area
    (3) 
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A possible way to calculate the metal fill fraction (ρ) is to obtain values for pore 

diameter (d) and spacing (S) and apply the following equation ( )( )2 / 2 1ρ π= ⋅ +d S ht sr

with ht and sr1 being the geometrical parameters of the hexagon in case of irregularly 

positioned metamaterial (Fig. 1). 

It is worthwhile mentioning, that 

2 2
2 21 1 2

2 2 cos sin tan
2 4 1 2

θ
θ

    = + − + × −    
   

sr sr S
ht S S arc

sr
 (4) 

with θ being the disorder angle (Fig. 1). 

Under made assumptions, it is possible to derive the dispersion relation for the 

surface modes localized at the interface between two media with one being anisotropic. 

We evaluate the tangential components of the electric and magnetic fields at the 

interface and obtain a single surface mode with the propagation constant [18] 

( )( )
( )( )

1/2

,

,2

1

1

ε ε ε ε ρ ε ρ
β

ε ε ρ ε ρ
ε

 
 
 − + −
 = −

  − −
 + 
    

M M M

d d d m s d

M M M

d m s d

d

a
k

a
b

b

,   (5) 

Where k is an absolute value of wavevector in vacuum and β is the component 

of the wavevector parallel to the interface and ( ) ( ),1 1ε ρ ε ρ= − − +M M

d m s
a , 

( ) ( ),1 1ε ρ ε ρ= + − −M M

d m sb . 

3. Results and discussion 

In this section, we investigate SPs supported by the metal and semiconductor 

nanowire metamaterials presented in Fig. 1. In order to obtain a concise insight into the 

effect of the losses of the metal nanowires on the modes characteristics, we first 

consider the lossless case. Then, we revise the results by including the losses in the 

calculations. The parameters of silver are obtained by fitting this dielectric function to a 
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particular frequency range of bulk dielectric data [19]. It is found [20] that for silver, the 

values of 5ε∞ = , 9.5ω =p eV , 0.0987δ = eV give a reasonable fit to the bulk dielectric 

data.It is interesting to notice that heavily doped silicon (n>2.2×1019 cm-3) has been 

shown to exhibit metallic properties at terahertz frequencies [21, 22] and has the 

potential to replace metals in such applications [23]. The case of a heavy-doped Si is 

considered, assuming that the doping level is N=5×1019 cm-3 [24]. Figs. 2-4 show the 

dispersion curves of the disordered nanowire metamaterial. Although the graphs possess 

the similar outline with that of traditional metal-SPP, the dispersion curves for the 

disordered nanowires have some particularities that deserve further considerations. 

A. Lossless case 

In case the losses are ignored, the plot of Eq. 4 leads to the band structure that 

can be divided into allowed and forbidden regions. Panels 2 (a), (b) are plotted for 

different angle θ, i. e. for θ = 10 - 60°. The panel (a)  shows the dispersion of the 

nanowire metamaterial that is bounded with air and the panel (b) – with dielectric (ε=4).  

 

(a)                 (b) 

Fig. 2. The dispersion of SPs supported by the lossless metallic nanowire metamaterial 

bounded by air (a) and dielectric (b). The black dashed line show the light line. 

The allowed modes appear in a wide range of frequency for the specific values 

of the wavevector β as presented in panel 2 (a), (b). When the metamaterial is bounded 

with the air, the allowed band shrinks as it is depicted in panel 2 (a). As it is seen from 
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panels 2 (a), (b), by increasing the angle θ, the SPs supported by the system shifted to 

lower frequencies; the allowed bands shrink to the narrower regions. It should be 

mentioned that bands deviate significantly from the light line, and this departure is 

greater in case of the metamaterial bounded with dielectric. We remark that such 

dispersion curves exhibited similar behaviors of SPPs propagating along the ordered 

nanowire metamaterial interface. The asymptotic frequency is tuned by the value of θ, 

and the maximum value of tuning reaches to 1.6 GHz, if θ=10° and the metamaterial is 

bound with the dielectric. In the case of the disordered metamaterial, the amendment of 

θ is equivalent to change in ρ, resulting in the change of asymptotic frequency. For 

comparison, the dispersion relation of the ordered nanowire metamaterial (θ=60°) is 

also calculated, as shown in the cyan line in Figs. 2 (a), (b). We observe that the 

asymptotic frequency of the ordered structure (the cyan line) is lower than that of the 

disordered structure. 

B. Lossy case 

Up to now, we have completely ignored the effect of the losses, coming from 

Re(ε), in our analysis. In the case Im(ε) is involved in the calculations, the wavenumber 

takes the complex values, i. e. β β β′ ′′= + i , and therefore the wavenumber would be 

complex within the whole frequency region. Panels (a) and (b) of Fig. 3 show the 

dispersion diagrams and (c) and (d) the propagation length of the surface waves for both 

cases. While there are visible changes in dispersion curves, the most notable feature is 

the drastic enhancement of the propagation length as the angle θ is increased. 
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(a)                  (b) 

 

(c)                  (d) 

Fig. 3. The dispersion of SPs supported by the lossy metallic nanowire metamaterial 

bounded by air (a) and dielectric (b) along with the propagation lengths for different 

cases (panel (a) – air; panel (b) - dielectric); the black dashed line show the light line. 

As it is seen from panels (c), (d) of Fig. 3, Lp values of the SPs for θ=60° are 

considerably smaller than those of θ=10°. This means that when real losses are 

included, the nanowire metamaterial supports the SPs that are not as efficient as SPs of 

the disordered metamaterial. By efficient SPs we mean modes with large Lp. From these 

panels, it can be observed that by decreasing the angle θ from 60  to 10°, the frequency 

range in which the SPs are supported can be extended. Moreover, the propagation 

characteristics can also be improved.  

Since our goal is to obtain the nanowire metamaterial with the capability of 

supporting SPs with longer propagation length, for the results presented in Fig. 3 we 
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have replaced metal with the semiconductor. Figure 4 shows dispersion of the SPs in 

case of the semiconductor nanowire metamaterial.  

 

(a)                  (b) 

 

(c)                  (d) 

Fig. 4. The dispersion of SPs supported by the lossy semiconductor nanowire 

metamaterial bounded by air (a) and dielectric (b) along with the propagation lengths 

for different cases (panel (a) – air; panel (b) - dielectric); the black dashed line show the 

light line. 

It can be concluded that the semiconductor nanowire metamaterials support SPs 

with the longer propagation length. It is clear that the propagation length of 

semiconductor-SPPs is around 10 times longer than that of metal-SPP. Thus, the 

propagation loss of semiconductor-SPPs is much lower than that of metal-SPPs. 

Consequently, in some circumstances, using the disordered semiconductor nanowire 
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metamaterial structures would result in longer propagation length. And by adjusting the 

level of disorder (angle θ), the properties of SPP mode could be tuned. 

4. Conclusion 

The SPP guided by the disordered nanowire metamaterial was studied 

theoretically. The dispersion relation of the SPP was derived treating the metamaterial 

as an anisotropic material by the effective medium theory. It is revealed that 

semiconductor-SPPs have narrower frequency range than metal. As far as we are 

concerned, the oscillation of free electrons at the metal surface results with the surface 

plasmon. Naturally, the decrease of the number of free electrons would lead to the 

reduction of frequency range. The calculation results also revealed that the 

semiconductor-SPPs have larger propagation length compared with metal-SPPs. 

Therefore, at some specific frequency, semiconductors could be more favorable than 

metal in transmitting signals. Moreover, it should be noticed, that there is a room of 

possibilities to increase the propagation length of the modes up to two orders by 

replacing the metallic nanowires with the semiconductor ones. These disordered 

nanowire metamaterial structures are appropriate for feasibly designing disordered 

metamaterial, which are beneficial to guiding and sensing applications. 
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