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Abstract: Herein we study theoretically surface plasmon polariton (SPP) wave propagation 

along the nanostructured graphene-based metamaterial/corrugated metal interface. We apply 

the effective medium approximation formalism aiming to physically model nanostructured 

metamaterial. The transfer matrix approach is applied to compute the dispersion relationship 

for SPP waves. It has been concluded that the groove width (a) and the chemical potential (µ) 

parameters have a dramatical impact aiming to engineer resonance surface plasmon frequencies 

of the propagation modes. Moreover, one can tune the bandgap corresponding to non-

propagation regime by modifying groove width parameter. The impact of the groove width (a) 

and the chemical potential (µ) on the propagation length was investigated. The present work 

may have potential applications in optical sensing in terahertz frequency range.  

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

The fundamental optical excitations that are confined to a metal/dielectric interface are the 

Surface Plasmon Polaritons (SPPs), as described by Ritchie [1]. SPPs can be referred to as 

electromagnetic excitations existing at an interface between two media, of which at least one is 

conducting [2]. Investigations of spoof-plasmons in a semiconductor is becoming an 

increasingly active area of research. As a matter of fact, the presence of surface waves was 

originally demonstrated either for dielectric materials placed over a metal surface or for the 

metallic surface with a periodic repetition of obstacles of holes in the direction of propagation 

[3-5]. However, these surface waves can also be excited replacing the metallic surface with the 

semiconductor one [6]. Spoof plasmons are bound electromagnetic (EM) waves at frequencies 

outside the plasmonic range mimicking (“spoofing”) surface plasmon polaritons (SPPs), which 

propagate on periodically corrugated metal surfaces [7]. 

Recently, an idea of engineering surface plasmons at lower frequencies was suggested. It 

was concluded in [8] that the existence of holes in the structure can lower the frequency of 

existing surface plasmons. Thus, by cutting holes or grooves in metal surfaces it is possible to 

take concepts such as highly localized waveguiding [9, 10] and superfocusing [11, 12] to lower 

frequencies, particularly to the THz regime [13], where plasmonics could enable near-field 

imaging and biosensing [14] with unprecedented sensitivity. 

In recent years, electromagnetic waves propagating at an interface between a metal and a 

dielectric have been of significant interest. An experimental study of propagation of a THz 

Zenneck surface wave on an aluminium sheet is presented in [15]. The properties of long-range 

SPPs are reviewed in [16]. It is shown in [17] that a simple waveguide, namely a bare metal 
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wire, can be used to transport terahertz pulses with virtually no dispersion, low attenuation, and 

with a remarkable structural simplicity. 

The advent of the graphene has given rise to the unprecedented progress in actively tunable 

microwave, terahertz, and optical devices and structures during the last decade [18-20]. 

Especially, we have seen significant progress in THz generation and detection over the last 

decade which leads to the surging demand for THz wave devices. Single-layer graphene 

demonstrates a dynamically changeable conductivity, permittivity, and impedance [21] while 

being one-atom thick and efficiently tunable by varying the chemical potential. Up to now, a 

single-layer uniformand patterned graphene [22-26] being the simplest case for experimental 

studies has opened wide avenues for many applications. Though, a high degree of freedom for 

tunable devices is provided by double-layer graphene [27] and graphene-dielectric multilayers 

[18,  28-31]. Doing so, in contrast to noble metals, graphene plasmonic resonances can be 

dynamically tuned through electrostatic biasing and enable a new generation of reconfigurable 

plasmonic devices. Among the new perspectives opened with graphene-dielectric multilayer 

structures, hyperbolic metamaterials [29, 32-37], tunable beam steering [31], and Tamm surface 

plasmons [30] stand out. In addition, it is worthwhile noting, that surface-plasmon-polaritons 

(SPPs) at the interfaces of nanostructured metamaterials containing graphene [38], tunable 

surface waves at the interface separating different graphene-dielectric hyperbolic metamaterials 

[39], and tunable perfect absorption at mid-infrared frequencies [40] are of the particular 

importance for the scientific community. It is worthwhile noting that dispersion of graphene-

dielectric metamaterials can be engineered by changing the Fermi energy, e.g., see Refs. [32, 

36]. 

Here, we propose the nanostructured graphene-based metamaterial/corrugated metal 

interface. We show that dispersion relation of SPPs can be adjusted by the shape of the textured 

grooves. Following the introduction, the remainder of this paper is structured as follows: 

Section 2 will describe the main building blocks comprising the system under consideration. In 

Section 3, the obtained results are discussed. Finally, in Section 4 conclusions are provided. 

 

2. Material properties and design 
The structure under consideration (Fig. 1) consists of two building blocks: grating made of Si 

( 12.25g   ) and a slab of graphene-dielectric metamaterial. The function of the first 

building block is creation of higher-order transmission channel(s). In such a case, the coupling 

of the incident waves differs for the two opposite interfaces. The main its function is to attain 

tunability by changing the state from dielectric to ENZ, and then to plasmonic one, by 

engineering µ [28]. 

 
Fig. 1. Geometry of structured metamaterial surface 

 

The effective-medium approach is applied aiming to describe the optical response of such a 

system. The former is justified if the wavelength of the radiation considered is much larger than 

the thickness of any layer. It is based on averaging the structure parameters. Hence, further in 
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this paper we consider the effective homogeneous media for the semi-infinite periodic 

structures. The effective permittivities are as follows [41]: 

mg mg md mdm

mg md

d d

d d

 






P                                                      (1) 

 mg md mg mdm

mg md md mg

d d

d d

 


 






,                          (2) 

where mg ,  
md  - are the permittivities of the graphene and dielectric layers correspondingly; 

mgd ,  
mdd  - are the thicknesses of the graphene and dielectric layers correspondingly.                                         

Matching the tangential components of the electrical and magnetic fields at the interface implies 

the dispersion relation for the surface modes localized at the boundary separating two 

anisotropic media [42]. We assume the permittivity  mg 
 
to be frequency dependent as the 

corresponding layer is represented by graphene. 

Within the random-phase approximation and without an external magnetic field, graphene may 

be regarded as isotropic and the surface conductivity can be written as follows [21, 43], 

 2 2/ /ie h i      , where ω, h, e, μ, τ is the frequency, Planck constant, charge of an 

electron, chemical potential (Fermi energy), and phenomenological scattering rate, 

respectively. The Fermi energy μ can be straightforwardly obtained from the carrier density n2D 

in a graphene sheet, 
2F Dhv n  , νF is the Fermi velocity of electrons. It should be 

mentioned, that one can electrically control the carrier density n2D by an applied gate voltage, 

thus leading to a voltage-controlled Fermi energy μ. Here we assumed that the electronic band 

structure of a graphene sheet is unaffected by the neighboring layers.  Thus, the effective 

permittivity εmg of graphene can be calculated as follows [44]: 01 /mg mgi d     , where ε0 

is the permittivity in the vacuum. 



 

Fig. 2. The influence of (a), Fermi energy μ, (b) thickness of dielectric dmd, and (c) number of 

graphene sheets N on the real part of || . N=1, dmd=10 nm in (a), N=1, μ=0.5eV in (b), and 

dmd=10, μ=0.5eV in (c). 

One can see that  ||Re   crosses zero at a frequency which depends on µ. For instance, this 

happens at 30 THz when µ=0.5 eV, and at 45 THz when µ=1 eV. Changing µ may drastically 

shift the spectral range of transition from the effectively plasmonic to the effectively dielectric 

state. Note that the gate positioning will be considered at the next steps. Generally, electrical 

gating of a multilayer graphene-dielectric metamaterial is a challenging task. One of possible 

gating schemes is presented in Ref. [28]. In Ref. [45], chemical doping has been used while 

preparing each graphene layer using CVD, instead of electrical gating. In Ref. [46], the double-

layer graphene has been experimentally gated, and the method was presented by the authors as 

the one being usable for the structures composed of a larger number of graphene monolayers. 

So, from a practical point of view, this approach can be utilized also in the case of graphene-

dielectric metamaterial containing finite number of graphene layers.  

In order to find the dielectric parameters of the effective medium describing gratings, 

consider a periodic assembly of parallel plates. The effective dielectric constants of such an 

assembly are as follows [47] 
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Here, d  is the permittivity of the surrounding media, Ag  - is the permittivity of silver. 

 



3. Results and discussion 
Herein, we present a simple example of polaritons in corrugated metal at THz frequencies. The 

wave vector k [48] is plotted as a function of the frequency aiming to illustrate the properties 

of SPPs. We deal with Ag case [49].  It is assumed that the structure is surrounded by silicon, 

i. e. Si ( 12.25g   ). 

Figure 3(a) depicts the dispersion curves of SPPs at the boundary metamaterial/structured 

surface with d=10 nm. It is of particular importance to investigate the impact of the period on 

the dispersion curves of SPPs. Doing so, three different groove widths a are considered. One 

may conclude from Figure 3, that the asymptotic frequency decreases with an increase in 

groove width. Figure 3(b) presents the losses of these SPPs as a function of frequency. It is 

worthwhile noting that the loss of SPPs is dramatically influenced by the increase in frequency. 

Besides that, it is of particular importance to note, that the forbidden region between the modes 

starts squeezing as presented in the Fig. 3(a) and the approach each other with the decrease of 

the groove width.  

 

(a) 



 
(b) 

Fig. 3. (a) Dispersion curves for SPPs. (b) Attenuation coefficients of SPPs, lattice constant 

d=10nm. 

It is of particular interest to analyze the effect of the lattice constant (d) on the dispersion of 

SPPs. The dispersion curves for SPPs at the boundary metamaterial/corrugated surface with 

different lattice constants d=5, 7, 10 nm, respectively are displayed in Figure 4(a). The groove 

parameter is a=2 nm for all cases. Figure 4(b) shows the losses of SPPs for three cases. It can 

be concluded from Figure 4(b), that a larger loss of SPPs for a given frequency takes place in 

case of a smaller lattice constant. One might conclude from Figure 4(b), that losses of the SPPs 

are drastically influenced by the lattice constant. For a given frequency, an increase of the lattice 

constant may cause a significant reduction of the loss of spoof SPPs. A low-loss THz 

waveguiding system is essential because of the need for a compact, reliable, and flexible THz 

system for various applications. 



 

(a) 

 
(b) 

Fig. 4. Dispersion curves (a) and attenuation coefficients (b) of SPPs for different lattice 

constants d=5, 7, 10 nm, respectively. Parameters of grooves: a=2 nm. 

The impact of the chemical potential on the propagating modes along metamaterial/corrugated 

metal interface is depicted in Figure 5. One may engineer the chemical potential µ of graphene 

by tuning the gate voltage or doping [44]. It is worthwhile noting, that the chemical potential 

has different values in these dispersion curves, i. e. µ=0.1 eV, µ=0.5 eV, µ=1 eV, µ=1.5 eV. It 

has been confirmed that the chemical potential has a dramatic impact modulating the modes. It 

should be noted that the resonance frequency for the modes increases with the increase of 

chemical potential.  



 

(a) 

 

(b) 

Fig. 5. Influence of chemical potential on the dispersion curves (a) and attenuation coefficients 

(b) of SPPs at nanostructure metamaterial interface with d=10 nm, a=0.4d. 



 

(a) 

 

(b) 

Fig. 6. Influence of groove width (a) and chemical potential (b) on the propagation length of 

surface wave modes as function of incidence frequency. 

Fig. 6 displays the propagation length 
 
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2Im
pL


  as a function of the incidence terahertz 

frequency ( 0.1 500THz   ) for different values of groove width (a = 0.4d; a=0.6d) and 

chemical potential (µ=0.1eV, 0.5eV, 1eV, 1.5eV). It is obvious that groove width (a) and the 

chemical potential (µ) play a significant role in modulation of the propagation length of the 

modes. The propagation length of the modes increases increasing groove width and chemical 



potential. It is of particular interest to mention that the propagation length profiles of the modes 

follow the exponential decay. The usage of graphene allows for the increase the propagation 

length of the modes compared to ordinary interface modes. 

Conclusion 

The nanostructured metamaterial interface is used to excite the SPP waves. The dispersion 

relationship is computed by implementing the effective medium theory and transfer matrix 

approach and the following conclusions can be drawn: 

 Surface wave modes propagate along the studied interface. 

 One may tune the bandgap corresponding to non-propagation regime by engineering 

the groove width or chemical potential of graphene. 

 The propagation length as a function of the terahertz frequency range is studied. It has 

been concluded that under appropriate parameters the propagation length can be 

modulated. The present method of surface wave modulation is quite simple in 

comparison with the corrugated structures [50]. 

 The proposed geometry can be used for optical sensing and wave propagation in the 

terahertz regime. 

Herein, we have considered a formalism to analyze SPPs at the metamaterial/corrugated metal 

interface. In comparison with the previous works, our approach enables us to investigate the 

metamaterial case since it takes into account the permittivity of the metamaterial expressed by 

the effective medium theory. We have analyzed the properties of the dispersion and loss of 

SPPs at the metamaterial/corrugated metal boundary at the THz frequency range. The groove 

width drastically affects the asymptotic frequency of SPPs. On the other hand, the loss of SPPs 

is sensitive to all parameters of the surface structure. However, the performance of low-loss 

propagation for spoof SPPs can be achieved by an optimum design of the surface structure. 
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