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ABSTRACT:Graphene is a thin, light, flexible, mechanically strong material that is also optically transparent, 

electrically tunable, and extremely conductive when doped, because graphene has intrinsic plasmons that are 

programmable and adjustable, it opens up a world of possibilities for traditional plasmonics. Plasmonics 

provides an appealing solution to electronics' restrictions, which confine electromagnetic waves to the metal-

dielectric interface. The finite element analysis approach is used to investigate a graphene-based plasmonic 

waveguide on a flexible medium in this research. The waveguide is made out of graphene embedded in a 

polymer cladding that is UV curable and made of fluorinated acrylate polymer (ZPU12). Surface 

plasmonpolariton waves can be contained and propagated with negligible bending and radiation losses on 

curved Graphene surfaces embedded in ZPU12. This paper also investigates the properties of surface 

plasmonpolariton using mathematical computation. In addition, the influence of cladding material on the 

performance of graphene based plasmonic waveguide is investigated, using two different medium, air and 

ZPU12 are cross compared. 
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I. INTRODUCTION 
Graphene has become a subject of intense interest in the research community due to its unique 

properties [1]. Remarkable efforts have been made on the analysis on both electronic and optical properties. 

Graphene is a one-atom-thick two dimensional system with extraordinary optical and electrical properties that 

can be utilized in many potential applications [2, 3]. The outstanding property of graphene comes from its 

unique crystal structure. Additionally, graphene offers the advantage of tuneable surface plasmons at specific 

THz frequencies [4]. These features provide applications for the design of a variety of graphene-based optical 

waveguides, which have been demonstrated experimentally and theoretically [5]. Surface plasmons can 

propagate in the terahertz and infrared frequency bands because of their unique electric properties, which can be 

regulated by simply introducing an external magnetostatic or electrostatic field [6-8]. Surface Plasmons 

Polaritons (SPPs) on graphene have a number of benefits over traditional materials like silver or gold, including 

tunability, minimal losses, and extreme mode confinement [9, 10]. Several research publications have 

investigated the features of plasmons propagating over 2D graphene sheets and ribbons/strips and various 

configurations to improve their guiding qualities have already been presented [11, 12]. The capability to permit 

or prevent SPP propagation on these structures is a critical component of future plasmonic devices.  

Several works have been reported about the propagation of surface plasmon modes excited on different 

structures of graphene. Coupling of dipole emitter excitement at a varying frequency ranges from 10s of THz to 

few 100s of THz, which have been examined on different structures of graphene including film, nanoribbon and 

nanodisk. Koppens et al [13] showed the existence of surface plasmon with high energy and confinement for 

highly doped graphene. The generation of waveguide and edge modes was studied on graphene micro-ribbons 

as well as on an array of periodic graphene ribbons as a function of variation in the micro-ribbon width. It was 

demonstrated that the number of surface plasmon modes on graphene micro-ribbon increase with frequency as 

well as the width of the ribbon [14]. 

In this work, the properties of SPP waves on flexible graphene waveguide using ZPU 12 as dielectric 

medium were investigated. Plasmonic waveguides utilizing the features of low dimensional evanescent waves 
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provide the opportunity to confine light to sub-wavelength dimension. Graphene based plasmonic waveguide on 

flexible dielectric material (ZPU 12) explored using the finite element analysis. Their SPP characteristics have 

been cross-compared for different chemical doping of graphene. 

 

II. SIMULATION METHODOLOGY 
COMSOL Multiphysics is finite element analysis solver and simulation software for various physics 

and engineering applications. Graphene plasmonic devices can be design by 2D full-wave simulation as follows 

using RF interface of COMSOL Multiphysics. However, since graphene is a 2D material, graphene parameters 

including surface conductivity and SPP wave vector cannot use directly into the software. Instead, a special 

technique to model graphene in 2D simulation software environment is used, which was first introduced by 

Vakil and Engheta[15, 16]. 

 

III. RESULTS & DISCUSSION 
A. Strong confinement of SPP waves on graphene 

The propagation of SPPs on graphene is strongly dependent on the chemical potential. It has been 

shown that, for a sufficiently high Fermi level which can be achieved by increasing the chemical potential, the 

plasmon losses in graphene are very small [17]. Figure 1 shows permittivity of graphene varies as function of 

frequency. Parameters of free standing graphene, T = 300 K, Δ=1 nm, Γ = 3.3 meV are used. For lower 

chemical potential (μc= 0.246 eV), the real part of equivalent permittivity of graphene remains negative in the 

working frequency of SPP wave ranges from 20 to 80 THz .However, the frequency ranges from 20 to 250 THz 

in case of higher chemical potential(μc = 0.8 eV). Thus, with increase in chemical potential, SPP frequency 

range can be dramatically expand. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1:The real parts of equivalent permittivity for free standing graphene as function of input frequency. (a) 

μc = 0.246 eV, and (b) μc= 0.8 eV . 

 

Figure 2 shows the propagation length of SPP waves on free-standing graphene normalized by SPP 

wavelength. Parameters of free standing graphene, T = 300 K, Δ=1 nm, Γ = 3.3 meV are used. The propagation 

length of SPP wave on graphene with higher chemical potential (μc = 0.8 eV) can reach dozens of wavelength 

compare to lower chemical potential (μc = 0.2eV). Therefore graphene with higher chemical potential is more 

appropriate in case of propagation length. 
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Figure 2: The ratio of propagation length to the SPP wavelength for free standing graphene. (a) μc = 0.246 eV, 

and (b) μc= 0.8 eV. 

 
The lateral decay length of SPP waves on free-standing graphene shown in Figure 3. Parameters of free 

standing graphene, T = 300 K, Δ=1 nm, Γ = 3.3 meV are used. The SPP waves on graphene have very strong 

confinements. 

 

 

 

 

 
 
 

 
 

 

 

 

 

Figure 3: lateral decay length of free standing graphene. (a) μc = 0.246 eV, and (b)μc= 0.8 eV 

 

In addition, the SPP wave on graphene with lower chemical potential (μc= 0.2 eV) has the best 

confinement, with lateral decay length one or two orders better than that on the graphene surface with higher 

chemical potential (μc= 0.8 eV). Therefore graphene with lower chemical potential is more appropriate in case 

of confinement. All these simulated results shows good agreement with reference literature [18] indicates 

graphene material defined properly. 

 

B. SPP waves on free standing graphene surfaces 

Figure 4 shows propagation of electric field Ey of SPP waves propagating on straight free standing 

graphene without any damping. The parameter of graphene, Δ=1 nm, Γ = 3.3 meV, f=160 THz and μc= 0.8 eV 

are used. 

 
Figure 4: SPP waves on straight free standing graphene surfaces. 
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C. SPP waves on curved free standing graphene surfaces 

The curvature-induced radiative energy loss will affect the SPP propagation efficiencies and the 

attenuation of SPP wavenumber(kspp), a parameter closely related to the confinement of SPPs. Parameters of 

free standing graphene, T = 300 K, Δ=1 nm, Γ = 3.3 meV, f = 160 THz, and μc= 0.8 eV, are used. Scattering 

loss or the propagation efficiency is estimated by the distribution of tangent magnetic fields along the bending 

area. 

 

 
Figure 5: SPP waves on curved free standing graphene surfaces. (c) and (d) are zoomed image of (a) and (b) 

respectively. (a) , (c) curvature radii is 202.5 nm. (b),(d) radii is 81 nm. 

Figure5 shows, the SPP waves propagate efficiently on the air-graphene-air interfaces with different 

radii. However, the confinement of SPP waves is decreasing for lower bending radius. 

 
D. SPP properties of graphene embedded in ZPU12dielectric 

Figure 6 shows propagation of electric field Ey of SPP waves propagating on straight graphene 

embedded in ZPU12 dielectric without any damping. The parameter of graphene, f =150 THz, Δ=1 nm, Γ = 3.3 

meV, and μc= 0.8 eV are used. Compare to Air, better confinement of SPP waves is achieved in case of ZPU 

12. 

 

Figure 6:SPP waves on straight graphene waveguide using ZPU 12 as dielectric. 

 
Figure 7 shows dispersion curve for lower chemical potential (μc= 0.2 eV) and higher chemical 

potential (μc= 0.8 eV), when graphene surrounded by ZPU12 and Air as dielectric. 

 

Figure 8 shows propagation length as function of frequency, when graphene surrounded by ZPU12 and 

Air as dielectric. The propagation length increases, with increase in chemical potential. In addition, Air gives 

higher propagation length compared to ZPU12. 
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Figure 7:The Dispersion curve for the graphene embedded in ZPU12 (solid line) and Air (dashed 

line). μc= 0.2 eV (blue). μc= 0.8 eV (red). 
 

 
Figure 8: Comparison of the SPP properties on graphene, (a) the propagation length for the graphene 

embedded in ZPU12 (solid line) and Air (dashed line). μc=0.2 eV (blue). μc= 0.8 eV (red). (b) The ratio of 

propagation length to SPP wavelength for the graphene embedded in ZPU12 and Air. μc= 0.2 eV (pink) and μc= 

0.8 eV (red),when ZPU12 is used as dielectric. μc= 0.2 eV (blue) and μc= 0.8 eV (green),when Air is used as 

dielectric. 

 

Figure 9 shows, when propagation length is normalized by SPP wavelength, the normalized 

propagation length for ZPU12 is same as that of Air, since output frequency is higher in case of ZPU12 compare 

toAir. Figure 10 also shows lateral decay length as function of frequency, when graphene surrounded by ZPU12 

and Air as dielectric. The lateral decay length decreases, with decrease in chemical potential. In addition, 

ZPU12 gives lower decay length compared to Air. Thus ZPU12 will give higher confinement of SPP waves. 
 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 9: The lateral decay length for the graphene embedded in ZPU12 (solid line) and Air (dashed line). μc= 

0.2 eV (blue). μc= 0.8 eV (red). 
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Figure 10 shows power as function of input frequency, for both Air and ZPU12 as dielectric. Results 

shows maximum peak of output power is higher in case of ZPU12 compare to Air. Also, maximum peak of 

output power occur at lower resonant frequency in case of ZPU12 compare to Air. Figure 13 shows that power 

is increasing as chemical potential of graphene is increasing. 

 

 

 
Figure 11: The Power versus frequency plot for the graphene embedded in ZPU12 (solid line) and Air (dashed 

line). (a), (b), (c), (d), (e), (f), and (g) represents μc= 0.2 eV, μc= 0.3 eV, μc= 0.4 eV, μc= 0.5 eV, μc= 0.6 eV, 

μc= 0.7 eV, and μc= 0.8 eV respectively. 
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Figure 12: The Power versus frequency plot for the graphene embedded in ZPU12 (solid line) and Air (dashed 

line). μc= 0.2 eV (blue), μc= 0.4 eV (orange) , μc= 0.6 eV (green), and μc= 0.8 eV (red). 

 
E. Study of Graphene SPP in bending waveguides with ZPU12 dielectric 

Figure 13 shows propagation of tangential magnetic field of SPP waves propagating on curved 

graphene embedded in ZPU12 dielectric without any damping. The Curvature radius of graphene is 202.5 nm. 

The parameter of graphene, f =150 THz, Δ=1 nm, Γ = 3.3 meV, and μc= 0.8 eV are used. 

 
Figure 13: SPP waves on curved graphene layer embedded in ZPU12 dielectric. 
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Figure 14: SPP waves on curved graphene layer (length=753.98 nm) embedded in ZPU12 (a) curvature 

radius=∞, (b) curvature radius=119.9 nm, (c) curvature radius= 60 nm. 

 

 
Figure 15: SPP waves on curved graphene layer (length=753.98 nm) embedded in ZPU12 (a) curvature 

radius=∞, (b) curvature radius=119.9 nm, (c) curvature radius= 60 nm. 

 

Figure 14 and Figure 15 shows the propagations of SPP waves on graphene embedded in ZPU12, along 

arc surfaces with different radii but the same electrical length (larc=753.98 nm). The SPP wave on graphene can 

propagate through multi bend structure also. However the confinement of SPP waves reduces as bending radius 

are decreases. 
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IV. CONCLUSION 

In this study, the properties of SPP waves on flexible graphene waveguide using ZPU 12 as dielectric 

medium were investigated. Plasmonic waveguides utilizing the features of low dimensional evanescent waves 

provide the opportunity to confine light to sub-wavelength dimension. Graphene based plasmonic waveguide on 

flexible dielectric material; ZPU 12 is explored using the finite element analysis. Their SPP characteristics have 

been cross-compared for different chemical doping of graphene. The SPP characteristics of graphene for two 

different dielectric materials, i.e. Air and ZPU 12 have been cross-compared for different chemical doping of 

graphene. Compare to Air, ZPU 12 gives higher confinement, higher power in same propagation length. 

Flexible plasmonic waveguides opens the opportunity to high capacity photonic chips. Since ZPU 12 provides 

satisfying SPP properties, it can be served as the building block to construct flexible optoelectronic circuits with 

very small components such as swtiches, modulators, resonators and couplers. Together with graphene, ZPU 12 

can serve as promising dielectric material for flexible plasmonics. 
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