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1. Introduction
The interaction between light and matter and the control of light at nanometric
scales is one of the key advancements in nano-photonics, which has attracted
extensive research today. Under specific conditions, applying light at the
metal-dielectric interface generates collective oscillations of free electrons,
known as surface plasmons. Moreover, their strong interaction with light leads
to the formation of polaritons. Graphene, a two-dimensional material, has
recently been utilized as a plasmonic material from the terahertz to the infrared
spectral region. The excitation, propagation, and tunability of graphene
surface plasmons (GSPs) have been experimentally observed in the mid-
infrared frequency range. Compared to noble metals, graphene surface
plasmons can confine electromagnetic fields at subwavelength scales in the
mid-infrared spectral region. Due to these properties, graphene is considered
a suitable candidate for waveguides operating from the mid-infrared to the
terahertz regions. Graphene surface plasmon modes have been studied on
graphene sheets, graphene nanoribbons, graphene-coated nanowires, and
graphene groove/wedge structures. Graphene surface plasmons are
recognized as optimal materials for waveguides due to their strong light-
matter interactions, high field confinement, and tunable optical properties.
With the rapid advancement of microfabrication technologies and
computational tools, nano-photonics has been extensively explored for high-
speed data transmission and optical sensor detection. Leveraging these
features, graphene serves as a nanoscale waveguide in the infrared region. The
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integration of graphene with silicon-on-insulator waveguides enables the
development of graphene-based photonic devices, including waveguides,
sensors, filters, modulators, and other optical components. Recently,
numerous studies have investigated the propagation properties of symmetric
graphene-based plasmonic waveguides concerning dimensions, incident
frequency, and graphene Fermi energy. Mr. D. Tang and his colleagues
proposed a symmetric graphene plasmonic waveguide for optimal infrared
mid-spectrum wavelength guidance. They observed a performance factor
exceeding 400 and a normalized mode area of approximately (10-°) within the
graphene Fermi energy range of 0.4 to 0.6 eV and at a frequency of 30 THz.
Furthermore, a hybrid graphene-based plasmonic nano-waveguide was
recently introduced in the reference. The proposed structure consists of two
symmetric, circular cylinders of radius (R) made of potassium chloride (KCI)
surrounding a rectangular gallium arsenide (GaAs) substrate. The lateral
surfaces of both cylinders are covered with a single-layer graphene coating,
and the entire system is embedded in the silicon dioxide SiO; environment.
Their findings indicate a propagation length exceeding 4600 nm, a normalized
mode area of approximately (10°), and a performance factor close to 500 for
the proposed model.

2. Methodology
In this study, we aim to determine the propagation properties of modes,
including propagation length, performance factor, normalized mode area, and
the real part of the refractive index, using the COMSOL Multiphysics
simulation program.

3. Results and Discussion
Comparisons show that the proposed elliptical waveguide has the longest
propagation length and the smallest normalized mode area at a given
frequency and Fermi Energy compared to a similar circular waveguide. These
results indicate better performance and stronger light confinement in the
elliptical waveguide. Furthermore, analysis of the cited articles' graphs
suggests that increasing the minor axis effectively improves the waveguide
parameters. Therefore, the enhancement of elliptical waveguide parameters is
attributed to dimensional changes compared to a similar circular waveguide,
meaning the closer the shape is to an ellipse, the better the results. The
elliptical waveguide exhibits a longer propagation length compared to the
circular waveguide, which not only reduces losses but also increases data
transmission speed. Additionally, these waveguides have a smaller
normalized mode area than their circular counterparts, leading to stronger light
confinement and lower losses. Finally, based on simulation results, it was
observed that increasing the coefficient b leads to an extended propagation
length and a smaller normalized mode area. The EF graph demonstrates the
longest propagation length, confirming superior performance compared to
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circular waveguides. The Nr graphs indicate that the effective refractive index
increases as the coefficient b decreases. Ultimately, examining the FOM graph
for different values of g, H, and f reveals that at higher values of b, the FOM
is greater than in the case of b = a, highlighting the significant impact of
dimension changes in the elliptical direction on the proposed waveguide
structure.

4. Conclusion

The simulation results showed that in the mid-infrared region, the propagation
length exceeds 8000 nanometers, and the normalized mode area is on the order
of ~10%. The waveguide structure consists of two symmetric elliptical
cylinders covered with a single-layer graphene, with a high refractive index
layer on both sides. Key plasmonic parameters of the proposed waveguide,
including effective refractive index, propagation length, waveguide
performance factor, and normalized mode area, were analyzed based on
waveguide dimensions, incident wave frequency, and graphene Fermi energy
using the finite element method in the COMSOL Multiphysics software
within the frequency range of 20 to 40 terahertz. The results indicate that the
proposed waveguide outperforms similar structures.

Keywords: Plasmonic Waveguide, Graphene, COMSOL, Mid-infrared.
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(NefY), (b) the propagation length Lspp, (c) the performance factor FOM, and (d) the
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Fig. 4 Graph of changes in (a) the real part of the effective refractive index Real
(Neft), (b) the propagation length Lspp, (c¢) the performance coefficient FOM, and
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Fig. 5 Graph of changes in (a) real part of effective refractive index Real (Neff), (b)
propagation length Lspp,
(c) performance factor FOM and (d) normalized mode area AN as a function of f
(frequency) at a =30 nm and b = a, 3a, Sa.
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Fig. 6 Graph of changes in (a) the real part of the effective refractive index Real
(NefY), (b) the propagation length Lspp, (c¢) the performance coefficient FOM, and
(d) the normalized mode area AN in terms
of EF (Fermi energy) ata =30 nm and b = a, 3a, 5a

o () spptist I b () Real(Nefr) 3o callss oy b (i Sidm () Dl )l ged & S
b =a3a,5a ;a=30nm > (2 GSNEF cam s AN ol lonigs do a4 (o) sFOM. Skee

BL L§°J9 ngf‘juuLijoM)\:uﬁu\aﬂ?-Lj)L&b‘d}b Lsuwj,'.)' djvb.'_)ﬁ
S5 S by pama b 318wl Ol (S pesdly s o go iU (b O e L gl
f:':‘."‘\?.. du)bu‘)&oﬁ)LgM‘LgGTJbujS"L;Lfoﬂ}Jsg_ﬁ:b?-L)JYLI&‘JK}

Ly o dglin sl Ao L [ YA]C ool oot




VEA/VEE Sl FY ol a5l Il ol a1 ol (Ol 53,8 80 5 ol Lalidoad

e dlie 55 (oa b (6551 5 ol o 0l jlanips o 4 o 2087 5 Lazl Sl o i i V) (J9
ol s L (Gl o se)
Table 1. Comparison of the maximum propagation length and minimum normalized

mode area in terms of frequency and Fermi energy in a similar paper (circular
waveguide) with the present study.
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