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Fig. 1. Cross section of the THz waveguides based
on three graphene-coated dielectric nanowires. The
black rings on the outside of the dielectric nanowires

are graphene.
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Fig. 2. The field distributions of the five modes when f = 35 THz, pg = p1 = 100 nm, p2 = 50 nm, d = 25 nm
and Er = 0.5 eV: (a)—(d) The five combinations; (e)—(i) the z-direction electric field distributions; (j)—(n) the

electric field intensity distributions.
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Fig. 3. Field distribution of the two lowest order modes of the THz waveguides based on single graphene-

coated dielectric nanowire: (a), (b) The z-direction electric field distributions; (c), (d) the electric field

intensity distributions.
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are the analytical solutions obtained by using the multipole method.
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Fig. 5. The distributions of the electric field of Mode 2 when the operating frequencies f are 31 THz (a), 36.5 THz
(b) and 39 THz (c), and the distributions of the electric field of Mode 5 when the operating frequencies f are 31
THz (d), 36.5 THz (e) and 39 THz (f) with pg = p1 = 100 nm, p2> = 50 nm, d = 25 nm and Er = 0.5 eV.
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Fig. 7. The distributions of the electric field of Mode 2 when the spacing d are 15 nm (a), 28 nm (b) and 45 nm
(c), and the distributions of the electric field of Mode 5 when the spacing d are 15 nm (d), 28 nm (e) and 45 nm (f)
with po = p1 = 100 nm, p2 = 50 nm, f = 35 THz and Er = 0.5 eV.
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the radius pa. The solid lines are numerical solutions obtained by FEM, the data points are analytical solutions

obtained by using the multipole method.
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Fig. 9. The distributions of the electric field of Mode 2 when the radius pz are 25 nm (a), 40 nm (b) and 70 nm (c)
with po = p1 = 100 nm, d = 25 nm, f = 35 THz and Er = 0.5 €V.
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Fig. 10. The dependencies of (a) the real part of the effective refractive index and (b) the propagation length on the

Fermi energy Er. The solid lines are numerical solutions obtained by FEM, the data points are analytical solutions

obtained by using the multipole method.
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Fig. 11. The distributions of the electric field of Mode 5 when the Fermi energy Ep are 0.4 €V (a), 0.9 eV (b) and
1.2 eV (c¢) with pp = p1 = 100 nm, d = 25 nm, f = 35 THz and p2 = 50 nm.
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Abstract

In this paper, the real parts of the effective refractive indexes and the propagating lengths of five low-order modes
of the terahertz waveguides based on three graphene-coated dielectric nanowires are analyzed by using the multipole
method. The formation of these five lowest order modes can be attributed to the five combinations between the two lowest
order modes supported when three nanowires exist alone. Therefore they are named Mode 1, Mode 2, Mode 3, Mode
4, and Mode 5 in sequence. The results show that the mode characteristics of the waveguide can be effectively tuned
by changing the operating frequency, the radius of the intermediate nanowire, the gap distance between the nanowires
and the Fermi energy of graphene. As the operating frequency increases from 30 THz to 40 THz, the real part of each
of the effective refractive indexes increases and the propagation length decreases, and the crossover phenomenon occurs
in the process of change. In addition, the real parts of the effective refractive indexes and the propagation lengths of
Modes 3 and 4 are basically the same. When the radius of the middle nanowire increases from 25 nm to 75 nm, the
real parts of the effective refractive indexes of Modes 1 and 2 increase, and the propagation length of Mode 1 decreases
and then increases. Besides the real parts of the effective refractive indexes and the propagation lengths of Modes 3
and 4 are basically not affected by the change of radius, and the values of these two modes are basically the same. For
Mode 5, the real part of the effective refractive index and propagation length slowly increase. When the spacing between
the nanowires increases from 10 nm to 50 nm, Modes 3 and 4 are basically unaffected by the change of spacing, and
the values of these two modes are basically the same. The real parts of the effective refractive indexes of the other
modes decrease and the propagation lengths increase and eventually stabilize, and the crossover phenomenon occurs in
the process of change. As the Fermi energy of graphene increases from 0.4 €V to 1.2 eV, the real part of the effective
refractive index decreases and the propagation length increases. The calculation shows that the result obtained by the
multipole method is exactly the same as that obtained by the finite element method. To date, no one has analyzed the
terahertz waveguides based on three graphene-coated dielectric nanowires. This work can provide a theoretical basis
for the design, fabrication and application of terahertz waveguide based on graphene-coated dielectric nanowires. Such

waveguides have potential applications in the field of mode-division multiplexing.
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