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A kind of nested eccentric waveguide constructed with two cylindrical nanowires coated with graphene was designed.
The mode characteristics of this waveguide were studied using the multipole method. It was found that the three lowest
modes (mode 0, mode 1 and mode 2) can be combined by the zero-order mode or/and the first-order modes of two single
nanowires. Mode 0 has a higher figure of merit and the best performance among these modes within the parameter range
of interest. The mode characteristics can be adjusted by changing the parameters of the waveguide. For example, the
propagation length will be increased when the operating wavelength, the minimum spacing between the inner and outer
cylinders, the inner cylinder radius and the Fermi energy are increased. However, when the outer cylinder radius, the
dielectric constants of region I, or the dielectric constants of region III are increased, the opposite effect can be seen. These
results are consistent with the results obtained using the finite element method (FEM). The waveguide structure designed
in this paper is easy to fabricate and can be applied to the field of micro/nano sensing.

Keywords: graphene, nanowire, waveguide, multipole method
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1. Introduction

Surface plasmon waveguides (SPWs) are a new type
of waveguide, which uses surface plasmon polaritons
(SPPs)!! to guide the transmission of electromagnetic waves.
The main materials used in SPWs are noble metals,?!
semiconductors,?! graphene,[*! etc. The size of these waveg-
uides is in micron or nanometer scale, and they are ex-
pected to be widely used in highly integrated photonic
chipsP! and in the field of sensing.!®) Graphene is a new
type of two-dimensional material, which has been applied
in many fields."! Compared to conventional metal mate-
rials (e.g., silver and gold), graphene has desirable prop-
erties, such as tunability, extreme confinement, crystallinity
and low loss. Because of these unique properties, graphene
has been recently proposed as a platform for plasmon
waveguiding from THz to infrared frequencies.!'’! By coat-

ILI21 o multi-layer(!3-13]

ing single! graphene on the sur-
face of dielectrics, strip,“6‘18] circular,[!1-12] ellipticallw] and
hybrid[2*-261 SPWs can be formed. On this basis, parallel

SPWs can be constructed. 2729

The nested surface plasmon waveguide coated with
In 2015, Yang et al. de-
signed a circular dielectric nanowire waveguide coated with

graphene is a research hotspot.

two layers of graphene,!!3! which can be regarded as a coaxial
waveguide formed by embedding one graphene-coated dielec-
tric nanowire into the axis of the other. By solving the disper-
sion equation, it is found that the Fermi energy of graphene,
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the distance between the two layers of graphene and the ra-
dius of the waveguide can affect the behavior of the modes
supported by the waveguide. The nested surface plasmon
waveguide designed by Liu ef al. in 2017 can be regarded as
a coaxial waveguide formed by embedding a graphene-coated
cylindrical silicon nanowire into the axis of another graphene-
coated cylindrical silicon dioxide nanowire.l'*! The results
show that the fundamental mode supported by the waveguide
has a longer propagation distance and a smaller mode area.
In 2017, Xing et al. designed a circular dielectric nanowire
waveguide coated with multilayer graphene,!'>! which can be
regarded as a coaxial waveguide formed by embedding mul-
tiple graphene-coated dielectric nanowires with a gradually
decreasing radius into the axis of graphene-coated dielectric
The results show that the

waveguide has a strong ability to confine the field, and the

nanowires with a larger radius.

mode characteristics can be adjusted by the chemical poten-
tial of graphene. In 2019, Cheng et al. designed a graphene
coated confocal elliptical dielectric nanowire waveguide,!'”!
which can be regarded as a waveguide formed by embedding
one elliptical dielectric nanowire into another and keeping the
two elliptical dielectric nanowires confocal. The results show
that, compared with the elliptical dielectric nanowire waveg-
uide coated with single-layer graphene, this kind of waveguide
has better mode performance and a wider adjustable range.
Since a common feature of the above waveguides is that the
embedded waveguide and parent waveguide have the same

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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axis of symmetry, the components of the field can be expanded
in the same coordinate system when studying the mode char-
acteristics. Based on the boundary conditions, the dispersion
equation is obtained, and then the effective refractive index
and field distribution are obtained. If the embedded waveguide
is eccentric, this method will not work and the mode charac-
teristics of the waveguide will not be obtained.

In this paper, the mode characteristics of a kind of
graphene-coated cylindrical dielectric nanowire waveguide
embedded with eccentric cylindrical dielectric nanowire are
studied using the multipole method.*°! This method can ef-
fectively overcome the difficulties mentioned above. To verify
the obtained results, the FEM method is used. This paper is
structured as follows. Section 2 gives the theoretical model.
Section 3 presents the result and discussion. The last section
is the conclusion.

2. Theoretical model

The waveguide structure designed in this paper is shown
in Fig. 1. It consists of a circular parent dielectric nanowire
(wire 2) with a radius of pyg and a circular embedded dielec-
tric nanowire (wire 1) with a radius of pjg. Wire 1 and wire
2 are eccentric. The minimum spacing between the outer sur-
face of wire 1 and the inner surface of wire 2 is s. Suppose
that the dielectric constant of wire 1 is & (region I), wire 2
is & (region II) and the background is & (region III). The
surface of wire 1 and wire 2 is coated with a single layer of
graphene. The conductivity of graphene, o,, has been com-
puted within the random-phase approximation.3!! This kind
of waveguide structure may be successfully fabricated using
the preform-drawing method®?! and chemical vapor deposi-
tion (CVD) method.3?!

Fig. 1. Crosssection of the waveguide composed of one circular parent di-
electric nanowire coated with graphene and one circular embedded dielectric
nanowire coated with graphene.

As shown in Fig. 1, the rectangular coordinate system o;-
x1y1z1 and the cylindrical coordinate system o1-p1@;z; are es-
tablished with the symmetrical center of wire 1 as the coor-
dinate origin. The rectangular coordinate system o02-x2y222,
o0-xyz and the cylindrical coordinate system o0;-p2¢»zo are es-
tablished with the symmetrical center of wire 2 as the coordi-
nate origin. According to the multipole method, %! assuming
that wire 1 and wire 2 exist separately, the E, and H, fields
inside and outside the wire are distributed as follows in their
respective coordinate systems:

Inside wire 1:

Eq1(p1,91) = iAmIm(MlPl)COS(WPl)
m=0

+ Y A (A1 p1) sin(méy), (D

m=1

Ha1(p1,91) = ) Buln(A11p1) cos(méy)

m=0

+ Y By Ln(A11p1)sin(mey). )

m=1

=

Outside wire 1:

E.2(p1,¢1) = CnKn(A12p1) cos(méy)

|
3
L0-1s

CrKn(M12p1)sin(mér),  (3)

Jr
i ek

1

Dme(AIZPI ) COS(m(Pl )

M .

H.2(p1,¢1) =
0

+ Y D, Kn(Aapi)sin(mey).  (4)
m=1

3
Il

Inside wire 2:

=

Ep1(p2,02) = ) Enln(A21p2)cos(mes)

m=0

=

+ Z E,Inlm(lzlpz) sin(m¢2), (5)
m=1
Ho1(p2,82) = ) Fuln(A2102) cos(mes)
m=0
+ Y Fulu(A21p2)sin(m¢a).  (6)
m=1

Outside wire 2:
Ea(p2.02) = Y. GuKn(Arap2) cos(ongs)
+ i Gy Kin(A2p2) sin(men),  (7)
Hoo (P2, 62) = i HyKin(A22p2) cos(m¢r)

+ Y H, Ku(Anpo)sin(més).  (8)

m=1
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Here, I, and K, are m-order Bessel functions, A, A, By, Bl
Cn, C’ , Dy, D , En, E,’n, Ea, F,:l, Gy G,’n, H,,, and H,’n are un-
determined coefficients of order m, A1 = /B2 — @%& & o,
A2 = /B2 — 0’8y, Ay = /B?—w’eeuy, An =
vV B? — o?&3& 0.

Based on the principle of field superposition, the distribu-
tions of E, and H, fields in regions I, II, and III are as follows:

(Ei=Ez1(p1,91) + E21(p2,¢2), ©)
(Ho)1 = Hz1(p1,91) + Hai (P2, 92), (10)
(E))u = Ez2(p1,01) +E21(p2, ¢2), (11)
(Ho)u = Ha2(p1,91) + Ho1(p2, 92), (12)
(E2)m = E22(p2,92) + Ez12(p1, 91), (13)
(Hy)m = Hpo(p2,$2) + Hzi2(p1, 91)- (14)

Based on the relationship between the transverse compo-
nent and longitudinal component of the fields,**! the distri-
bution of transverse fields (E¢)I, (Hq,)], (E¢)H, (H¢)H, (E¢)HI
and (Hy )iy in regions I, IT and III can be obtained. For exam-
ple,

(Eq;)l l121{ < Jpl?> [’ri mA Ly, (A11p1) sin(may)

=0

+ Z mA, Ly (A11p1) cos(me; )

m=1

+88¢1 ’goEmIm(lzlpz)COS(m%)

m=1

Ly E,§11m(/121P2)Sin(m¢2)H

m=0

+(jouo) [ZM]BmI (A11p1)cos(méy)

+ Z By, I, (A1p1) sin(mey )
m=1

0

api

i F.1, (121 pz) COS(mq)z)
m=0

+ i Fpln(A21p2) Sin(md)z)H } (15)

m=1

This is different to Graf’s addition theory used in reference, 3!

and the derivative involved in the above formula can be ob-

tained using the following formula: (333!
oy(p2,02) _ OW(p2,92) . . OV(p2,¢2) £
P+ , (16
Ip1 9p2 p2- P 290, $2-p1, (16)
oW(p2,¢2) _ dy(p2,2) o 4 9w(pz,¢z) s 5
= O+ ———=—=0 0. (17
P19 I o p29¢2 G201 (7D

Here, p; and ¢; are the transverse unit vectors of coordi-
nates in the cylindrical coordinate system o—p; @121, P2, and ¢»
are the transverse unit vectors of coordinates in the cylindrical
coordinate system o—pP2¢»2>.

Graphene is regarded as a material with zero thickness
and conductivity 0y. At the interface of regions I, Il and III, the
following relation of the boundary value of tangential fields

can be applied:
(EZ)I|P1=PIO = (EZ)H‘P1=P107 (18)
(E2)utlpy=py = (E2)1it|py=pao (19)
(Eo)tlpi=pio = (Eg)1tlp1=pip; (20)
(E¢)I |p2 =p20 — (E¢)Hl|pz P20 @1
(H2)tlp1=p1o = (H2)ulpy=pio = 0e(E¢)1lp1=pio; (22)
(HZ)H|P2=P20 - (HZ)IH|92=P20 = 0-g(E(I))H|P2=P20’ (23)
(H¢)I|P1:P10 - (H¢)II|P1:P10 = _Gg(EZ)Ilprlo’ (24
(Ho)1tlpy=pry = (Ho )1ttlpy=psy = =g (Ex)uilpy=ps-  (25)

According to Egs. (18)—(25), a set of linear algebraic
equations can be obtained by using the point by point match-
ing method®”! on the interface:

) o+ amn(0,15) [A]

am,,(0,0) amn(071
1 1) amn(l,IS) [A/]

amn(lvo) ( ) =0. (206)

amn(7,0) am,,(770) amn(7,15) [H']

Here, [A] is a column vector composed of undetermined coef-
ficients Ag, A1, ..., and A,,. [A'], ..., and [H'], etc. am,(i, ) is
a submatrix of m X n; for example,

amn(0,0) :Im(lllplo) COS(m¢1n). (27)

The linear algebraic Eq. (26) is solved by our own Fortran
90 program. The distribution of field, the real part Re(ne)
and the imaginary part Im(ncg) of the effective refractive in-
dex of each mode can be obtained. The propagation length is
given by the formula Lyop = A /[47Im (negr)]. 283! The figure
of merit is given by FoM = Re(nefr) /Tm(neg),!**! which can
be used to characterize the transmission performance of the

waveguide.

3. Results and discussion
3.1. Classification of modes

Table 1 shows the combination of the three lowest-order
modes supported by the waveguide, the distribution of the
electric field component in the z direction and the distribution
of the electric field intensity under the conditions of A =7 pum,
E:=0.5¢eV, pio
& = 2.1025, and &3 = 1.0. The three modes are named mode

=75 nm, ppo = 150 nm, s =20 nm, & = 1.0,

0, mode 1 and mode 2 in turn. Mode 0 is combined by zero-
order modes of the two single rods, and the electric field is
mainly distributed in the gap region between the two layers
of graphene on the right side of the waveguide. Mode 1 and
mode 2 are combined by the first-order modes of two single
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rods. The z component of the electric field of mode 1 is anti-
symmetric about the horizontal axis, and the z component of
the electric field of mode 2 is symmetric about the horizontal
axis.

Table 1. The combination of the three lowest-order modes supported by the
waveguide, the distribution of the electric field component in the z direc-
tion and the distribution of the electric field intensity under the conditions of
A =7 um, Ef =0.5 eV, pjop =75 nm, pyg = 150 nm, s = 20 nm, & = 1.0,
& =2.1025, and & = 1.0.

Mode name Combination of modes E, |E|

Mode 0 Q + 9 //))
Mode 1 @ @ ’/r/))

w @@ [ K

3.2. Influence of working wavelength on transmission
characteristics

Setting Er = 0.5 eV, pjo =75 nm, pyo = 150 nm, s =
20 nm, & = 1.0, & = 2.1025, and & = 1.0, the relationship
between Re(7fr), Lprop, and FoM of the three lowest-order
modes and the working wavelength A is shown in Figs. 2(a)—
2(c). In these figures, the solid line is the result obtained using
the FEM method, and the solid point line is the result obtained
using the multipole method. If there is no special explana-
tion, this marking method will be used in the following. With
typical parameters, the conductivity of graphene varies greatly
in the frequency range of 10 THz-100 THz, especially in the
range of 40 THz-50 THz, and the corresponding wavelength
range is about 6 um-8 um.*°! When the operating wavelength
increases from 6.00 um to 8.00 wm, the Re(nefr)-curves of
the three lowest-order modes decrease monotonously and the
distance between these curves increases. The Lyyop-curves in-
crease monotonically. The Lyp-curve of mode 2 intersects
with the Lyop-curve of mode 0 at 7.00 um, and intersects with
the Lyrop-curve of mode 1 at 7.00 um. The FoM-curve cor-
responding to mode 0 increases gradually, and the FoM value
of mode 1 and mode 2 reaches a peak at 7.0 um and then de-
creases gradually. In the selected parameter range, mode O
has the highest figure of merit and the best performance. The
two embedded graphs in Fig. 2(b) show the field distribution
of mode 0 when the operating wavelengths are 6.0 um and
8.0 pm. Comparing the two embedded graphs, we can see that
when the wavelength is short, the field distribution is mainly
concentrated near the inner and outer graphene layers, and the
electric field intensity is the largest near the inner graphene
layer, and the interaction between the field and graphene is

the largest. In addition, the waveguide loss is larger and the
propagation length is shorter. When the wavelength is longer,
the electric field diffuses to the dielectric layer between the
two layers of graphene, the confinement of the waveguide to
the field is weakened, the loss is reduced and the propagation
length is longer.

70
(a)
60 _\‘\’\‘\’\‘\
E 50
5]
~
401 ——Mode 0
| ——Mode 1
——Mode 2
3%.0 6.5 7.0 7.5 8.0
Wavelength (pm)
1.4
(b)
1.2
g
=
& 1.0f
=1
~
0.8~ Mode 0
—— Mode 1
| ~~Mode2 ., ., .
6.0 6.5 7.0 7.5 8.0
Wavelength (pm)
120
()
110 m
L —e— Mode 1
s —a— Mode 2
s 100
&3
90 -
-/‘,/_A—* A A A A—a— o |
80 1 1 1 1 1 1 1
6.0 6.5 7.0 7.5 8.0

Wavelength (pm)

Fig. 2. The relationship between Re(refr), Lprop, and FoM of the three lowest-
order modes and the working wavelength A when Ef = 0.5 eV, pjp = 75 nm,
P20 = 150 nm, s =20 nm, & = 1.0, & =2.1025, and &3 = 1.0.

3.3. Influence of the radius of wire 1 on transmission char-
acteristics

Setting A =7 um, Er = 0.5 eV, pyo = 150 nm, s = 20 nm,
€ = 1.0, & =2.1025, and &3 = 1.0, the relationship between
Re(eft), Lprop and FoM of the three lowest-order modes and
the radius pjo of wire 1 is shown in Figs. 3(a)-3(c). As the
radius of the inner wire pj¢ increases gradually, the real part
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65
 (a)
60;——p——r——&——l——'~—'~“'——‘~_‘~——
551
= sof
<
= L
s 45F
I —=— Mode 0
40r —— Mode 1
3 —— Mode 2
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1.15
(b) —s— Mode 0
L —— Mode 1
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=
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QE. | ™~
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Radius of wire 1 (nm)
120 ©
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100
z
=
90
80 —=— Mode 0
—— Mode 1
—— Mode 2
7%0 60 70 80 90 100

Radius of wire 1 (nm)

Fig. 3. The relationship between Re(iefr), Lprop, and FoM of the three lowest-
order modes and the radius pyo of wire 1 when A = 7.0 um, E¢ = 0.5 eV,
P20 = 150 nm, s =20 nm, &; = 1.0, & =2.1025, and &3 = 1.0.

of the effective refractive index Re(nes) of mode 0, mode 1
and mode 2 increase monotonically. The Ly, of mode 0 and
mode 1 increase slowly and monotonically, while the Lyqp
of mode 2 increases gradually at first, reaches maximum at
65 nm, and then decreases gradually. In the selected parame-
ter range, mode 0 has the highest figure of merit and the best
performance. The three embedded graphs in Fig. 3(b) show
the field distribution of mode 2 when the radius of the in-
ner wire pjo is 50 nm, 65 nm, and 100 nm. Comparing the
three embedded graphs, we can see that when pjp = 50 nm,
the field is widely distributed on the inner and outer graphene
layers, and the interaction between the field and graphene is
large. In addition, the waveguide loss is large and the propa-
gation length is short. When pjg increases gradually, the field
shifts to the right side of the waveguide and gradually concen-

trates to the region between the two layers of graphene. When
p1o = 65 nm, the field distribution decreases, the field inten-
sity is not very strong and the interaction between the field and
graphene is the smallest. Furthermore, the waveguide loss is
the smallest and the propagation length is the longest. When
p1o = 100 nm, the field is mainly concentrated between the
inner and outer graphene layers on the right side of the waveg-
uide. The field intensity is higher and the interaction between
the field and graphene becomes larger. In addition, the waveg-
uide loss becomes larger and the propagation length becomes
shorter.

70

(a)

6of ——— e . ]

Re (o)

—— Mode 0
40+ —— Mode 1
—— Mode 2

100 ‘ 120 ‘ 140 ‘ 160 ‘ 180 ‘ 200

Radius of wire 2 (nm)

(b)

1.05F

)

N\

Lprop (”m)

—=— Mode 0
[ —e— Mode 1
—— Mode 2
1- n 1 n 1 n 1 n 1 n

0?00 120 140 160 180 200

Radius of wire 2 (nm)

130
125 ()
120:
115}
110
105}
100f
95
90f
85F—=— Mode 0
[—— Mode 1
iO :—*—. Molde 2 ) ) ) ) ) )
200 120 140 160 180 200

Radius of wire 2 (nm)

FoM

Fig. 4. The dependence of Re(nefr), Lprop, and FoM of the three lowest-
order modes on the radius pyg of wire 2 when A = 7.0 pm, Er = 0.5 eV,
p1o =75nm, s =20 nm, & = 1.0, & =2.1025, and & = 1.0.

3.4. Influence of the radius of wire 2 on transmission char-
acteristics

Setting A =7 um, Er = 0.5 eV, pjo = 75 nm, s = 20 nm,
g = 1.0, & = 2.1025, and & = 1.0, the dependence of
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Re(7eft), Lprop, and FoM of the three lowest-order modes on
the radius pyp of wire 2 is shown in Figs. 4(a)—4(c). When
the radius pyo of the outer wire is increased, the real part of
the effective index of mode 0, mode 1 and mode 2 monotoni-
cally decreases, and the distance between the curves increases.
The propagation length of the three modes decreases slowly,
but the change is not significant. In the selected parameter
range, mode 0 has the highest figure of merit and the best per-
formance. The two images embedded in Fig. 4(b) show the
field distribution map corresponding to mode 0 when pyg is
100 nm and 200 nm, respectively. Comparing the two embed-
ded images, we can see that the field is concentrated in the
area near the inner and outer graphene layers on the right side
of the waveguide. When p>p = 100 nm, the distribution range
of the field is large, but the intensity of the field is weak. When
P20 = 200 nm, the distribution range of the field is small, but
the intensity of the field is strong. In both cases, the interaction
strength between the field and graphene is close, the waveg-

uide loss is close and the propagation length is also close.

3.5. Influence of the minimum spacing on transmission
characteristics

Setting A =7 um, Ef = 0.5 eV, pjg =75 nm, pyy =
150 nm, & = 1.0, & = 2.1025, and & = 1.0, the dependence
of Re(negr), Lprop, and FoM of the three lowest-order modes on
the minimum spacing between the inner and outer cylinders s
are shown in Figs. 5(a)-5(c). Increasing the minimum spacing
between the inner and outer cylinders, the real part of the effec-
tive index of the three modes monotonically decreases, and the
spacing between the curves becomes smaller. The propagation
lengths of the three modes increase monotonously, the curve
corresponding to mode 0 increases faster than that correspond-
ing to mode 1, and the curve corresponding to mode 2 inter-
sects with the other two curves. The transmission performance
of mode 0 and mode 1 decreases, while the transmission per-
formance of mode 2 is almost unaffected. The two embedded
images in Fig. 5(b) show that the field distribution of mode 0O
corresponding to s is 10 nm and 30 nm, respectively. Compar-
ing the two embedded images, we can see that when the min-
imum spacing between the inner and outer cylinders is small,
the area of field distribution is small, the field intensity is high,
the confinement of the waveguide to the field is strong, the in-
teraction between the field and graphene is strong, the waveg-
uide loss is large and the propagation length is short. When
the minimum spacing between the inner and outer cylinders is
large, the area of field distribution is large, the field strength is
weak, the confinement of the waveguide to the field is weak,
the interaction between the field and graphene is weak, the

waveguide loss is small and the propagation length is long.
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Fig. 5. The dependence of Re(7f), Lprop, and FoM of the three lowest-order
modes on the minimum spacing between the inner and outer cylinders s when
A =170, Er=0.5¢eV, pjo =75 nm, pyo = 150 nm, & = 1.0, & =2.1025
and & = 1.0.

3.6. Influence of the Fermi energy on transmission charac-
teristics

Setting A = 7 pm, pjp = 75 nm, py = 150 nm,
s =20 nm, & = 1.0, & = 2.1025, and & = 1.0, the de-
pendence of Re(nefr), Lprop, and FoM of the three lowest-
order modes on the Fermi energy Ef is shown in Figs. 6(a)—
6(c).
tive refractive index of the three lowest-order modes de-

With the increase in Ef, the real part of the effec-

creases monotonously, the confinement of the waveguide
to the field decreases, the interaction between the field and
graphene weakens, the loss decreases and the propaga-
tion length increases. In this changing process, the prop-
agation length of the three modes shows little difference.

When the Fermi energy of graphene increases from 0.2 eV
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Fig. 6. The dependence of Re(reft), Lprop, and FoM of the three lowestorder
modes on the Fermi energy Er when A =7.0 um, pjp = 75 nm, pop = 150 nm,
s=20nm, & = 1.0, & = 2.1025, and & = 1.0.

to 0.8 eV, the propagation length of mode 2 will gradually ex-
ceed the other two modes. Mode 0 always leads the other two
modes with a higher figure of merit. By adjusting the Fermi
level of graphene, the mode transmission performance can be
improved obviously. The two embedded images in Fig. 6(b)
show the field distribution of mode O when Er is 0.2 eV and
0.8 eV, respectively. Comparing the two embedded images,
we can see that when the Fermi energy of graphene is small,
the field distribution is mainly confined to the inner and outer
graphene layers, the intensity of the field on the graphene is
high, the confinement of the waveguide to the field is strong,
the interaction between the field and graphene is strong, the
waveguide loss is large and the propagation length is short.
When the Fermi energy of graphene is large, the field diffuses

to the dielectric layer between the two layers of graphene, the
field strength on the graphene is weak, the confinement of the
waveguide to the field is weak, the interaction between the
field and graphene is weak, the waveguide loss is small and
the propagation length is long.
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Fig. 7. The dependence of Re(nefr), Lyrop and FoM of the three lowestorder
modes on the dielectric constant of region I € when A =7.0 um, E;y=0.5¢V,
P10 =75 nm, ppo = 150 nm, s = 20 nm, & = 2.1025, and &5 = 1.0.

3.7. Influence of the dielectric constant of region I on
transmission characteristics

Setting A =7 um, Er = 0.5 eV, pjg = 75 nm, pyy =
150 nm, s = 20 nm, & = 2.1025, and & = 1.0, the depen-
dence of Re(negt), Lprop, and FoM of the three lowest-order
modes on the dielectric constant of region I & is shown in
Figs. 7(a)-7(c). With the increase in €1, the real parts of the
effective refractive index of the three lowest-order modes in-
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crease monotonically, the confinement of the waveguide to the
field becomes stronger, the interaction between the field and
graphene becomes stronger, the loss increases, the propaga-
tion length decreases monotonously and the quality factor of
the mode decreases gradually. The two embedded images in
Fig. 7(b) show the field distribution of mode 0 when ¢ is 1.0
and 3.0, respectively. Comparing the two embedded images,
we can see that when the dielectric constant of region I is
small, the field intensity, the confinement of the waveguide to
the field and the interaction between the field and graphene are
weak. In addition, the waveguide loss is small and the propa-
gation length is long. In contrast, when the dielectric constant
of region I is large, the field intensity, the confinement of the
waveguide to the field and the interaction between the field
and graphene are strong, the waveguide loss is large and the
propagation length is short.
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Fig. 8. The dependence of Re(negr), Lprop, and FoM of the three lowest-
order modes on the dielectric constant of region III &3 when A = 7.0 pm,
Ef = 0.5 eV, pjo =75 nm, pyo = 150 nm, s = 20 nm, & = 1.0, and
& =2.1025.

3.8. Influence of the dielectric constant of region III on
transmission characteristics

Setting A = 7 um, Ef = 0.5 eV, pjg = 75 nm, pyy =
150 nm, s = 20 nm, & = 1.0, and & = 2.1025, the depen-
dence of Re(nefr), Lprop, and FoM of the three lowest-order
modes on the dielectric constant of region III & is shown
in Figs. 8(a)-8(c). Increasing &3, the real parts of the effec-
tive refractive index of the three lowest-order modes increase
monotonically, and the confinement of the waveguide to the
field becomes stronger. The interaction between the field and
graphene becomes stronger, the loss increases, the propaga-
tion length decreases monotonously, and the figure of merit of
the mode decreases gradually. The two embedded images in
Fig. 8(b) show the field distribution of mode 0 when &3 is 1.0
and 3.0, respectively. Comparing the two embedded images,
we can see that when the dielectric constant of region III is
small, the intensity of the field is weak, the confinement of
the waveguide to the field is weak, the interaction between the
field and graphene is weak, the waveguide loss is small and
the propagation length is long. When the permittivity of re-
gion III is large, the field intensity is strong, the confinement
of the waveguide to the field is strong, the interaction between
the field and graphene is strong, the waveguide loss is large
and the propagation length is short.

4. Conclusion

The multipole method can effectively solve the mode
problem of the graphene coated nested dielectric waveguide.
Mode 0 is combined by the zero-order modes of two single
nanowires. Mode 1 and mode 2 are combined by the first-order
modes of two single nanowires. Within the selected parameter
range, we find that mode 0 has the highest quality factor and
the best performance. As the wavelength, the minimum spac-
ing between the inner and the outer cylinders, the radius of the
inner cylinder and the Fermi energy of graphene increase, the
confinement of the waveguide to the three lowest-order modes
decreases, the loss decreases and the propagation length in-
creases. When the radius of the outer cylinder, the dielectric
constant of region I or the dielectric constant of region III in-
creases, the confinement of the waveguide to the three lowest-
order modes increases, the loss increases and the propagation
length decreases. These results have been verified by the FEM
method. This work has provided a theoretical basis for the de-
sign, fabrication and application of nested dielectric nanowire

waveguides coated with graphene.
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