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Graphene supports the manipulating multiple mode
propagation in the hybrid plasmonic waveguides
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A new type of plasmonic waveguide based on a graphene-coated V-groove structure which can achieve better
subwavelength confinements and longer propagation compared to the conventional metal waveguide is proposed. By
dynamically altering the chemical potential of graphene, graphene surface plasmon polaritons (GSPPs) multiple modes of
the hybrid graphene-coated waveguide can be reached. And the mode field energies can be well confined in the V-groove or
the waveguide. The mode confinement becomes weaker and the propagation length gets longer as the chemical potential of
graphene increasing. In addition, the mode propagation can be changed by adjusting the radius of the waveguide and the
frequencies and the higher mode is achieved at the same time. The finite element method (FEM) has been employed to
study the mode distributions and electromagnetic responses of our designs at mid-infrared frequencies. Those proposed
structures may pave a way for the further development of ultra-compact, fast-tunable and long-propagation devices in the

infrared region (IR).
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1. Introduction

Surface plasmon polaritons (SPPs) are
electromagnetic surface waves that exit at the interface
between metal and dielectric with an exponential decay
perpendicular to the surface on both sides [1, 2]. This
unique property of SPPs provides a way to manipulate
light with subwavelength confinement [3-7]. A great deal
of attention have been devoted to researches in highly
integrated photonic circuits [8-10], nanofocusing [11],
optical metamaterials [12], nanophotonic lasers [13],
biochemical sensor [14], amplifiers [15]. Various kinds of
plasmonic waveguide structures [16-20] such as metal
groove waveguides [21-23], wedge waveguides [24] have
been proposed to realize the confinement and propagation
of light. However, these metal structures suffer high
propagation losses and they are difficult to vary the
permittivity of the noble metal such as gold to decrease the
material losses. Compared to the noble metal, graphene
has been thoroughly researched as a promising platform
for highly integrated plasmonic circuits during recent
years due to its remarkable optical properties, such as
extreme confinement, dynamic tunability and low losses
[25-36]. Especially, the surface conductivity of graphene
could be dynamically tuned by electrochemical potential
via gate voltage, electric fields, magnetic fields, and

chemical doping. Graphene surface plasmon polaritons
(GSPPs) modes [37-39] have been investigated in the
terahertz ranges as well. Furthermore, it has been proved
by several experiments that graphene layer can be tightly
coated on the dielectric nanowaveguide [40, 41].

In this paper, we propose a graphene-coated hybrid
plasmonic waveguide analogous to the channel plasmon
polations (CPPs) based on the graphene-coated V-groove
and nanowire in the terahertz frequency. By using the
Finite Element Method (FEM) [42], the graphene
plasmonic modes are numerically calculated and the
dispersion relation as well as propagation length of these
modes are illustrated. Furthermore, the dependence on the
chemical potential of graphene and waveguide radius is
investigated as well.

2. Methods

The two-dimensional numerical simulations are
carried out in the configurations using the FEM. The
surface conductivity of graphene oy, is governed by the
Kubo formula including the interband and intraband
transition contributions:
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It depends on temperature T, chemical potential g,
momentum relaxation time z, and photon frequency w.
Here, e is the electron charge. In graphene, the dependence of
momentum relaxation time z on the carrier mobility x can be

= (o)

temperature dependent and reasonably chosen to be x = 20000

described as . The carrier mobility x« is

cm?V’s® from experiment results at room temperature [33]. In
our analysis, the employed incident light is in the
mid-infrared range where the intraband transition
contribution dominates in monolayer graphene. Under this

condition, the optical conductivity can be simplified to:
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Here, 7 is assumed to be 0.5 ps. The equivalent permittivity
of graphene is given by the equation [25]:
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where ko = 27/ is wavenumber in vacuum and 7 = 377 Q
is the intrinsic impedance of air. The thickness of graphene
layer coated on the V-groove and waveguide is assumed as
4 = 05 graphene support
TM-polarized surface plasmon polaritons is only in

nm. The monolayer

consideration for the investigation. The dispersion relation
of this TM SPP surface wave follows the equation:
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where S, is the propagation constant of graphene surface
plasmon polaritons. The effective refractive index of
GSPPs shows the ability to confine SPPs on graphene,
which is defined as Net = fspp/Ko. The propagation length is
defined as L = 1/2Im(fyyp) featuring the SPP propagation
loss in graphene. Furthermore, it should be noted that the
dispersion relation of GSPPs on monolayer graphene
works on graphene rings as well. The relationship of
Re(Nesr) and L on the chemical potential x. and incident
light wavelength A are shown in Fig. 1. Obviously, from
Fig. la, Re(Nsy) increases as the chemical potential s
decreases for a fixed wavelength, which means that GSPPs
are better confined at a lower chemical potential.
Nevertheless, the tendency in Fig. 1b is evidently opposite
to that in Fig. 1a, indicating that a lower chemical potential
gives a smaller propagation length. Therefore, both the

two factors could play an important role on the mode
patterns in our proposed structures. In this paper, we
consider the GSPPs modes in the frequency ranges from
10 to 50 THz neglecting the influence of optical phonon at
the whole frequency range and the chemical potential
ranges from 0.1 to 1.0 eV where TE mode will not occur.
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Fig. 1. The real part of effective refractive index and the
propagation length for GSPPs versus frequency and
chemical potential. (a) Real part of effective refractive
index for GSPPs and (b) propagation length Lspp as a
function of frequency and chemical potential

The three-dimensional structure of the hybrid
waveguide is depicted in Fig. 2a with relevant parameters
denoted in it. @ is the opening angle of the V-groove, d is
the depth of the VV-groove, r is the radius of the waveguide.
In the structure, the blue part represents graphene, and the
yellow part represents substrate with permittivity ¢. The
Cartesian coordinate system is shown in the inset. The
proposed structure is excited with a plane wave
propagating along the z axis. In order to fully understand
the mode propagation in the graphene-coated hybrid
plasmonic waveguide, the graphene-coated V-grooove and
the graphene-coated nanowire are both discussed in the
following paper. For simplicity, our calculations consider
all the structures embedded in air.

Fig. 2. Schematic of the proposed structures. (a)
Tomograph of the graphene-coated hybrid plasmonic
nanowaveguide. The GSPPs propagate along the z axis.
Relevant parameters are denoted above. (b), (c), and (d)
are schematic of graphene-coated V-groove,
graphene-coated nanowire and the hybrid plasmonic
nanowaveguide respectively
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3. Results and discussion

3.1. Surface plasmon modes in graphene-coated
V-groove

The structure of the graphene-coated V-groove is
presented in Fig. 2b, where the graphene sheet is laid on
the top surface of the groove substrate. The opening angle
of the groove @ is set to 20°, and the depth of the groove is
d = 300 nm. Compared to the conventional CPPs mode
supported by the noble metal, the graphene-coated
V-groove mode is mostly confined in the groove under
these conditions. And the loss caused by metal dissipations
is zero which leads to a longer propagation length. One of
the special optical properties of graphene is that the
graphene conductivity could be dynamically tuned by
changing chemical potential u.. Fig. 3b presents the
effective index of the plasmonic modes in the
graphene-coated V-groove waveguide as a function of
chemical potential x ranges from 0.2 to 1.0 eV. As shown
in Fig. 3b, the effective mode index decreases with
chemical potential increasing, which can be explained
from Eq. (4) and matches well with Fig. 1a. This suggests
that the modes become less localized in the groove and the
propagation losses decrease. As a result, the propagation
lengths of the plasmonic modes in the graphene-coated
V-groove waveguide enlarge with the chemical potential
increasing as depicted in Fig. 3b. The mode fields are
almost confined in the V-groove structure as shown in Fig.
3a. When the chemical potential z, changes from 0.2 to 1.0
eV, the mode field energies of the bottom becomes weaker.
The results of the data from Fig. 3b and Fig. 3c match well
with those in Fig. 3a.
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Fig. 3. Mode distributions at different chemical potential.

(@) The electric field energy at different chemical

potential (0.2, 0.4, 0.6, 0.8, and 1.0 eV), (b) the real part

of effective index and (c) the propagation length of the

plasmon modes in the V-groove waveguide as a function

of chemical potential of graphene with § = 20°, d = 300
nmand f =30 THz

By increasing the opening angel of the groove to 25°,
the chemical potential u. being set as 0.5 eV, the depth d =
1 pum and other parameters remaining the same, we can

achieve the mode distributions of the first 5 order modes.
It is exhibited in Fig. 4 showing the electric field E,, the
electric field norms and the charge orderings for the
GSPPs in the V-groove. The mode field energy almost
localizes in the interface of graphene and substrate,
showing a strong mode confinement. On the other hand,
this symmetrical V-groove can be regarded as the graphene
ribbon, where m is the mode number. When m = 0, there
are only positive charges dispersed outward. m = 1
represents there are a pair of opposite charges starting at
positive chanrges and ending at negative charges, m = 2
represents there are two pairs of opposite charges, and
m = 3, 4 can be done with the same manner.

(a) m=0 m=1 m=2 m=3 m=4

Ez

Fig. 4. Mode distributions of the first 5 order modes at

6 = 25° and u. = 0.5 eV. (a) The electric field Ez, (b) the

normalized electric field and (c) the charge orderings for
the GSPPs in the V-groove

3.2. Surface plasmon modes in graphene-coated
waveguide

The graphene-coated waveguide with the radius of r =
300 nm, which can be regarded as a graphene sheet
wounded into a circle around a substrate with the
permittivity of ¢ = 1, is shown in Fig. 1c. Fig. 5a clearly
demonstrates the GSPPs mode distributions of the 10th
order modes at the chemical potential x, = 0.15 eV. The
number of supported surface plasmonic modes in the
waveguide could be estimated as m = 2zrNg /4. In the
equation, A is the EM wavelength in the free space. When
m = 0, there is no standing wave in the waveguide. m = 1
represents there is a standing wave, m = 2 represents there
are two standing waves, and m = 3 - 9 can be done in the
same way. As shown in Fig. 5b, the effective mode index
decreases with chemical potential increasing, which
reveals the modes becomes less localized in the waveguide
and the propagation loss becomes lower. This leads to the
propagation length increasing as depicted in Fig. 5c. At u.
=0.38,0.3,0.26,0.22, 0.18 and 0.16 eV, m =4, 5, 6, 7, 8,
9 order modes cut off respectively. Higher order mode
does not exist at high doping level. This demonstrates
single mode operation could be realized by simply
changing chemical potential.
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Fig. 5. Mode distributions at different chemical potential. (a) Mode distributions of the 10th modes at x, = 0.15 eV with the
permittivity ¢ = 1, (b) the effective index and (c) the propagation length of the GSPPs modes in the waveguide asa function

of chemical

The influences of radius and frequency on the mode
propagation are also discussed. Fig. 6a shows the effective
mode index decreases with the radius reducing. The
propagation length has the same tendency as depicted in
Fig. 6b. A significant reduction in the number of supported
plasmonic modes in this waveguide could be seen in Fig.
6a with the decreasing of radius. The values of effective
index at m = 0 and m = 1 modes are almost same. At radii
of r = 180, 200, 230 and 250 nm, m = 6, 7, 8, 9 order
modes cut off respectively. Fig. 6¢,d show the impact of
frequency on the effective mode index and the propagation
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length in the waveguide. The radius is r = 300 nm and
other parameters remain the same. The effective mode
index decreases with the frequency increasing as shown in
Fig. 6¢. This suggests the modes become less localized in
the waveguide as the frequency increasing, and the
propagation loss gets lower. This leads to the propagation
length increasing as depicted in Fig. 6d. At the frequency
of 24, 20, 16, 14 and 12 THz, m=0, 1, 6, 7, 8 order modes
cut off respectively. And m = 2, 3, 4, 5 order modes cut off
at the frequency of 18 THz.
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Fig. 6. The effective index and propagation length of the GSSPs in the waveguide versus radius and frequency with x. = 0.15 eV.
(a) The effective index and (b) the propagation length as a function of radius at f = 30 THz, (c) the effective index and (d) the
propagation length as a function of frequency at r = 300 nm
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The permittivity of the substrate in the
graphene-coated waveguide also has an influence on the
GSPPs mode distributions. Be similar to the influence on
metal waveguide, higher the permittivity is, weaker the
electric field to the interface between graphene and
substrate is. By changing the permittivity of the substrate,
high mode could exist in higher chemical potential. Here,
for convenience, we set the permittivity ¢ = 2. The
normalized electric field distributions of the 10th order

(@ m=0

m=1

modes at the chemical potential x4, = 0.5 eV can be seen
from Fig. 7a. The effective mode index and the
propagation length at u. = 0.5 eV have the same tredency
to those at . = 0.15 eV by comparing Fig. 7b,c with Fig.
5b,c. However, in this condition, m = 6, 7, 8, 9 order
modes cut off respectively when x. = 0.85, 0.75, 0.65 and
0.55 eV, which is much larger than those at u. = 0.15 eV
discussed above. This reveals a stronger mode
confinement and a larger propagation length.
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Fig. 7. Mode distributions at different chemical potential. (a) Mode distributions of the 10th modes in the waveguide at x. = 0.5
eV with the permittivity e = 2, (b) the effective index and (c) the propagation length of the GSPPs modes as a function of the
chemical potential of graphene with r = 300 nm and f = 30 THz

The response of the effective index and the
propagation length to the radius and frequency is also
discussed with & = 2 at x4, = 0.5 eV. As shown in Fig. 8 a,b,
with the chemical potential increasing, the effective index
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Fig. 8. The effective index and propagation length of the GSSPs
The effective index and (b) the propagation

decreases and the propagation length increases which is
consistent with Fig. 1. At radii of r = 160, 190, 220 and
250 nm, m =6, 7, 8, 9 order modes cut off respectively.
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3.3. Surface plasmon modes in the hybrid
plasmonic waveguide

Based on the graphene-coated V-groove and the

graphene-coated waveguide discussed above,
the
waveguide. The cross section graph can be seen from Fig.
2d with 0 = 25°,d =1 um and r = 160 nm. We assume the

chemical potential in the waveguide and the V-groove are

we

investigate graphene-coated hybrid  plasmonic

ey = 0.2 eV and ue, = 0.15 eV respectively. The surface
plasmon modes supported by the hybrid plasmonic
waveguide is similar to those in the waveguide by
comparing Fig. 9a and Fig. 5a. But the radius of the
waveguide gets smaller in this case and the mode
confinement is stronger. Therefore, the propagation length
becomes longer.

the
propagation length of the plasmon modes in the hybrid

Fig. 9b,c shows the effective index and

plasmonic waveguide respectively as a function of u,; (the

chemical potential in waveguide) with x., = 0.15 eV being
set. Other parameters remain the same. With the chemical
potential increasing, the effective index reduces while the
propagation length increases. By comparing Fig. 9 with
Fig. 5, we can get that the effective mode index and the
propagation length in the hybrid plasmonic waveguide
have the same tendency with these in the waveguide. The
difference is only m = 0, 1 and 2 order modes are there in
the hybrid graphene waveguide. Higher order modes do
not exist in this condition with the chemical potential
increasing. At u¢; = 0.4 eV, m = 2 order mode cuts off. For
m = 1 mode, the propagation length reaches a maximum
value at uc; = 0.8 eV. What’s more, the propagation length
has a maximum value up to 5 um at m = 0 mode. This
demonstrates single mode operation could be realized by
simply changing chemical potential and longer mode
propagation could be reached.
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Fig. 9. Mode distributions at different chemical potential. (a) The mode distributions in the hybrid nanowaveguide of the first 3
order modes with = 25°,d = 1 um and r = 160 nm, (b) the effective index and (c) the propagation length of the GSPPs modes
in the structure as a function of  x; (the chemical potential in nanowire) with ., = 0.15eV being set

Fig. 10a presents the surface plasmon mode patterns
with  =25°, d=1 pmand r = 160 nm at f = 30 THz. The
mode area becomes larger at the bottom of the V-groove
with the chemical potential in it increasing. It reveals that
the mode confinement becomes weaker at the bottom of
the groove. Fig. 10b shows the effective index of the
plasmon modes in the hybrid plasmonic waveguide as a

function of u, (the chemical potential in VV-groove) with
U1 = 0.2 eV. The effective mode index decreases with the
chemical potential increasing, which leads to an increasing
propagation length in this structure eventually as depicted
in Fig. 10c.
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4. Conclusions

In this paper, we discuss the manipulating mode
propagation in the V-groove, waveguide and hybrid
plasmonic waveguides supported by graphene with the
FEM numerical simulation. The effective mode index and
the propagation length can be obtained by the eigen
equation for dispersion relation. The effective mode index
decreases as the chemical potential increasing. With the
chemical potential, radius of the waveguide and the
frequency increasing respectively, the propagation length
gets longer. Especially, the tunable conductivity of
graphene increasingly promotes the development of active
plasmonic devices including absorbers, polarizers, and
transformation optical devices. The graphene-coated
hybrid plasmonic waveguide analogous to the
conventional CPP waveguide has its unique advantages.
For example, it can support the propagation of multi-mode
with low loss caused by metal dissipation and surface
scattering. And it has a better mode confinement which is
of great importance in high density photonic integration
circuits. All those proposed structures may be beneficial
for the further development of ultra-compact, fast-tunable
and high-performance devices in the IR region.
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