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We investigate a graphene-coated nanowire waveguide (GCNW) composed of two suspended wedge porous silicon
nanowires and a thin Ag partition. The plasmonic characteristics of the proposed structure in terahertz (THz) frequency
band are simulated by the finite element method (FEM). The parameters including the gap between the nanowires and Ag
partition, the height of the nanowire, the thickness of the Ag partition, and the Fermi level of graphene, are optimized. The
simulation results show that a normalized mode field area of ~ 10~* and a figure of merit of ~ 100 can be achieved. Com-
pared with the cylindrical GCNW and isolated GCNW, the proposed wedge GCNW has good electric field enhancement.
A waveguide sensitivity of 32.28 is obtained, which indicates the prospects of application in refractive index (RI) sensing
in THz frequency band. Due to the adjustable plasmonic characteristics by changing the Fermi level (Ef), the proposed
structure has promising applications in the electro-optic modulations, optical interconnects, and optical switches.

Keywords: surface plasmon polariton, graphene, porous silicon, finite element method (FEM)

PACS: 42.79.Gn, 42.82.Et

1. Introduction

Graphene is an atom-thick monolayer two-dimensional
(2D) carbon material in which the atoms are arranged in a
honeycomb lattice.!'#! It has remarkable optical properties,
such as broadband absorption, tunable Fermi level, and large
nonlinearity.>8 In the mid-infrared band and THz band,
graphene exhibits a strong semi-metal property and supports
surface plasmon polariton (SPP).[°!?1 Graphene has a strong
interaction with light in a wide frequency range and is suit-
able for active applications. In last decades, different struc-
tures based on graphene have been widely reported, such as
graphene arrays,!!3~13] graphene nano-ribbons,[!°! dielectric-
loaded graphene plasmon waveguide,!'”!8] dual-graphene-
on-graphene configuration,!'”! and multilayer graphene
metamaterial.[’’! Comparing with the traditional noble metal
materials, graphene-based SPP waveguides can achieve high
optical performances and low propagation loss.?!)

Recently, the graphene-coated nanowire waveguides
(GCNWs) based on graphene SPP have been proposed,
which have better performances including the small loss and
high mode field confinement than the conventional dielec-
tric waveguides. A semiconductor-graphene cylinder was in-
vestigated to be applied to the transmission of THz waves
with a weak effect of light wave broadening in the remote
transmission.??’ A GCNW based on an elliptic cylinder in-
stead of a cylinder was investigated to achieve a large prop-
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agation length of ~ 200 pm with a small normalized mode
area of ~ 1073.1231 A coaxial-like GCNW-based long-range
SPP waveguide was designed, which is composed of a cylin-
drical silicon nanowire core surrounded by an inner graphene
layer, a silica layer, and an outer graphene layer from inside to
outside.”*! The simulation results showed that an ultrasmall
normalized mode area of ~ 10~ with a propagation length of
~ 8 um can be achieved at an operating wavelength of 7 um.
The Sommerfeld wave in a single-wire THz waveguide is ra-
dially polarized, difficult to excite, and weakly guided, which
limits the practical applications of the THz waveguide. To
solve the problem, a two-wire terahertz waveguide was pro-
posed, which has lower bending loss than the single-wire THz
waveguide.?>! In order to improve the performances of the
GCNW, a thin low-index buffer layer was embedded between
the GCNW and substrate./?®! It was found that a low propaga-
tion loss of 0.312 dB-um~! with an improved figure of merit
(FoM) can be realized when an ultra-small buffer thickness
and gap distance are chosen. In addition, two vertically cou-
pling cylindrical GCNWs integrated with a thin high-index di-
electric substate are also studied to improve the performances
of the GCNW.?’! The results show that the proposed sus-
pended wedge GCNW'’s FoM is nearly two-fold higher than
that of the plasmon mode in the single GCNW on a substrate.

Due to the good optical properties, porous silicon (PS)
is a suitable candidate for the applications of optoelectronics
such as in light-emitting diodes, photodetectors, optical mod-
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ulators, and optical sensors.!?®32] The large internal surface
of PS can enhance the interaction between light and matter.
The tunable porosity of PS, which varies with the fabrica-
tion parameters,Bo] makes its refractive index (RI) vary be-
tween the air and the bulk silicon. Moreover, the hybrid struc-
tures combining PS with graphene-based materials proved to
be helpful in the applications in photonic and energy conver-
sion devices.!33**1 The hybrid PS/graphene-based structures
provide a great platform for their applications in optoelectron-
ics, power engineering, and sensing. 3]

In this paper, a GCNW composed of two suspended
graphene-coated wedge PS nanowires with an Ag partition is
designed. The plasmonic characteristics and sensing perfor-
mances of the SPP mode in the designed structure are inves-
tigated by using the finite element method (FEM). By sweep-
ing the geometry parameters, the plasmonic characteristics of
the suspended wedge GCNW are optimized. To evaluate the
sensing performances, the waveguide sensitivity is calculated.
The plasmonic characteristics and sensing performances are
compared with their counterparts of other different GCNWs.
The rest of this paper is organized as follows. In Section 2,
the structure of the proposed suspended wedge GCNW is de-
signed. In Section 3, the plasmonic characteristics and sensing
performances are analyzed and optimized. Conclusions and
perspectives are drawn in Section 4.

2. Waveguide structure

Figure 1 shows the schematic of the suspended wedge
GCNW composed of two isosceles triangular nanowires
coated with graphene symmetrically distributed on both sides
of an Ag partition. The thickness of the Ag slab is denoted
as t. The three apex angles for each of the wedge dielectric
nanowires are chamfered with corner radius r being 25 nm.
The height and the apex angle of the triangle are denoted
as L and O, respectively. The gap between the apex angle
of the triangular nanowire and the Ag slab is marked as g.
The RI of porous silicon is ~ 1.55.13
stant of the monolayer graphene can be calculated from &, =
1+i0,/(€®t,),3% where t, is the thickness of the monolayer
graphene, m is the angular frequency of the incident light, and

I The dielectric con-

£p is the permittivity in free space. Within the random phase
approximation, the dynamic optical response of graphene can
be derived from the Kubo’s formula, 3] Og = Ointra T Ointer»
where Oy and Ojneer are the intra band contribution and in-
ter band contribution, respectively. In the terahertz band and
the infrared band, the surface conductivity of graphene can be
approximated as[*”)

22k, T EF
0, = ————1In|2cosh
£ nhi(o+it?) n[ o8 Zka]

4—i 1—|—1 tan 7}%@72&:
ahy |2 T 7 2T
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2 (hb(l)—zEp)2+4(ka)2 ’
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where 7T 1is the relaxation time, 7 is the ambient tempera-
ture, EF is the Fermi energy, Ay, is the reduced plank constant,
ky is the Boltzmann constant, and ¢ = 1.6 x 10~!° C. Here,
T =300K, and 7=0.5 ps.

cladding

| | graphene

porous silicon «———

L

xT

Fig. 1. Schematic diagram of suspended wedge GCNW.

The dielectric constant of Ag is described by Drude—

Lorentz model[2!]
2
@y

& =Eo— 51—
' 0’ +iyo’

@
where €., is the high frequency permittivity, y is the damp-
ing term, and @, is the plasma angular frequency @, =
(ne?  eome) /2.8
mass, the electron charge, and the carrier density, respectively.

To evaluate the plasmonic characteristics, the propagation
length (Lp), normalized mode field area (Ap,), and FoM are
used. The propagation constant 3 = [Re(neg) + 1Im(negr)] -
27 /A3 can be calculated by the FEM, where A is the wave-
length of the incident light, Re(nes) and Im(ng) are the real
part and the imaginary part of the mode effective RI (ngr), re-

! Here, mesr, e, and n are electron effective

spectively. L, and A, can be defined as [40.41]

Ly = 1/[2Im(B)], 3
Wi
Am = ma (4)

where Wy, is the total mode energy and W(r) is the energy
density (per unit length flowing along the direction of propa-

gation). W, can be calculated from!*?!

oo )
W :// W(r)d-r. 5)

The FoM is defined as!*3
FoM = Re(nefr) / Tm(negr). 6)

The mode characteristic, propagation performance and
sensing performance of the suspended wedge GCNW are sim-
ulated by the commercial software COMSOL Multiphysics
based on the FEM which is widely used to calculate the char-
acteristics of integrated photonic devices. The computational
domain is discretized into triangular meshes. The scattering
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boundary condition is used in the simulations. The mesh grid
in graphene layer is refined to ensure the accuracy of calcula-
tion. Convergence test are done to ensure that the calculation
region and mesh size do not interfere with the results.

3. Plasmonic characteristics
3.1. Mode field distributions

The mode field distributions of the modes in the sus-
pended wedge GCNW are shown in Figs. 2(a)-2(c). The re-
sults show that the SPP mode is a fundamental mode in the

suspended wedge GCNW. The mode energy of the SPP mode
is mainly distributed between the porous silicon and Ag par-
tition. However, the guide mode in the porous silicon is re-
stricted due to the small cross-section size of the proposed
GCNW (200 nm). Here, L =200 nm, t =40 nm, g =5 nm,
and Er = 0.5 eV. The normalized electric field (E) along the x
direction (y = 0) and along the y direction (x = ¢/2+ g/2) of
the suspended wedge GCNW are shown in Figs. 2(d)-2(f) and
Figs. 2(g)-2(1), respectively. The normalized E in x direction
has a maximum value at the graphene surface due to the SPP
effect.

1.0
g=10 nm g=20 nm
0.5
0
—200 0 200 —200 0 200 —200 0 200
z (nm)
1.0 T () "
d f —¢g=20 nm
0.8 )
= L
é’ 0.6
g 04}
8 - b 4
Z 0.2 /\A_/l\/\
0 /‘\—/ : i . ‘
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[ (h) — g9=10 nm ro() —g =20 nm
Q) L
e}
[
R
@
g
-
o
Z
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y (nm) y (nm) y (nm)

Fig. 2. Mode field distributions of suspended wedge GCNW with (a) g =5 nm, (b) 10 nm, and (c) 20 nm; normalized E along x direction across (y = 0),
(d) g =5 nm, (e) g = 10 nm, and (f) g = 20 nm; normalized E along y direction across (x =17/2+ g/2), (g) g =5 nm, (h) 0 nm, and (i) 20 nm, with
other parameters being Ep = 0.5 eV, T =300 K, 7 = 0.5 ps, L =200 nm, ¢ = 40 nm, and n, = 1.0.

3.2. Mode characteristics

Generally, the mode characteristics are highly dependent
on the geometry parameters of the waveguide. The geom-
etry parameters effect on the mode characteristics including
Re(nefr), Lp, Am, and FoM are investigated when the oper-
ating frequency fj is 30, 40, and 50 THz, separately. Here,
Er=0.6eV,L=200nm, r =25 nm, 6 = 60°, and n. = 1.0.
The influences of g on Re(nef), Ly, Am, and FoM with dif-
ferent frequencies are shown in Figs. 3(a)-3(d). As shown in
Fig. 3(a), Re(negr) decreases with g rising because the coupling
between the graphene-coated nanowire and the slab substrate
is weakened. In Fig. 3(b), L, first increases slightly and then

decreases slowly as g increases. As g increases from a small
value, the influence of the ohm loss in Ag slab reduces L.
When g keeps growing, the mode confinement weakens and
L, decreases. As shown in Fig. 3(c), an increasing g will dra-
matically reduce Ap,. It indicates that the suspended wedge
GCNW has better mode confinement when g is small. As
shows in Fig. 3(d), a smaller g matches a better FoM. As shown
in Figs. 3(a)-3(d), the operating frequency has a great influ-
ence on the mode characteristics. The high frequency leads
to a large Re(nefr) and Ay, but a short L. The GCNW has a
better FoM at the high frequency when g is less than 10 nm.
Considering the tradeoff between L, and FoM, g is chosen to

014207-3



Chin. Phys. B Vol. 30, No. 1 (2021) 014207

be 10 nm.

The effects of L on the mode characteristics of the sus-
pended wedge GCNW are shown in Figs. 4(a)-4(d). The in-
creasing of L lead Re(nefr) and Lj, to slightly increase while A,
increases significantly at a higher operating frequency. Mean-
while, a higher operating frequency corresponds to a smaller
L, and a larger Ap,. In Figs. 5(a)-5(d), the mode characteris-
tics have no decisive dependence on . As is well known, the
mode energy of the SPP mode is mainly distributed at the in-
terface between the dielectric and metal. There is almost no

60 — . . . .
551 () —— f,=30 THz
50F —— f[] =40 THz

= 45t \ —as— fy=50 THz

% 40} .,

Qi 35 L
o.
G10] S
o5 \'\.\_\.\.\"0——0—.—-
90l . . . .
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87 —eo— fo=40 THz

L 6ol —s— fo="50 THz

Z [

& 40}

20}
op_ ¢ , , , ,
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distribution inside the metal (Ag). This can be proved by the
mode distributions which have been shown in Figs. 2(a)-2(c).
Hence, the thickness of the metal () has little effect on the
mode characteristics. When fj increases, the larger absorption
of graphene leads the propagation loss to increase, which re-
duces L,. However, Ay, increases with frequency increasing.
The mode characteristics of the GCNW are not sensitive to ¢,
which implies that the suspended wedge GCNW has a good
tolerance to the fabrication error. In the following simulations,
t is chosen to be 40 nm.
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Fig. 3. Influences of g on (a) Re(negr), (b) Ly, (¢) A, and (d) FoM at fy = 30 THz, 40 THz, and 50 THz.
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Fig. 4. The L-dependent (a) Re(nef), (b) Ly, () Am, and (d) FoM for fo = 30 THz, 40 THz, and 50 THz.
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Fig. 5. Influences of 7 on (a) Re(fr), (b) Lp, (¢) A, and (d) FoM for fy = 30, 40, and 50 THz.

According to Eq. (1), o can be flexibly tuned through
varying Er which can be electrically controlled by the bias
voltage supplied to the monolayer graphene. To demonstrate
the tunability of the suspended wedge GCNW, the mode char-
acteristics as a function of Ef are shown in Figs. 6(a)-6(d). As
shown in Fig. 6(a), Re(n.g) decreases with Ep increasing, but
increases with fy increasing. In Fig. 6(b), L, increases mono-
tonically with Ef increasing, but decreases with fj increasing.
The inter band loss of graphene serving as a dominant factor is

132 T
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921 1
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E 72t 1
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e
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low at a large Ef, which results in the increase of L,. Further-
more, the increase of Er will lead the value of T to increase,
which can further reduce the loss and increase L. In Fig. 6(c),
Ap, first increases and then decreases when Ep changes from
0.2 eV to 0.9 eV, and has a maximum when Er =~ 0.41 eV
due to the smallest permittivity of the graphene. The depen-
dence of FoM on Ef is shown in Fig. 6(d), which indicates that
the overall performance of the suspended wedge GCNW can
be improved when EF increases.

5 —
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Fig. 6. Eg-dependent (a) Re(nefr), (b) Lp, (¢) Am, and (d) FoM for fo = 30, 40, and 50 THz.
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Fig. 7. Effects of nc on (a) Re(nefr), (b) Ly, (¢) Am, and (d) FoM for fy = 30, 40, and 50 THz.

For the applications in sensing, the effects of the cladding
RI (n¢) on the mode characteristics are investigated. The val-
uations of Re(nef), Lp, Am, and FoM with n. in a range from
1.0 to 1.9 are shown in Figs. 7(a)-7(d) at different values of fj.
Here, we take r = 20 nm, L = 200 nm, g = 10 nm, 6 = 60°,
and Er = 0.6 eV. As shown in Fig. 7(a), Re(nes) increases
with the n. increasing monotonically. The changes of Re ()
show a near-linearly increasing trend which can be used as
the homogeneous sensing. The waveguide sensitivity (Swe)
can be calculated by the linear fitting, which is defined as
Swe = Anegr/Anc.*¥ The results show that a larger Sy can be
achieved when fj is higher. As shown in Figs. 7(b) and 7(c),
both the L, and Ay, decrease with the n increasing due to the
decrease of the RI difference between the core and cladding.
In Fig. 7(d), the FoM is improved when n. increase from 1,

and then tends to be constant when 7, is larger than 1.45.

3.3. Comparisons among different GCNWs

In order to compare the mode characteristics and sens-
ing performances among different kinds of waveguides, three
different GCNWs are investigated. The three GCNWs are re-
spectively the suspended wedge GCNW, cylindrical GCNW,
and isolated GCNW with the same materials. The schematics
of the three GCN'Ws are shown in Figs. 8(a)-8(c), respectively.

Here, we take L = 2R, and the other parameters are the same

as those used in the previous simulations. The electrical field
distributions of the three waveguides are shown in Figs. 8(d)—
8(f). The results show that the suspended wedge GCNW and
cylindrical GCNW have much higher field confinements than
the isolated GCNW. However, the electric field of the mode in
the isolated GCNW is mainly concentrated at the interface of
the cylindrical nanowire. The electric field distributions of the
three GCNW along the x axis are shown in Figs. 8(g)-8(1).

Figures 9(a) and 9(b) show the plots of L, versus Ap, for
the three GCNWs with different values of fj and n.. As shown
in Fig. 9(a), the L, decreases but the Ay, increases as the fj
increases from 10 THz to 50 THz. The suspended wedge
GCNW has a longer L, than the other two GCNWs at the same
value of Ap,. In Fig. 9(b), considering the tradeoff between L,
and Ay, the performances of the suspended wedge GCNW and
cylindrical GCNW are much better than those of the isolated
GCNW as the n. increases from 1.0 THz to 1.9 THz. The sus-
pended wedge GCNW has more superior performances than
the other two. The variations of Re(neg) with the increase of
n. for the three waveguides are shown in Fig. 9(c). Accord-
ing to the linear fitting, the waveguide sensitivities of the three
waveguides can be achieved. The results show that the waveg-
uide sensitivity of the suspended GCNW is higher than that
of the isolated GCNW, but lower than that of the cylindrical
GCNW.
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Fig. 9. Comparisons among different GCNWs with different parameters, (a) L, versus Ap, for different values of fy, (b) L, versus Ay, for different
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4. Conclusions and perspectives

In this work, a suspended wedge GCNW with a thin Ag
partition is investigated. The simulation results show that a
normalized mode field area of ~ 10~* and a figure of merit
of ~ 100 can be achieved by optimizing the parameters. The
suspended wedge GCNW has a strong interaction between the
metal slab and the nanowires, which can have potential ap-
plications in the high-density integrated photonic circuits and
optoelectronic devices in terahertz frequency band. The plas-
monic characteristics can be dynamically adjusted by chang-
ing the Fermi energy of graphene which is tuned by a bias
voltage. The suspended wedge GCNW has a relatively high

waveguide sensitivity, which has potential applications in RI
sensing. The suspended structure and large internal surface of
the suspended wedge GCNW can improve its sensing perfor-
mances. The suspended wedge GCNW has promising appli-
cations in the electro-optic modulations, optical interconnects,
optical switches, and optical sensing.
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