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We introduce a modified surface plasmonic waveguide with an arc slot. The dependences of distribution of energy

flux density, effective index, propagation length and mode area of the symmetric mode supported by this waveguide on

geometrical parameters and working wavelength are analysed by using the finite-difference frequency-domain (FDFD)

method. Results show that the energy flux density distributes mainly in four corners which are formed by two arcs, and

the closer to the corners it is, the stronger the energy flux density will be. The effective index, the propagation length

and the mode area are influenced by geometrical parameters, including the width, the thickness and the arc radius of

the surface plasmonic waveguide, as well as the working wavelength. It has been shown that the surface plasmonic

waveguide with an arc slot has better propagation properties than the surface plasmonic waveguide with a straight slot.

This work may be helpful for applying the slot surface plasmonic waveguide to integrated photonics.
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1. Introduction

During the past few years, surface plasmon po-
lariton (SPP)-based waveguides have been a subject
of intensive research.[1−4] Such waveguides provide a
new mechanism of guiding the propagation of light in
the form of SPP along the surface of metals. Because
the SPP has a lateral scale of subwavelength, it can
be used to overcome the diffraction limit that exists
in conventional or photonic crystal waveguides, and to
fulfil the further miniaturization of photonic devices
and the high integration density of photonic chips.

Using thin metal films as surface plasmonic
waveguides (SPWs)[5] was first proposed, but their
applications were restricted due to the lack of lat-
eral confinement. Therefore, metal films with finite
size,[6] a metal rod with a square cross section,[7] an
improved metal strip with finite size and width,[8] and
other one-dimensional metal optical waveguides[9,10]

are proposed. At present, SPWs with various ge-
ometries that could confine light in two dimensions
have been reported, such as gap SPWs,[11−13] slot
SPWs,[14,15] wedge SPWs,[16] trench SPWs,[17−20]

mixed SPWs,[21] heterostructured SPWs,[22−25] and
nanoparticle SPWs.[26−28]

In the present paper, a modified surface plasmonic
waveguide with an arc slot is designed and its propa-
gation properties are investigated by using the finite-
difference frequency-domain method. We mainly in-
vestigate the effective index, the propagation length,
and the mode area influenced by geometrical param-
eters and working wavelengths of the waveguide.

2. Structure and simulation

method

The cross section of SPW structure proposed in
this paper is shown in Fig.1. The SPW is composed of
a piece of thin metal film with the width 2b and height
2t, and a circular part with radius r which is caved in
the symmetrical centre of the thin metal film.

Fig.1. Cross section of the surface plasmonic waveguide

with an arc slot.
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The main methods of investigating the propa-
gation properties of a surface plasmonic waveguide
are classified into two groups, one is the method in
time domain and the other is the method in fre-
quency domain. The former is used to perform the
calculation in time domain, and the latter in fre-
quency domain. Both methods allow us to directly
use experimental data of the dielectric constant of
noble metal. The 2D full-vectorial finite-difference
frequency-domain (FDFD) method[29−31] is used to
study the propagation properties of our proposed
SPW structure. This is a simple and effective nu-
merical simulation approach.

Supposing that the propagation constant in the z

direction is β, each field component is expressed in the
following form: φ(x, y, z) = φ(x, y)exp(jβz), where φ

denotes an arbitrary field component. According to
the theory of 2D FDFD, we can obtain two eigenvalue
equations as follows:
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where Pij and Qij are coefficient matrix elements, Ex

and Ey are electric field components, and Hx and Hy

are magnetic field components respectively in the x

direction and the y direction. If geometrical param-
eters, electromagnetic parameters and working wave-
length are given, then propagation constant β, effec-
tive index neff and the distribution of magnetic field
of each mode can be obtained by solving the eigen-
value equation (1). This eigenvalue problem is solved
by Arnoldi arithmetic,[32] which can be used to deal

with the matrix eigenvalue problem with a large com-
plex coefficient matrix. Then substituting propaga-
tion constant β into Eq.(2), the electric distribution
in the cross section of the corresponding mode can be
obtained by solving these linear algebraic equations.

In the present paper, 601 × 601 lattices are
adopted to discretize the whole computational do-
main, and their 20 layers are perfectly matched ab-
sorbing boundary layers that are used to truncate
the lattices. The spatial discretization distance is
∆x = ∆y = 1.0 nm. The accuracy of the finite-
difference frequency-domain (FDFD) code adopted in
this paper has been validated in our previous work.[33]

Because the primary materials of which the SPWs
are made are noble metals, there is a complex re-
lation between the dielectric constant and the fre-
quency of lightwave. In our calculation, the dielectric
constants of the silver film at different wavelengths
are −88.9443 + 2.0557j (λ = 1.30 µm), −125.7350 +
3.2330j (λ = 1.55 µm), and −172.724 + 5.3154j

(λ = 1.80 µm),[34] the dielectric constant of the back-
ground is 2.1025.

3. Results and discussion

Many modes are supported by the structure
shown in Fig.1, and here we investigate mainly the
symmetric mode.

Firstly, the distributions of the energy flux den-
sity Szr of the symmetrical mode with different values
of radius r at λ = 1.55 µm are calculated and shown
in Fig.2. Here the energy flux density is defined as
Szr = Re(ExHy−EyHx), and Ex, Ey, Hx and Hy are
components of electric and magnetic fields in Eqs.(1)
and (2) respectively. Figures 2(a) and 2(b) correspond
to two conditions respectively.

Fig.2. Distributions of energy flux density of the symmetrical mode supported by the structure shown in Fig.1 with b = 65 nm,

t = 22 nm, r = 25 nm (a) and r = 32 nm (b) at λ = 1.55 µm, where dashed lines indicate the corresponding outlines of the

structure.
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Here we have selected the parameters of interest
to us. These two figures show that the energy flux
density is distributed mainly in the region of the arc
slot. The closer it is to the sharp-angles of the four cor-
ners formed by two arcs, the stronger the energy flux
density along the vertical direction will be. When the
radius increases, the mode area increases correspond-
ingly.

Secondly, we investigate the dispersion properties
of the SPW shown in Fig.1. The dependences of effec-
tive index Re(neff) on radius are studied when b = 55,
65 and 75 nm, t = 20, 22 and 24 nm, and λ = 1.55 µm,
and the results are shown in Fig.3. Here the effective
index is defined as Re(neff) = Re(βλ/2π), where β

is the complex propagation constant of SPP and λ

is the free-space wavelength. From Fig.3, it can be
seen that the effective index curves can be separated
into three groups, corresponding to b = 55, 65 and
75 nm, respectively. When the value of b increases,
the effective index decreases. In each group of curves,
the larger the parameter t is, the steeper the curve

Fig.3. Dependences of the real part of the effective index

on the structural parameters at λ = 1.55 µm.

Fig.4. Dependences of the real parts of the effective in-

dex on slot radius at different wavelengths, b = 65 nm and

t = 22 nm.

will be. This indicates that the effective index is easily
influenced by parameters b and t. The dependences of
the effective index Re(neff) on radius are investigated
when b = 65 nm, t = 22 nm, λ = 1.80, 1.55 and
1.30 µm, and the results are shown in Fig.4. The
curves of the effective index have the same trends
of variation with the arc radius at different working
wavelengths, specifically, as the value of r increases,
the effective index decreases. With the same radius,
when the working wavelength becomes large, the ef-
fective index becomes smaller correspondingly.

Thirdly, we investigate the dependence of the
propagation length Lprop of the symmetric mode of
the SPW shown in Fig.1 on radius. Here the propa-
gation length is defined as Lprop = 1/Im(β), where β

is a complex propagation constant of the symmetric
mode of the SPP. Results are shown in Fig.5, where
λ = 1.55 µm, b = 55, 65 and 75 nm, t = 20, 22 and
24 nm. In Fig.5, it can be seen that the curves are sep-
arated into three groups, corresponding to b = 55, 65
and 75 nm separately. When the value of parameter
b decreases, the propagation length increases. In each
group of curves, the curve gradient is influenced by the
value of parameter t. This indicates that the propa-
gation length is easily influenced by parameters b and
t. The relationships between propagation length and
radius are investigated when b = 65 nm, t = 22 nm,
λ = 1.80, 1.55 and 1.30 µm separately. As shown in
Fig.6, the curves of the propagation length have the
same trends of variation with the arc radius at dif-
ferent working wavelengths, or rather, as r increases,
the propagation length increases. With the same ra-
dius, when the working wavelength becomes large, the
propagation length becomes large correspondingly.

Fig.5. Dependences of the propagation length on the

structural parameters at λ = 1.55 µm.
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Fig.6. Dependences of the propagation length on slot radius

at different working wavelengths, b = 65 nm and t = 22 nm.

Then, we investigate the dependence of the mode
area of the symmetric mode supported by the SPW
shown in Fig.1 on radius. Here, the mode area is de-
fined as the distribution area of the energy flux density
Szr when its altitude descends from 100% to 10%. Re-
sults are shown in Fig.7, where λ = 1.55 µm, b = 55,

65 and 75 nm, t = 20, 22 and 24 nm. In order to
see the results clearly, their curves are shown in three
figures, separately, corresponding to b = 55, 65 and
75 nm. It can be seen that curves in each figure have
similar trends. The mode area is about 2 × 10−3–
5 × 10−3 µm2, which is beyond the diffraction limit.
The mode area is insensitive to the value of parame-
ter b. In each figure, the mode area increases with the
increases of the value of parameter r, and the curve
gradient is influenced by the value of parameter t. The
relationships between mode area and radius are inves-
tigated when b = 65 nm, t = 22 nm, λ = 1.80, 1.55,
and 1.30 µm separately. As shown in Fig.8, the curves
of the mode area also have the same trends of variation
with arc radius r at different working wavelengths,
specifically, as r increases, the mode area increases.
With the same value of radius r, as the working wave-
length increases, the mode area becomes large.

Fig.7. Dependences of the mode area on the structural parameters at λ = 1.55µm.

Fig.8. Dependences of the mode area on slot radius at

different working wavelengths, b = 65 nm and t = 22 nm.

Finally, the propagation properties of the sym-
metric mode supported by the SPW with an arc slot
shown in Fig.1 are compared with those in the case
of the SPW with a straight slot[31] shown in Fig.9.
Geometrical parameters of the SPW shown in Fig.9
are width 2b, height 2t, and slot width 2a. Corre-
sponding to Fig.2, the distribution of the energy flux
density of the symmetric mode supported by the struc-
ture with different slot widths are shown in Fig.10. It
can be seen from Fig.10 that although the distribu-
tion of the energy flux density becomes stronger in
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the corners, most of energy flux is confined in the re-
gion between two straight sides. This phenomenon
is different from that shown in Fig.2. Curves of ef-
fective index, propagation length and mode area of
the symmetric modes supported by the two structures
change with slot radius (or width), when λ = 1.55 µm,
b = 65 nm, t = 22 nm and r or a=25–32 nm, are
shown in Figs.11–13, respectively. From Figs.11–13,
it can be seen that the curves of the effective index
and propagation length of the symmetric mode sup-
ported by the SPW with straight slot are all below
those in the case with arc slot in the computational
region of slot radius (or width), but the curve of the
mode area of the symmetric mode supported by the
SPW with straight slot is above that in the case with
arc slot in the computational region of slot radius (or
width). This is because compared with the modes sup-
poted by the SPW with arc slot, the modes supported
by the SPW with straight slot are tightly confined

in the surface of the whole straight side, and there
is strong interaction between SPP and metals, which
consequentially leads to the drop of the effective in-
dex and the decrease of propagation length and mode
area. These phenomenon indicate that the SPW with
arc slot has better propagation properties than the
SPW with straight slot.

Fig.9. Cross section of the finite width plasmonic waveg-

uide with a straight slot.[35]

Fig.10. Distributions of the energy flux density of the symmetrical mode supported by the structure

shown in Fig. 9 with b = 65 nm, t = 22 nm, a = 25 (a) and 32 nm (b) at λ = 1.55 µm, where dashed

lines in (a) and (b) indicate corresponding outlines of the structure.

Fig.11. Dependences of the effective index on slot radius

(or slot width) for different structures.

Fig.12. Dependences of propagation length on slot radius

(or slot width) for different structures.
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Fig.13. Dependences of the mode size on the slot radius

(or slot width) for different structures.

4. Conclusion

We have investigated the propagation properties
of the symmetric mode supported by a modified sur-
face plasmonic waveguide with an arc slot. Results

show that at a working wavelength of 1.55 µm, the
energy flux density is mainly distributed in the four
corners formed by two arcs, and the closer to the
sharp-angle it is, the stronger the energy flux den-
sity will be. As the arc radius increases, the region of
modal distribution increases. The effective index, the
propagation length and the mode area of the symmet-
ric mode are easily influenced by the width and the
height of the waveguide. The trends of variation in
each graph of the effective index, propagation length
and mode area with arc radius are similar at different
wavelengths. With the same radius, when the wave-
length increases, the effective index decreases while
the propagation length and mode area increase. By
comparison, it is shown that the SPW with an arc
slot has better propagation properties than the SPW
with a straight slot. This work may be helpful for
applying the slot SPW to integrated photonics.
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