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Splitting the surface wave in metal/dielectric

nanostructures
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We investigate a modified surface wave splitter with a double-layer structure, which consists of symmetrical

metallic grating and an asymmetrical dielectric, using the finite-difference time-domain (FDTD) simulation method.

The metal/dielectric interface structure at this two-side aperture can support bound waves of different wavelengths,

thus guiding waves in opposite directions. The covered dielectric films play an important role in the enhancement and

confinement of the diffraction wave by the waveguide modes. The simulation result shows that the optical intensities of

the guided surface wave at wavelengths of 760-nm and 1000-nm are about 100 times and 4∼5 times those of the weaker

side, respectively, which means that the surface wave is split by the proposed device.
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1. Introduction

The optical properties of metallic nanostructures
have aroused great interest in both theory and ex-
periment since the extraordinary optical transmis-
sion through two-dimensional sub-wavelength peri-
odic hole arrays milled on a thin metal film discov-
ered by Ebbessen et al.[1] Metallic photonic materials
demonstrate unique properties due to the existence
of metals on electromagnetic surface waves known
as surface plasmons (SPs). SPs open up possibili-
ties for photonics because they allow the concentra-
tion and propagation of light below their usual res-
olution limits, thus opening up possibilities for sub-
wavelength optical components. The optical proper-
ties of plasmonic structures and devices have been in-
vestigated in various cases.[2−4] Recently, a metal film
with a single aperture surrounded by metallic grating
in the input surface (on which the incident light im-
pinges) or output surface drew a lot of attention for its
good performance in enhancing transmission and light
beaming.[5−10] The focal length of the beaming light is
determined by the geometrical parameters of the out-
put surface.[11,12] Martin-Moreno et al.[13] found that
the angular distribution of the diffracted light can be
changed by tuning the geometrical parameters of the
grooves. In addition, in some cases the transmission

light is confined in an output surface rather than being
coupled to a far field if the parameters of grooves sat-
isfy a certain relation. Further, structures with differ-
ent surface structures located on the two sides of the
slit, which can split waves of different wavelengths,
were designed.[14,15]

In this paper, we propose a surface wave split-
ter with symmetrical output surface metallic grating
covered by an asymmetrical dielectric slab, which can
guide surface waves of different wavelengths towards
opposite directions. We use different refractive indices
to achieve the surface wave splitting rather than dif-
ferent grating geometrical parameters.

2. Theoretical framework and

simulation setup

SPs are a special kind of electromagnetic field,
which can propagate along the interface between a
metal and a dielectric medium while keeping bounded
near the surface without radiating away.[16] The SP
mode is excited on the surface when a p-polarized
wave (the magnetic field is perpendicular and the
electric field is parallel to the propagating two-
dimensional plane) impinges on a metallic film. Solv-
ing Maxwell’s equations under the appropriate bound-
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ary conditions yields the SP dispersion relation[17]

ksp = k0

√
εmεd

εm + εd
, (1)

where ksp represents the SP wave vector and k0 is the
wave vector in free space. The frequency-dependent
permittivity of the metal εm and the dielectric mate-
rial εd must have opposite signs for SPs to be possible
at such an interface. This condition is satisfied for
metals because εm is both negative and complex. The
interaction between the surface charge density and the
electromagnetic field leads the momentum of the SP
mode wave vector to be greater than that of a free-
space photon of the same frequency. This increase
in momentum is associated with the binding of the
SP to the surface, and the resulting momentum mis-
match between light and SPs of the same frequency
must be bridged if light is to be used to generate SPs.
It implies that light cannot convert to SPs directly
on a flat surface. One way to couple the free propa-
gating light with SPs is to produce a patterned struc-
ture that is periodic on the scale of the wavelength.[18]

More importantly, the process can be reversed. It al-
lows the otherwise non-radiative SP mode to couple
with light in an efficient and controlled way.[19,20] It
is well known that the grooves on the input surface
can enhance the near field intensity[21] and is not very
related to the output surface wave distribution; the
distribution of the transmitted light depends only on

the structure of the output surface. In this proposed
device, the input surface grooves do not have a direct
connection with the output surface grooves. The light
splitting phenomenon still occurs when the incident
surface is flat, although the transmitted optical inten-
sity is weaker. Therefore, we investigate the output
properties of light only through adjusting the corru-
gated output metal/dielectric interface.

Figure 1(a) shows the schematic diagram of the
proposed device structure. The thickness of the silver
film is Hm with a single 100-nm width slit surrounded
by 2M grooves on the input surface and 2N grooves
on the output surface. These grooves on the input
and the output surfaces are periodically distributed
and symmetrically located with respect to the central
slit. The period of the input surface structure is Pb,
the width of each groove is Wb and the height is Hb.
The grooves on the output surface have the period Pa,
width Wa and height Ha. The thickness of the two di-
electric layers covered on both sides of the metal film
is Hd. The permittivity of the dielectric film on the
left/right side of the slit is n1/n2, respectively. All
of the parameter symbols are labeled in Fig. 1, their
values are given as follows: the width of the slit is
100 nm; M = 8, N = 11; Pb = 600 nm, Wb = 300 nm,
Hb = 100 nm; Pa = 400 nm, Wa = 200 nm,
Ha = 80 nm; Hm = 800 nm, Hd = 300 nm; n1 = 1.52,
n2 = 2. We set the centre of the slit at the input metal
surface as the origin of the coordinate (x = 0, z = 0).

Fig. 1. (a) Schematic diagram of the nanostructure of the proposed metal/dielectric device; (b) definition of

the diffraction angle of the propagating light; (c) waveguide modes provided by the dielectric film.
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We employ the finite-difference time-domain
(FDTD) method to numerically simulate the light
transmission through the nanostructure due to its
power and intuitiveness. Using the FDTD method,
we can observe the field distribution at any time for
an arbitrary geometry structure. In the simulation, an
incident p-polarized plane wave illuminates the nanos-
tructure in the +z direction from the bottom of the
simulation area. Only the p-polarized wave (including
Ex, Ez, and Hy) is considered and, consequently, Hx,
Hz, and Ey are all zero. The size of the simulation
domain is 10 µm × 10 µm, the FDTD grid cell size
and time step used in our work are ∆x = ∆z = 10 nm
and ∆t = ∆x/2c (c is velocity of light in the vac-
uum), respectively. The magnetic field intensity |Hy|2
is used to represent the field intensity distribution in
our calculation. The perfectly matched layer (PML)
boundary condition is used in the x direction and the
z direction to absorb the back-reflected radiation as
well as the transmitted radiation at the boundaries of
the mesh. The FDTD code ran for 6000 time steps
in order to produce a steady image. In constructing
our device, we chose silver as the film material for its
lowest loss in the visible spectrum. The frequency-
dependent permittivity of silver is described by the
Drude model as

εm(ω) = ε∞ − ω2
p

ω2 + iωωτ
, (2)

where ε∞ is the infinite frequency dielectric constant,
ωp is the bulk plasma frequency and ωτ is the collision
frequency related to the dissipation loss of the metal.
For silver, we choose the dielectric function parame-
ters as follow: ε∞ = 1, ωp = 1.22 × 1016 s−1, and
ωτ = 0.9× 1014 s.

3. Results

The simulations of the transmission spectra on
different sides of the structure are shown in Fig. 2.
From the spectra we know that light beams with dif-
ferent wavelengths can have different intensities at the
left and right metal surfaces of the structure. In the
680 nm–780 nm spectral range, the transmission in-
tensity on the left side is larger than that on the right
side. In the 950 nm–1050 nm region, the intensity is
larger on the right side than on the left side.

Fig. 2. Spectra of |Hy |2 intensity on different sides. Line

1 represents intensity at the position: 50 nm above the

metal surface, and −4 µm on the x axis, and line 2 is for

the intensity at 50 nm above the metal surface, 4 µm on

the x axis.

To further investigate the proposed structure, we
also calculate the x axis dependence intensity of the
magnetic field at two specific wavelengths, 760 nm
and 1000 nm (shown in Fig. 3). The peak intensity
of the left ranges from −4.5 µm to 0 µm is about 100
times that on the right side when the incident light is
760 nm, as shown in Fig. 3(a). The distribution will be
opposite if a 1000-nm wave illuminates the structure
(see Fig. 3(b)), the peak intensity on the right hand
side is still 4∼5 times that on the left-hand side from

Fig. 3. The |Hy |2 distributions along the x axis 50 nm

above the metal surface positions of 760 nm (a) and

1000 nm (b).
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0 µm to 4.5 µm. The peaks of the two intensity curves
in these graphics each correspond to a groove on the
metal surface. It means that the optical intensity in
a groove region is extremely larger than that in a top
surface region. In other words, the light is trapped in
the grooves.

Figures 4(a) and 4(b) show the time-average |Hy|2
distributions of 760-nm and 1000-nm incident light,
respectively. As shown in Fig. 4(a), the surface wave
is bound to the left corrugated metal/dielectric inter-
face when the incident wavelength is 760 nm. We note
that the optical intensity of the right metal surface
is weak. In consequence, most of the 760-nm light
is guided towards the left side. The 1000-nm wave-
length diffraction wave is bounded to the right inter-
face of the metal/dielectric, which is different from
the phenomenon of the 760-nm incident wave (see
Fig. 4(b)). The intensity on the right-hand side is
larger than that on the left-hand side. In other words,
the 1000 nm light is guided towards the right-hand
side by the metal/dielectric nanostructure.

Fig. 4. FDTD simulation results of normalized |Hy |2 dis-

tributions for the radiated light positions of 760 nm (a)

and 1000 nm (b). A TM-polarized plane wave is incident

on the slit from the bottom side in the image.

4. Discussion

Yu et al.[22] proposed the physical origin for a di-
rectional beam of light emitting from a subwavelength
slit in a metallic film characterized by a corrugation
feature on the output surface side.[22] The grating
equation could also be used to explain the splitting
phenomenon

ksp ±m
2π

pa
= k0 sin θ, (3)

where pa represents the grating period and θ the
diffraction angle. The direction of the propagat-
ing light is determined by the difference between the

SP wave vector ksp and the grating vector 2π/pa

(Fig. 1(b)). If the SP wave vector ksp and the grating
vector 2π/pa are within a certain range, the direc-
tion of the wave will be almost parallel to it and it
will propagate along the metal surface (θ → 90◦). In
other words, arrays of grooves on the output surface
can support surface bound states, which means that
the surface wave can be trapped in the metal grating.

Garcia-Vidal et al.[23] explored the existence of
a surface bound mode in the corrugated surface of a
perfect conductor and the dispersion relation of this
surface mode can be described as√

k2
x − k2

0

k0
=

Wa

Pa
tanh(k0Ha), (4)

where kx is the component of k0 in the x direction.
The dispersion relation is suitable for explaining the
bound states on the surface of our device, as metals
are almost perfect conductors from a frequency of zero
up to the threshold of the THz regime. If the wave
vector matches the surface mode of the periodic struc-
ture, the electromagnetic wave will be bounded to the
interface. So it is possible to split surface waves of
different wavelengths.

In our work, the metallic gratings are designed to
have the same parameters but they are covered by an
asymmetrical dielectric on both sides. When the inci-
dent light transmits though the slit and is diffracted
into dielectric films on the two sides, the SP wave vec-
tors ksp’s become different because of the different re-
fraction indices of the dielectric adjacent to the metal.
From Eq. (1), the SP wave vector ksp is changed when
the permittivity of dielectric εd is changed. If the
changed SP wave vector matches the surface bound
modes that the structure supports, the surface wave
will be trapped. In the simulation of a 760-nm incident
wave, on the left-hand side ksp matches the surface
mode and the wave is bounded to the left surface (see
Fig. 4(a)). The situation is similar when the incident
light is 1000 nm. The difference is the surface wave
trap phenomenon occurring in the right interface. The
right side ksp matches the surface bound mode, thus
the wave is trapped at the right metal/dielectric in-
terface (see Fig. 4(b)). Therefore, the surface wave
with a desired wavelength can be split by arranging
the output surface grooves and the permittivity of the
covered dielectric film.

We know that the dielectric film covering the in-
coming metallic surface can excite waveguide mode,
which drastically enhances the intensity of the trans-
mitted wave.[24,25] In our structure, the dielectric film
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covering the output surface can also achieve a similar
enhancement of the diffracted surface wave. That is
another way to make sure that the diffraction prop-
agates along the surface rather than radiating to the
free space. From Fig. 4, we notice that the diffraction
wave is well confined in the metal surface and the di-
electric film, which is similar to the scenario of light
propagating along a dielectric waveguide (Fig. 1(c)).
The diffracted light that is enhanced by the waveg-
uide mode can be seen from the dependence of inten-
sity on x in Fig. 3. The peak intensity on the surface
does not become weaker when the distance from the
central slit increases. The more interesting point is
that the intensity of 1000-nm light on the right-hand
side turns stronger with x increasing in +x direction
(see Fig. 3(b)). We can see that the enhancement
of intensity by the waveguide mode is more effective
when the incident wavelength is longer. The critical
angle for total reflection of the waveguide mode can
be calculated from the permittivity of the dielectric
and the free space: θc = arcsin(n0/n). In our de-
vice, the critical angles for total reflection of the left
and the right dielectric films are 41◦ and 30◦, respec-
tively. For the wavelength of 1000 nm, the diffraction
angle θ more easily satisfies the total reflection at the

right-hand side dielectric. The diffraction wave will
be confined more effectively because of the waveguide
modes. That is why the enhancement of intensity by
the waveguide mode is more obvious when the incident
light wavelength is 1000 nm.

5. Conclusion

We proposed a planar surface wave splitter by
covering an asymmetrical dielectric on different sides
of a metallic grating structure. It confined and en-
hanced the emitting light well and may be used in the
field of optical chip interconnects or integrated opti-
cal circuits due to its valuable characteristics. Ad-
justing the permittivity of the dielectric on the out-
put leads the counterpart SP wave to be trapped on
the surface, which supports the bound condition. We
investigated the splitting of the surface wave phe-
nomenon at two specific wavelengths, 760 nm and
1000 nm. The optical intensity of the bounded light
at the metal/dielectric interface is [Editor: VALUE
MISSING HERE] times that on the unbound side. In
other words, the direction of the surface wave, guided
by our surface wave splitter, can be determined by its
wavelength.
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