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Guided modes supported by plasmonic films with a periodic arrangement
of subwavelength slits
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We calculate the guided band diagram of a metallic film with a one-dimensional periodic
arrangement of cut-through subwavelength slits. We find that this system supports two distinct types
of guided modes propagating in a direction perpendicular to the slits when the metal obeys a
plasmonic dispersion model. The first type is a well-known surface mode. The second type results
from the presence of a subwavelength electromagnetic resonance inside the slits and closely
resembles waveguide modes in a dielectric slab. We refer to them as effective dielectric slab modes.
We show how the behavior of both modes is affected by film thickness and surface properties.
© 2006 American Institute of Physics. �DOI: 10.1063/1.2164905�
Recently, there has been strong interest in the optical
properties of metallic films with a one-dimensional periodic
arrangement of cut-through subwavelength slits.1–5 Most
works have focused on the transmission properties. For
transmission, the phase space of interest is located above the
light line �=ckx in the �kx ,�� plane, where kx is the x com-
ponent of the wave vector �perpendicular to the slits; Fig. 1�,
� is the frequency, and c is the speed of light. In this letter,
we focus on guided modes that lie below the light line. This
region has remained unexplored. Understanding the behavior
of guided modes is potentially important for integrated optics
applications. Moreover, it has been pointed out quite recently
that the behavior of guided modes is intimately related to the
use of such a system as a metamaterial with unusual dielec-
tric properties.6,7 In this context, it is important to examine
the properties of guided modes with more realistic material
models for the metal. Here, we find in the long-wavelength
regime that the system shown in the inset in Fig. 1 supports
two distinct types of transverse-magnetic �TM� guided
modes propagating in a direction perpendicular to the slits
when the metal is described by a plasmonic model �TM
modes have magnetic fields parallel to the slits �Hz��. The
first type is a well-known surface mode. This mode is con-
fined to the front and back metal-dielectric interfaces of the
film. The second type originates from a subwavelength elec-
tromagnetic state supported by the slits. In slits, regardless of
how narrow they are, there always exists a propagating state.
In the transmission regime, this state enables enhanced
transmission.2–4 In the guided regime, this state gives rise to
guided modes, which closely resemble wave guide modes in
a dielectric slab. We refer to them as effective dielectric slab
modes.

We calculate the dispersion relations of the guided
modes supported by the metallic film using a finite-
difference frequency-domain method. Specifically, we solve
the wave equation for Hz �Ez� in the case of TM �transverse-
electric �TE�� polarization.8,9 The computational domain con-
sists of a single period of the structure. We use the following
boundary condition at the left and right boundaries10
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��x + d� = exp�ikxd���x� , �1�

where d is the periodicity of the structure and �=Hz �Ez� for
TM �TE� polarization. Perfectly matched layer �PML� ab-
sorbing boundary conditions are used at the top and bottom
boundaries.11 We excite a point source and the resulting fre-
quency spectrum at detector points is composed of a discrete
set of peaks, where each peak corresponds to an
eigenfrequency.

We describe the optical properties of the metal using a
Drude free-electron model:

�2��� = 1 −
�p

2

��� − i���
, �2�

where �p is the plasma frequency and �� is the collision
frequency. This dielectric function takes into account the
contribution of free electrons only. We refer to it as the plas-
monic model. Despite its apparent simplicity, the plasmonic
model has been the source of valuable insights into the gen-
eral behavior of real metals. In the guided band diagram
calculations presented here, we assume a lossless plasmonic
model in which we neglect absorption by setting the collision

FIG. 1. �Color� Guided-mode band diagram for TM polarization �first Bril-
louin zone� when L=256 nm, d=80 nm, a=20 nm. Shown are two degen-
erate surface modes �red curves� and a series of effective dielectric slab
modes �blue curves�. The dashed line is the light line in vacuum. Inset
shows the schematic of a metallic film with periodic slits: a is the slit width,
d is the periodicity, and L is the film thickness. The gray regions indicate

metal ��2� and the white regions represent vacuum ��1=1�.
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frequency to zero, ��=0. It was found from previous band
diagram calculations of metallic photonic crystals, in which a
plasmonic model was used, that the real part of the band
structure is hardly affected by absorption for realistic
amounts of absorption.12 We use �p=1.368 84�1016 rad/s,
which is representative of metals �e.g., silver�. Without loss
of generality, we also assume hereafter vacuum ��1=1� for
the ambient dielectric environment and the slit regions.

Figure 1 shows the band diagram �in the first Brillouin
zone� for the guided modes in TM polarization �Hz�. The
metallic film has a thickness L=256 nm. The slits have pe-
riodicity d=80 nm and width a=20 nm. The guided band
diagram features two distinct types of modes: Two surface
modes �red curves� and a series of effective dielectric slab
modes �blue curves�. The surface modes are confined to the
top and bottom metal-vacuum interfaces, respectively. They
are degenerate and have the characteristics of surface plas-
mon modes on a flat surface. At low frequencies �, the sur-
face modes asymptotically approach the light line in the am-
bient environment. The band approaches �=0.332·2�c /d at
the Brillouin zone edge. At large values of the propagation
constant kx, in an extended Brillouin zone representation, we
expect the frequency of the surface modes to approach the
surface plasmon frequency �p /�2 of the metal-vacuum in-
terface. However, in this system, it becomes difficult to dis-
tinguish between the surface modes and the effective dielec-
tric slab modes above �=0.332·2�c /d.

The slits in the plasmonic film, regardless of how narrow
they are, always support a propagating state. This state gives
rise to a series of effective dielectric slab modes. These
modes derive their name from the fact that a similar perfect
electric conductor �PEC� system has been shown to be
equivalent to a dielectric slab with an effective refractive
index.6 At low frequencies �, they follow the light line in a
vacuum. At large kx, the frequencies approach a series of
limiting values, which depend on the order of the mode.
While the limiting frequency values are co-determined by
geometrical and material parameters, the large-kx behavior of
these modes is quite similar to that of the effective dielectric
slab modes found in a PEC system.6 In the PEC case, the
limiting values at large kx are equally spaced and they are
related to the Fabry–Perot resonance condition. Here, they
become increasingly closer to each other as frequency
increases.

Figure 2 depicts the field distributions of the modes pre-

FIG. 2. �Color� Hz-field distributions for the two types of guided modes
supported by the geometry shown in Fig. 1. Distributions are shown for kx

=0.50 in units of 2� /d. Frequencies � are given in units of 2�c /d. �a�
Fundamental effective dielectric slab mode at �=0.074, �b� next-higher-
order effective dielectric slab mode at �=0.144, and �c� and �d� surface
modes at �=0.332. Red and blue correspond to large positive and negative
field values, respectively, and green represents zero field.
sented in Fig. 1 for kx=0.50 �in units of 2� /d�. All modes
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propagate in the x direction. Shown are the Hz-field distribu-
tion of: The fundamental effective dielectric slab mode �Fig.
2�a��, the next-higher-order effective dielectric slab mode
�Fig. 2�b��, and both degenerate surface modes �Figs. 2�c�
and 2�d��. The surface modes are confined to the lower and
upper metal-vacuum interface of the film, respectively. Their
field decays rapidly as the distance from the interface in-
creases, as expected. The effective dielectric slab modes, on
the other hand, have their maximum within the slits of the
system and thus indeed resemble the guided modes in a di-
electric slab.

Since the system supports two distinct types of guided
modes, each with a clear signature for large slab thickness, it
is to be expected that these modes will also behave differ-
ently when the system parameters are modified. Through the
careful choice of the geometrical and surface properties, it is
possible to control the presence or absence of plasmonic
modes and to change their dispersion properties. Figure 3�a�
shows the dispersion relations when the film thickness L is
reduced by a factor of 2 �L=128 nm, d=80 nm, a=20 nm�.

FIG. 3. �Color� Effects of film thickness and surface properties on the
guided-mode band diagram for TM polarization. Shown are two degenerate
surface modes �red curves� and a series of effective dielectric slab modes
�blue curves�. The dashed line is the light line in vacuum. �a� Reduction in
film thickness �L=128 nm, d=80 nm, a=20 nm� and �b� perfect electric
conductor �PEC� coating on plasmonic film. Inset shows the schematic of
the metal film with periodic slits. The gray regions indicate metal ��2�
coated with a thin PEC film �black� and the white regions represent vacuum
��1=1�.
For the effective dielectric slab modes, this reduction has a
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profound impact on the behavior at large kx values: The se-
ries of limiting frequency values shift up in a manner which
is inversely proportional to L. The thickness of the film af-
fects the Fabry–Perot resonance condition of the electromag-
netic state in the slits on which the effective dielectric slab
modes rely for their existence. The surface mode, on the
other hand, is almost unaffected by the change in thickness
as long as the thickness is large compared to the decay length
of the mode inside the slits. The surface modes can be re-
moved if the top and bottom interfaces of the plasmonic film
are coated with a thin PEC layer �Fig. 3�b��, since the PEC-
vacuum interface does not support a surface mode. The ef-
fective dielectric slab modes, on the other hand, remain al-
most unchanged.

It is known that surface modes on a periodic structure
exhibit a band gap due to periodic scattering.13,14 For large
film thickness L, the presence of the effective dielectric slab
modes obfuscates the band gap. To clearly see the gap be-
havior, one needs to significantly reduce L. For example, Fig.
4 presents the dispersion relations of the plasmonic modes
for a film thickness of 32 nm. This alters the dispersion re-
lation of the effective dielectric slab modes by pushing up
the limiting values �flat bands� toward higher frequencies.
The insets depict the Hz-field profiles for the different modes.
The field profile plot of the fundamental effective dielectric
slab mode, shown in the inset of Fig. 4�a�, is not much modi-
fied from the profile of the same mode in a thicker film �see
Fig. 2�a��. Hence, this mode is still clearly identifiable as an
effective dielectric slab mode. For the other modes, there are
two consequences to the dispersion relation. First, there is a
splitting of the degenerate single-interface modes into two

FIG. 4. �Color� Guided-mode band diagram for TM polarization �first Bril-
louin zone� when L=32 nm, d=80 nm, a=20 nm. Shown are a series of odd
�red curves� and even �blue curves� modes. The dashed line is the light line
in vacuum. Insets show the field distributions for kx=0.50. �a� Hz-field dis-
tribution for the fundamental effective dielectric slab mode at �=0.282; �b�
and �c� Hz-field distribution of the symmetric �even� coupled modes at �
=0.332 and �=0.372, respectively; and �d� and �e� Hz-field distribution of
antisymmetric �odd� coupled modes at �=0.309 and �=0.343, respectively.
Red and blue correspond to large positive and negative field values, respec-
tively, and green represents zero field.
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coupled surface modes.15 These modes are neither pure sur-
face modes nor effective dielectric slab modes anymore. The
coupled modes can be easily distinguished based on the sym-
metry of the Hz-field profiles with respect to the xz plane
through the middle of the film and are referred to as sym-
metric �insets b and c� and antisymmetric �insets d and e�
modes. Second, a band gap is formed. Below and above the
band gap, the modes have their maximum or minimum either
at the metal �insets b and d� or at the slit �insets c and e� as
a result of the folding at the edge of the first Brillouin zone.
These modes delineate the lower and upper limits of a small
band gap, which can be estimated at ��bc=0.040 and
��de=0.034 in units of 2�c /d. Finally, under certain condi-
tions, the bands of these two types of modes can cross and
mode coupling occurs. For example, in Fig. 1 this occurs for
kx=0.39 and �=0.320. Under these circumstances, a small
frequency variation can give rise to a large change in the
field distribution from slit confined to surface confined.

As final remarks, using tabulated data for the dielectric
function of silver,16 we have also analyzed the guided band
diagram of this system. For real metal parameters, the main
conclusion of the letter, i.e., the existence of two types of
guided modes, remain valid. A similar analysis for TE polar-
ization, with the electric field parallel to the slits �Ez�, re-
vealed that the system does not support any guided modes
propagating in the x direction in this polarization. This find-
ing agrees with the results obtained for a PEC system.6
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