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1. Introduction
There are a great number of optical devices based on the surface plasmon resonance (SPR) [1]- [3].

One of the important applications of these devices is to construct a polarizer, which is used as a sensing
device [1], [3] and a polarization splitter [2]. Recently, the high transmission of the transverse magnetic
(TM) wave is realized using a thin metal film sandwiched between dielectric gratings [1], [4]- [6]. We
have revealed that the high transmission properties of this structure are based not only on the SPR but
also on the Fabry-Pérot resonance (FPR) [7]. On the other hand, the high transmissivity for the transverse
electric (TE) wave was discussed in terms of the guided-mode resonance (GMR) through the analysis of
subwavelength slit gratings and hole arrays [8].

In this paper, we discuss the relation between the high transmissivities and these resonances in more
detail. It is revealed that the high transmissivity based on the FPR is determined by the grating thickness,
while the GMR and SPR by the periodicity. On the basis of these results, we design the polarizer which
operates at a required wavelength by changing the periodicity. A high transmissivity of more than 85%
is observed at each of the resonances.

2. Configuration and Numerical Method
Fig. 1 illustrates the periodic structure of the polarizer, in which a two-dimensional model is treated.

The configuration is similar to that treated in Ref. [1]. The refractive indices of the dielectric materials
are taken to be nH = 3.715 and nL = 2.049. The periodicity and the widths of the high- and low-index
dielectric regions are, respectively, designated as Λ, wH, and wL. The fill factor is defined as fH = wH/Λ.
The thicknesses of the dielectric grating and the metal film are set to be td = 0.22 μm and tm = 0.03 μm.
We express the dispersion of the metal (Ag) film as the following Drude-Lorentz model [9], [10]:
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where ω is the angular frequency. The dielectric constant of the material at an infinite frequency is
ε∞ = 3.91, the electron plasma frequencies ωD = 13420 THz, ωL = 6870 THz, the effective electron
collision frequencies νD = 84 THz, νL = 12340 THz, and the weighting coefficient Δε = 0.76.

We illuminate a uniform plane wave of either the TE or TM wave from the input side and intend
to extract either the TE or TM wave, or both as a transmission field at the output side. To analyze the
present polarizer, we adopt the FDTD method with the periodic boundary condition [11]. The piecewise
linear recursive convolution technique [12] is employed to treat the dispersive medium.

3. Discussion
Fig. 2 shows the transmissivity as a joint function of wavelength λ and fH. It is seen that, for the

region 1, both of the TE and TM waves can be transmitted at λ = 1.19 μm. This transmission is related
to the FPR. In contrast, the region 2 for the TE wave and the region 3 for the TM wave are related to the
GMR and the SPR, respectively. Each of these behaviors is discussed in more detail in the following.
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We first consider the FPR. For simplicity, fH is taken to be unity; the dielectric gratings become
homogeneous layers. Fig. 3 shows the transmissivity as a function of wavelength. Since the results of
the TE and TM waves are the same, we only show the TE wave results. For reference, we also plot
the data for the case without the metal film, i.e., a homogeneous high-index dielectric layer with the
thickness of Td = 2td + tm. The structure without the metal film achieves a maximum transmissivity of
100% at λ = 0.87 μm, 1.16 μm, and 1.75 μm. This is due to the FPR, which provides the following
relationship:

Td =
mλ
2nH

(m = 1, 2, 3, · · · ). (2)

On the other hand, for the structure with the metal film, a transmissivity of more than 83% is obtained at
λ = 1.19 μm. In this case, the considerable incident wave is reflected from the metal film with a phase
shift of approximately π rad. As a result, the phase matching condition in the dielectric layer for the
input side is governed by

td =
(2m′ − 1)λ

4nH
(m′ = 1, 2, 3, · · · ). (3)

It should be noted that the remaining power penetrates through the thin metal film because the thickness
is comparable to the skin depth, and then the transmitted wave satisfies the same condition for the output
side. This leads to the resonance in the dielectric regions with a subsequent high transmissivity.

Here, we assume that the phase shift within the thin metal film is significantly small, so that the
thickness of the metal film can be neglected, i.e., Td = 2td. Combining Eqs. (2) and (3) under the
condition of Td = 2td results in 2m′ − 1 = m. This means that Eq. (3) corresponds to Eq. (2) with the odd
number of m. Therefore, the high transmissivities observed at λ = 0.87 μm and λ = 1.75 μm disappear
for the case with the metal film.

We next consider the GMR and the SPR. At normal incidence, the propagation constant of the
diffracted wave parallel to the grating surface is defined by

kd = ±i
2π
Λ
, (4)

where i is the diffraction order. Each of the GMR and SPR is excited, when kd agrees with the propagation
constants of the modes which propagate in the grating regions. Then, we obtain the high transmissivity
at these resonances.

For the SPR, there are two high transmission regions (3a and 3b) in Fig. 2(b). These regions stem
from the existence of the two surface plasmon modes which exhibit the asymmetric and symmetric
distribution with respect to the middle plane of the metal film. When fH approaches zero, the wavelengths
corresponding to the region 3a and 3b move toward λ � 1.2 μm and 1.1 μm, although the transmissivity
is reduced because of the weak SPR resonance. Therefore, it is expected that the propagation constants
at these wavelengths agree with kd. Fig. 4 shows the propagation constant β against wavelength, where
β is evaluated by the eigenmode analysis for fH = 0. As expected, the propagation constants for the
asymmetric and symmetric modes cross kd at λ = 1.22 μm and 1.08 μm, respectively. Although not
illustrated, a similar tendency is also observed for the GMR.

The discussions so far encourage us to design the polarizer which operates at a required wavelength,
since the FPR is determined by the grating thickness, while the GMR and SPR by the periodicity. Figs. 5
and 6, respectively, show the transmissivities for the TE and TM waves as a function of wavelength, in
which the periodicity is taken to be Λ = 0.58 μm, 0.68 μm, 0.78 μm with fH � 0.7. It is revealed that
the wavelengths corresponding to the GMR and SPR shift toward longer wavelengths as the periodicity
is increased. On the other hand, the high transmissivity based on the FPR is maintained at λ = 1.15 μm.
As a result, we obtain a high transmissivity of more than 85% at each of the resonances.
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4. Conclusions
We have analyzed the polarizer consisting of the thin metal film sandwiched between the dielectric

gratings using the FDTD method. It is revealed that the surface plasmon resonance (SPR) and the guided-
mode resonance (GMR) depend on the periodicity, whereas the Fabry-Pérot resonance (FPR) depends
on the thickness of the gratings. Therefore, the wavelengths corresponding to the GMR and SPR shift
toward longer wavelengths as the periodicity is increased, while the high transmissivity based on the FPR
is maintained at λ = 1.15 μm. This fact enables us to design the polarizer which operates at a required
wavelength.
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Figure 1: Configuration.
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Figure 2: Transmissivity as a joint function of wave-
length and fH for Λ = 0.58 μm.
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Figure 3: Transmissivity as a function of wavelength
for fH = 1.0.
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Figure 4: Propagation constant against wavelength.
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Figure 5: Transmissivity as a function of wavelength
for TE wave ( fH � 0.7)
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Figure 6: Transmissivity as a function of wavelength
for TM wave ( fH � 0.7)
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