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Abstract:
We suggest and numerically demonstrate a design for Frequency Selective Surfaces (FSS) operating in the optical (visible and
near-infrared) range. The position and width of the FSS bandpass do not
depend on the angle of incidence and polarization state of the incoming
light, allowing high transmission at any angle. The FSS is formed by annular
apertures perforated in a metal film and arranged in a square array. Angleand polarization-independent transmission properties are demonstrated for
silver. These results can be extended to other metals as well as to other
frequency domains.
© 2006 Optical Society of America
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Frequency Selective Surfaces (FSS) are metallic grids that are able to transmit or reflect the
electromagnetic radiation with frequency discrimination. FSS are well-known and widely used
in the microwave domain, for instance as reflectors in antenna applications, as an electromagnetic window or for screening a radar emitter/transmitter from hostile emissions [1]. More
recently, FSS were designed in the mid-infrared range [2]. In principle, an ideal FSS should
exhibit a passband or stopband of constant width and spectral position with respect to angle of
incidence and polarization of the waves impinging on it. However, such a property is difficult
to obtain and most FSS operate around a fixed angle of incidence. One common solution is to
use a multi-layered FSS (each layer presenting different geometrical parameters) but this leads
to oversized structures and may increase the losses.
At optical frequencies, realization of compact angle-independent filters is a challenging task.
Interference filters (Bragg mirrors), which are one of the most common optical components, are
angle sensitive and must be used at or near normal incidence. In order to obtain narrow-band
filters with a larger angular tolerance, it is possible to use a multilayer stack or a resonant structure [3], but the resulting angular window remains small. Metallic films perforated with arrays
of sub-wavelength apertures [4] were once thought to be promising candidates for compact filtering. Unfortunately, the transmission properties of these structures rely partly on a coupling
with surface electromagnetic waves (surface plasmons) whose optical properties critically depend on the angle of incidence. As a consequence, the bandpass position shifts with the angle
of incidence.
In this paper, we propose a new FSS design allowing angle- and polarization-independent
transmission in the optical (visible and near-infrared) domain. It is an array of sub-wavelength
annular apertures perforated on a metal film. In contrast to Ref. [4], the high transmission and
the general shape of the spectra (Fabry-Pérot like spectra) do not rely on surface modes, but
rather on a cavity mode whose resonant frequency is angle-independent. However, in the vicinity of an anomaly, a coupling between a surface mode and the cavity mode occurs and the
Fabry-Pérot spectrum is perturbed: the surface plasmon destroys the high transmission. We numerically demonstrate that for a well-chosen metal thickness, angle-independent transmission
bands are obtained. The absolute transmission in the band is more than 80%. The tolerance on
polarization is also excellent. The interesting properties of our structure are cause by the occurrence of a cavity resonance. Recently Popov et al. [5] have presented interesting results, in
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Fig. 1. Sketch of the structure.

the far-infrared or microwave domains, of high transmission due to nonplasmon resonances for
one and two-dimensional gratings (Fabry-Pérot, waveguide or cavity resonances) It is important to underline that in the microwave region A. Roberts et al. Have theoretically established
the band-pass property of a metallic grid with circular apertures. [6]. More recently T.K. Wu
[7] has described the filtering properties of thin FSS grids, designed for applications in the infrared, with circular or square loops patterns. He stated that the performances of those filters are
stable despite variations in the illumination angle and polarization. In our paper, we establish
that these interesting properties of the 2D array of coaxial cavities remain valid in the visible
region despite the losses of the metals (Silver or Gold) in this spectral region.
The design of the FSS is schematically represented in Fig. 1. It is based on the Annular
Aperture Array (AAA): a square array of square annular apertures is patterned on a metal film
deposited on a glass substrate (optical index n 3 ). The period of the grating is D, the inner and
outer widths of the apertures are w 1 and w2 , respectively. The metal thickness is h and its optical
properties are described by a dispersive complex dielectric constant.
A plane wave impinges from the air side of the structure with angle of incidence θ . The orientation of the plane of incidence is located by the azimuthal angle ψ measured from the x−axis.
The theoretical study of the diffracted intensities remains a difficult problem. In the past, various methods have been developed to obtain spectral responses of AAA structures. Roberts et
al. used a modal method [6]. The recent studies in the visible region [8] were performed with
a FDTD algorithm, a powerful but memory- and time-consuming method. These FDTD results
were strengthened [9] by computations using the Fourier Modal Method (FMM) also known in
the litterature as the Rigorous Coupled Wave Method [10]. In this letter modeling has been performed using a highly-improved FMM algorithm [11, 12]. Compared to the previous method,
our FMM algorithm presents two major improvements. First, it uses an appropriate coordinate
system in order to take into account sharp edges [11]. Second, it fully exploits the symmetries
of the structure: this leads to a strong reduction of both computation time and required memory
[12]. It is worth noticing that the FMM algorithm is more efficient for rectangular apertures than
for circular ones: this is why we focus on square apertures. However, we emphasize that the
transmission properties of the AAA structure do not depend much on the shape of the apertures
(square apertures or ring apertures) [8, 9].
The transmission properties of the AAA structure as a function of the metal thickness are reported in Fig. 2. The structure parameters are D = 300nm, w 1 = 105nm and w 2 = 150nm. The
incident medium is air (n 1 = 1), the metal is silver [13] and the substrate is glass (n 3 = 1.5).
A structure with such submicronic parameters can be fabricated by interferometric lithography
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Fig. 2. Calculated transmission through the FSS for normal incidence. (a) Evolution of the
transmission efficiency (color scale) as a function of the metal film thickness and incident
wavelength. (b) Cross section of Fig. 2(a) for two different thicknesses, h=100nm (solid
line) and h=600nm (dashed line).

[14] or by milling with a focused ion beam [15]. A p-polarized (TM) monochromatic electromagnetic plane wave (electric field in the plane of incidence) illuminates the structure. Its
wave vector is kept in the (x, z) plane (i.e. ψ = 0) and forms an angle θ with the z−axis. In
Fig. 2(b) are shown the transmission spectra for two metal thicknesses (100nm and 600nm). In
both cases, the transmission spectrum exhibits broad and well-defined resonances in the optical region and a very large efficiency (T > 80%) at the resonant wavelength. Only two peaks
appear for h = 100nm whereas four peaks have a significant intensity for h = 600nm. Transmission spectra of AAA structures have been interpreted in previous papers [16], but let us recall
briefly the underlying physical process. In metallic films perforated with sub-wavelength cylindrical apertures [4], the holes do not support any propagative mode. The observed enhanced
transmission is generally explained by a coupling between surface plasmons propagating along
the horizontal metal surface and the aperture’s evanescent vertical modes. The transmission remains rather small (less than 20%), due to the role of this evanescent modes. In the case of the
AAA structure, the enhanced transmission does not stem from surface plasmon resonances or
Rayleigh anomalies. It arises from the resonant excitation of one cavity mode which propagates
in the coaxial aperture. This mode is a TE 11 -like mode which is a propagative mode with a small
attenuation. Compared to the cylindrical waveguide, the coaxial waveguide (with the same external radius or width) supports a mode with a larger cutoff wavelength. In the studied case
(w1 = 105nm, w2 = 150nm and silver) the cutoff of the TE 11 -like mode is around λ = 900nm,
leading to a propagative mode for all the visible spectrum. In spite of the small lateral dimensions of the air gap, the coaxial cavity acts as a Fabry-Pérot resonator. As a consequence, the
spectral position of the resonant mode does not depend on the periodicity. However, we stress
that the periodic structure plays an important role: it acts as a grating coupler allowing the incident plane waves to efficiently excite the guided mode and reciprocally, coupling the guided
mode to plane waves on the exit side. This behavior bears some resemblance with the properties
of lamellar gratings (metallic films perforated with an array of slits). A single slit also exhibits a
propagative guided mode regardless of its width, the TEM mode which has no cutoff frequency
[17]. Nevertheless, there are two crucial differences between the AAA structure and the lamellar grating. First, the TEM mode of the lamellar grating requires a minimum metal thickness to
exist, whilst this is not the case for the TE 11 mode in the coaxial waveguide (cf. Fig 2(b), solid
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Fig. 3. Calculated transmission through the FSS for h = 100nm. (a) Evolution of the transmission efficiency (color scale) as a function of the angle of incidence and incident wavelength. (b) Cross section of (a) along the two vertical dashed lines.

line). Second, the TEM mode is excited only for an incident electric field perpendicular to the
slits. This strong polarization dependence makes the lamellar grating a poor candidate for the
FSS applications we are looking for.
Fig. 2(a) shows the transmission efficiency (color scale) as a function of the metal thickness
and the illumination wavelength, for normal incidence. It is clear from this figure that there
is a resonance which wavelength position does not depend on the metal thickness (horizontal
band near λ = 860nm). This resonance corresponds to the TE 11 -like mode excited at its cutoff
wavelength. The other resonances asymptotically converge towards the cutoff wavelength. They
correspond to harmonics of the TE 11 -like mode. The excitation of a guided mode at its cutoff
frequency may appear quite surprising, since to the best of our knowledge it is not discussed
in classical textbooks. To explain this feature, we describe the transmission spectra by a simple
phenomenological model which corresponds to the excitation of only one mode in the cavity
[18]:
t=

t1t2 eikz h
,
1 + r1r2 e2ikz h

(1)

where t is the complex transmission coefficient. This equation is very similar to the equation
describing the transmission through a slab or a Fabry-Pérot resonator, t 1 and t2 playing the role
of the transmission coefficients of the two interfaces, r 1 and r2 being the corresponding reflection coefficients. The factor e ikz h corresponds to the propagation in the cavity. 
By introducing in
(1) the dispersion relation of the TE 11 mode with a cutoff frequency ω c (kz  (ω 2 − ωc2)/c) it
is possible to reproduce quite fairly the behavior observed in Fig. 2. At the cutoff frequency k z
equals zero, leading to a resonance for all metal thicknesses. This point was also discussed in a
very recent paper by Ruan and Qiu [19]: for a metallic film with a periodic array of rectangular
holes a high transmission could also be obtained by exciting a guided mode at its cutoff, leading
also in this case to a transmission peak independent of metal thickness.
The behavior of the transmission spectra vs. the angle of incidence is given in Fig. 3(a), for
h = 100nm. The striking result is that the resonant wavelength of the mode is almost angleindependent: for all angles between 0 and 80 ◦ , the resonant wavelength remains the same
(horizontal band at λ  860nm). Moreover, the cross sections of Fig. 3(b) (for θ = 20 ◦ and
θ = 70◦ ) show that the resonance maximum and bandwidth do not change from one angle to
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Fig. 4. Transmission spectra for θ = 20◦ : TM (solid line) and TE (dashed line) for an
azimuthal angle ψ = 0◦ ; TM (dotted line) and TE (dash-dotted line) for ψ = 30◦ .

another. These properties are characteristic of a FSS. Transmission anomalies appear for wavelengths shorter than the fundamental waveguide resonance (dark lines in Fig. 3(a)). When one
of these anomalies approaches a cavity resonance, the coupling between the two leads to a deterioration of the transmission efficiency. A similar behavior has been discussed for a lamellar
grating [20, 21]. This also explains why the transmission band at λ  860nm is disturbed for
angles larger than θ = 80 ◦ . For future applications, it would be necessary to adjust the geometrical parameters of the structure to avoid such a collision. Let us emphasize that these anomalies
disappear in the case of TE polarization, suggesting that they might be linked to surface plasmon resonances. Note that anomalies also appear in Fig. 2(a) as horizontal dark lines. The line
near λ = 450nm is probably linked to a Rayleigh-Wood anomaly. The anomalies appearing
at higher wavelengths are more difficult to analyze. They also appear on spectra calculated
with a FDTD algorithm, confirming that they are not numerical artifacts. We believe that localized resonances (such as localized plasmons excited in the aperture corners) may explain these
anomalies. Further investigations are in progress.
In order to get an ideal FSS there is one more condition to fulfill: the transmission properties
must be independent on the polarization and the azimuthal angle ψ of the incoming wave.
Under normal incidence, simple symmetry considerations show that TE and TM polarizations
are equivalent, but this is no longer true for θ = 0 or ψ = 0. The evolution of the transmission
spectra with the polarization is reported in Fig. 4. For an arbitrary angle of incidence (θ = 20 ◦ ),
the figure shows the transmission spectra for the TE and TM polarization states for two tilt
angles: ψ = 0◦ (solid and dashed lines) and ψ = 30 ◦ (dotted and dashed dotted lines). For a
given azimuth ψ , the main resonant peak is independent on the polarization state. However,
the peak slightly blue-shifts when one increases the azimuthal angle. This dependence vs. the
azimuth could be drastically reduced by using circular apertures rather than square ones.
Other calculations (not shown here) demonstrate that the FSS effect is maintained for a perfectly conducting metal. This suggests that the same design could be used at higher wavelengths
(microwave, THz, radio frequencies).
In conclusion, we have designed a Frequency Selective Surface operating in the optical
range. The design is based on an annular aperture array that exhibits angle- and polarizationindependent transmission properties. The transmission efficiency is very high, regardless of
the state of polarization or the angle of incidence of the incoming wave. Furthermore, the
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same design can be applied to other metals (e.g. gold or aluminium at visible and infrared
frequencies) with similar performances. The extension to the microwave or THz region of
the spectrum (where most metals are almost perfectly conducting) is straightforward and has
been checked. This finding may evoke numerous applications in optics and electromagnetics,
for instance in the design of compact filters for integrated semiconductor lasers (VCSELs),
electromagnetic windows at telecom wavelengths or, in the microwave domain, for radome
applications. The AAA structure leads to bandpass filters but with very wide widths. However
there are applications where a broad bandwidth is sufficient. If necessary, it is possible to
reduce the bandwidth by using superimposed structures [5]. From a more fundamental point
of view, the complex interplay between grating anomalies and guided modes needs further
investigations. Another interesting perspective is suggested by the work of Shen et al. [22]
who have considered a lamellar grating as a metamaterial exhibiting an effective index of
refraction. It would certainly be enlightening to consider the AAA structure under the same
point of view and to investigate what effective properties can be deduced from its angular and
spectral behavior.
This work has been supported by the European Network of Excellence on Micro Optics
(NEMO). The work of L. Li has been supported by the National Science Fund for Distinguished
Young Scholars established by the National Natural Science Foundation of China under project
60125514.

#73115 - $15.00 USD

(C) 2006 OSA

Received 17 July 2006; revised 8 September 2006; accepted 22 September 2006

11 December 2006 / Vol. 14, No. 25 / OPTICS EXPRESS 11951

