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We report nearly perfect optical transmission (87%) through freestanding metallic gratings with narrow

slits, as the experimental demonstration of the theoretical prediction by Porto et al. [Phys. Rev. Lett. 83,

2845 (1999)]. In addition, we show that the Fano line shape of transmission spectra reveals the interplay

between localized and propagating surface plasmon resonances, and allows us to determine the non-

radiative losses. It provides the limits for the transmission efficiency and resonance quality factor. As an

illustration, a mosaic of various bandpass filters has been achieved in a single membrane.
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Light-matter interactions in a metal layer patterned at
the subwavelength scale give rise to a wide variety of
optical resonances. It can lead to the excitation of either
propagating surface plasmon polaritons (SPP) in metal
films with hole arrays [1], or localized plasmon resonances
in metamaterials composed of nanoscale resonators [2].
These phenomena allow us to design artificial materials
having various refractive indices and spectral dispersion
properties, and hold out the promise of the realization of
planar optical elements like lenses [3] and filters [4,5].
However, their efficiency is hindered by the use of a
substrate.

In contrast, perfect transmission and reflection is a gen-
eral property of Fano resonances occurring in a symmetric
slab made of lossless materials structured at the subwave-
length scale [6]. However, the inclusion of metal compo-
nents usually has a negative impact on both the
transmission efficiency and the resonance width. Taking
into account these losses, theoretical works have predicted
nearly perfect optical transmission with resonance quality
factors ranging over several orders of magnitude for free-
standing metallic gratings with very narrow slits [7–10].

In this Letter, we report the demonstration of nearly
perfect resonant optical transmission through freestanding
metallic gratings made of core-shell membranes drilled
with narrow slits. Measured transmission peaks are per-
fectly described by the predicted Fano line shape for the
whole angular range (0–40�). Furthermore, we show that
transmission spectra allow an experimental determination
of the nonradiative losses, and provide the limits for the
transmission efficiency and resonance quality factor. Such
a structure has been used to realize a mosaic of various
bandpass filters in a single membrane.

Freestanding transmission gratings made of thin metal-
lic wires have already been fabricated and studied and have
been used to act as nonresonant wire grid polarizers for
more than one century [11–14]. However, narrow reso-
nances with nearly perfect optical transmission have not
been observed, since closely spaced wires with narrow

(�=4� �=10) and deep rectangular slits are required.
Transmission efficiency and quality factors measured
with metallic gratings deposited on dielectric substrate
are also orders of magnitude lower than those predicted
for symmetric structures [15,16]. Here, the fabrication of
large-area freestanding metallic gratings with narrow slits
has been achieved with a core-shell structure (see Fig. 1). A
freestanding Si3N4 membrane is fabricated on a Si sub-
strate and drilled by dry etching [17]. Then, it is covered by
a gold coating much thicker than the optical skin depth.
The gold deposition is made in several steps at different
incident angles, allowing a fine control of the geometry of
the final structure. The mechanical properties of the whole
structure are provided by the Si3N4 core, leading to straight
bars, whereas the optical properties are driven by the
opaque gold shell: it behaves like a pure gold grating.
Figure 2(a) shows a detail of the 3 mm2 freestanding
metallic grating of thickness t ¼ 2:6 �m, slit width w ¼
2:7 �m, and period d ¼ 9:65 �m.
The transmission diagram Tð!; kxÞ is plotted in Fig. 2(b)

where ! ¼ 2�c=� is the frequency, � is the wavelength,
and kx ¼ ð!=cÞ sin� is the incident wave vector x compo-
nent. The absolute transmission intensity is plotted in a
linear grey scale. It has been determined experimentally by

FIG. 1 (color online). Core-shell structure of freestanding me-
tallic membranes with narrow slits. The mechanical properties of
the structure are provided by the Si3N4 core, whereas its optical
properties are driven by the opaque gold shell. The schematic
illustrates the geometrical parameters (d, w, t), the incident
transverse polarized plane wave (magnetic field along the wire
axis), and the transmission (�i) and reflection (�) coefficients.
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angle-resolved transmission measurements performed with
a Fourier-transform infrared spectrometer (Bruker
Equinox 55=S) with liquid N2-cooled InSb and HgCdTe
detectors. The spectral resolution is set to 5 cm�1. A
homemade achromatic optical system allows �� ¼
�0:5� angular resolution [18]. Zero-order transmission
spectra have been measured under an incidence angle
ranging from � ¼ 0� to � ¼ 40� in 0.5� increments, in
TM polarization (i.e., magnetic field parallel to the slits).

It is remarkable that the absolute transmission intensity
reaches 87% at normal incidence. Perfect transmission is
predicted for ideal nonabsorbing metallic grating with
rectangular slits, but both the transmission maximum and
the quality factor are limited by metal absorption and
fabrication imperfections. Hence, it is very difficult to
predict theoretically the limitations of real structures.
Figure 3(a) shows a comparison between measured trans-
mission spectra (solid color curves) and exact numerical
results (grey curves) for the five different incidence angles
shown in Fig. 2(b). Numerical calculations were performed
using the exact modal expansion and S-matrix formalism.
The permittivity of gold was modelized by a Drude model:
�m ¼ 1�!2

p=ð!2 þ i!�Þ with !p ¼ 1:15� 1016 s�1

and � ¼ 0:9� 1014 s�1 [9]. Measurements and calcula-
tions are in qualitative agreement. However, as discussed
further, numerical results show slightly higher transmis-
sion efficiencies and smaller resonance widths.

The white band in Fig. 2(b) reveals a high-transmission
resonance located below the first Rayleigh anomaly (de-
fined as the low-frequency limit for the propagation of first-
order diffracted wave). The resonance exhibits low disper-
sion in the center of the Brillouin zone. For increasing
incidence angle, the transmission resonance becomes
much thinner and undergoes dispersion having clearly a
surface resonance character. Two different mechanisms are
involved. On the one hand, the direct coupling of incident
light with vertical waveguide resonances in the slits exhib-

its flat dispersion curve and low quality factor. On the other
hand, the excitation of horizontal surface plasmon waves
on the upper and lower surfaces of the membrane contrib-
utes to strong dispersion and much higher quality factor. It
is worth noticing that both mechanisms can be involved in
the different parts of a single dispersion curve.
The Fano line shape of transmission spectra is related to

the nature of the resonance mechanism. Since slits are
much smaller than the wavelength, they support only one
propagating waveguide mode (wave vector 	). Hence, the
zero-order transmission intensity can be described by a
simple one-mode Fabry-Perot model [10,19,20]:

Tð!; kxÞ ¼
�
�
�
�
�
�
�
�

�1�2
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�
�
�
�
�
�
�
�
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where �i and � are the transmission and reflection coef-
ficients at the interfaces (see Fig. 1). For a given kx, the
resonance condition can be written 1=Tð!pÞ ¼ 0 where

!p ¼ !p0 þ i� is the complex frequency pole and � is the

decay rate. The resonance quality factor is defined by Q ¼
!p0=ð2�Þ. According to the Fabry-Perot model, the reso-

nance condition can be fulfilled for any reflection coeffi-
cient � and sufficiently thick gratings, leading to a
Lorentzian-shape transmission intensity: Tð!Þ ¼ 
=j!�
!pj2. If no surface resonance occurs at the upper and lower
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FIG. 3 (color online). Fano resonances. Radiative and non-
radiative losses. (a) Comparison of transmission spectra for
different incident angles: experiments (color solid curves), cal-
culations (gray solid curves, higher maxima) and Fano model
(color dashed curves). (b) Radiative and nonradiative decay rates
determined from experimental data by a Fano fit (red solid
curves), and from mode calculations (dashed curves). (c) Maps
of the magnetic field amplitude calculated for the five resonances
shown in (a). The amplitude is normalized to the incident field
(linear color scale). White arrow: impinging light.
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FIG. 2 (color online). Nearly perfect optical transmission
through metallic membrane with subwavelength slits.
(a) Scanning electron microscopy (SEM) image of the free-
standing metallic membrane of thickness t ¼ 2:6 �m, slit width
w ¼ 2:7 �m, and period d ¼ 9:65 �m. (b) Transmission dia-
gram measurement plotted on a linear gray scale.
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interfaces, the reflection coefficient � is low and slightly
dispersive, resulting in nearly flat dispersion curves
!pðkxÞ. In case of surface resonance, the transmission

and reflection coefficients have a pole close to the
Rayleigh anomaly, leading to a dispersive resonance.
Because of this pole, j�j increases, which induces much
higher quality factors. In addition, the destructive interfer-
ence between incident light and surface waves induces a
complex zero!0 of the transmission coefficients �1 and �2,
in close proximity of their pole [20,21]. As a result, the
transmission intensity can be approximated by a Fano
model: Tð!Þ ¼ 
jð!�!0Þ=ð!�!pÞj2.

In summary, the pole !p originates from a Fabry-Perot-

type resonance of the waveguide mode into the slits, what-
ever surface resonances are involved. In our case, horizon-
tal surface resonances play an important role. First, they
induce dispersion and increase of the quality factor due to
more reflective interfaces at the upper and lower ends of
the slits. Second, they are responsible for a zero trans-
mission close to the resonance. Indeed, the excellent agree-
ment between the Fano model and experimental data
shown in Fig. 3(a) confirms the role of surface phenomena
in the transmission mechanism. It results in light localiza-
tion both in the slits and on the (upper and lower) horizon-
tal grating surfaces. As shown in Fig. 3(c), the weight of
surface waves increases with incident angle, with the in-
crease of both the magnetic field amplitude at the upper
and lower surfaces, and the extension above and below the
grating. The tricky interplay between localized and propa-
gating SPP resonances allows us to tune the quality factor
over a wide range by changing the slit width and period.
We emphasize that, in the present case, Fano line shape
results from two different resonant mechanisms. In con-
trast, in metal films with hole arrays the Fano line shape is
usually attributed to the interference of resonant and non-
resonant processes [22]. Also, in the case of nonsymmetric
metallic grating, surface plasmon resonances can not be
excited simultaneously on the upper and lower surfaces of
the grating. It results in much weaker interactions between
localized and propagating SPP resonances, leading to
much lower transmission efficiency and quality factors
[15,16].

The total decay rate is the sum of the radiative decay rate
(zero-order transmission and reflection) and the nonradia-
tive decay rate (absorption and scattering): � ¼ �r þ �nr.
The fit of the Fano model to the experimental data, done by
adjusting the parameters 
, !0, and !p, provides a precise

determination of �. Besides, it was shown theoretically
that the transmission maximum can be expressed as
Tmax ¼ j�r=ð�r þ �nrÞj2 [23]. As a result, the radiative
and nonradiative decay rates can be determined from ex-
perimental data for the whole dispersion curve, as shown in
Fig. 3(b). The radiative decay rate is in quantitative agree-
ment with numerical calculations. It is found to be more
than 1 order of magnitude larger than the nonradiative
decay rate at normal incidence. This is the origin of the

nearly perfect optical transmission measured with this
sample. As we should expect, the nonradiative losses are
underestimated by the model (we find a factor of 2 at
normal incidence). This difference is mainly attributed to
metal absorption and light scattering due to metal rough-
ness and inhomogeneities. The decrease of the radiative
decay rate along the dispersion curve is related to the
increasing weight of surface resonance mechanisms [23],
leading to experimental quality factor ranging from 13 for
� ¼ 0� to 56 for � ¼ 40�.
These results open a way to the design of arrays of high-

efficiency bandpass spectral filters in a single layer. As
already stated above, the main transmission mechanism is
based on a tunable Fabry-Perot resonance in the slits. The
transmission peak position �p is adjusted by the choice of

d (d ’ �p), impacting the phase of the reflection coeffi-

cient �. Since both (horizontal and vertical) resonances
shift with d, it is necessary to adjust the resonance width
�� ¼ �p=Q by tuning the slit width w=d ’ 0:15.

A mosaic of filters dedicated to multispectral imaging
has been fabricated in a 20 mm2 core-shell membrane of
total thickness t ¼ 950 nm [see Figs. 4(a) and 4(b)]. It is
divided into ten 1:5� 1:7 mm2 gratings designed to act as
ten bandpass filters regularly spaced in the 3–5 �m wave-
length range, with periods in the 2:45–4:7 �m range and
aperture fill factors in the 0.12–0.16 range. Crossing struts
(width 500 nm) with a 40 �m period improve the structure
stiffness with negligible optical impact, so that it still
behaves as a one-dimensional grating. The membrane is
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FIG. 4 (color online). Mosaic of bandpass filters in a single
950 nm-thick membrane. (a) Optical and (b) SEM images of the
20 mm2 membrane. (c) Measured transmission spectra of the ten
bandpass filters at normal incidence. The geometrical parameters
of the filters are given in Table I.
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removed in an additional 1:5� 1:7 mm2 window to serve
as a reference. Measured transmission spectra at normal
incidence are shown in Fig. 4(c). We obtain regularly
spaced filters over the 3–5 �m spectral range (�� ¼
220 nm� 50 nm) and high-transmission maxima (70%�
5%). The quality factors have been designed in order to
obtain resonance widths close to the spectral spacing ��. It
has to be emphasized that, in practice, such filter arrays are
not feasible with conventional multilayer filters due to their
huge number of layers and their large thicknesses required
in the midinfrared domain.

In summary, we have demonstrated nearly perfect opti-
cal transmission through freestanding metallic gratings
made of core-shell membranes with narrow slits. The
Fano line shape of transmission spectra originates from
the interplay between cavity resonances in the slits and
surface plasmon resonances on the horizontal grating sur-
faces. It allows an experimental determination of both
radiative and nonradiative losses. A mosaic of spectral
filters has been fabricated in a single metallic membrane
patterned at the subwavelength scale. It exhibits 70%
maximum transmission efficiency in 15% aperture area,
which represents a fivefold enhancement compared to the
geometrical transmission. This mosaic of bandpass filters
can be used for spectral imaging in the infrared domain.
This work could also be extended to freestanding dielectric
gratings acting as band-stop filters, with a perfect reflection
predicted at the resonant wavelength [24,25]. In the near
future, such nanostructured membranes shall pave the way
to conception of a new class of high-efficiency and com-
pact optical elements arrays (i.e., polarizer, filter, or lens
arrays) that can be integrated in the vicinity of focal plane
arrays.

We acknowledge helpful discussions with F. Pardo, N.
Guérineau, J. Primot, P. Lalanne, and C. Sauvan.
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[24] R. Gómez-Medina, M. Laroche, and J. J. Sáenz, Opt.
Express 14, 3730 (2006).

[25] M. Laroche, S. Albaladejo, R. Gómez-Medina, and J. J.
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TABLE I. Geometrical parameters and experimental results
(�max, Q) of the 10 membrane filters. Each membrane extends
over 1:5 mm� 1:7 mm. The thickness is 950 nm.

Grating dið�mÞ wið�mÞ �i ¼ di=wi Tmax �maxð�mÞ Q

G1 2.45 0.32 0.131 0.76 2.92 8.6

G2 2.80 0.36 0.129 0.74 3.18 11.7

G3 3.15 0.39 0.124 0.67 3.43 16.7

G4 3.40 0.47 0.138 0.75 3.68 18.4

G5 3.60 0.48 0.133 0.72 3.85 23.0

G6 3.85 0.50 0.13 0.68 4.08 26.6

G7 4.05 0.61 0.151 0.70 4.27 27.7

G8 4.30 0.55 0.128 0.65 4.49 37.6

G9 4.50 0.69 0.153 0.68 4.6 37.9

G10 4.70 0.77 0.164 0.67 4.8 37.7
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