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Metallic gratings can be used as infrared filters, but their performance is often limited by bandwidth re-
strictions due to metallic losses. In this work, we propose a metallic groove-slit-groove (GSG) structure that
overcomes these limitations by exhibiting a large bandwidth, angularly independent, extraordinary optical
transmission. Our design achieves high transmission efficiency in the longwave infrared range, driven by
Fano-type resonances created through the interaction between the grooves and the central slit. This mech-
anism results in a tunable 2 µm transmission window with high rejection rate. We extend the concept to a
two-dimensional GSG array, exhibiting a polarization insensitive 80% transmission window for incident angles
up to 50°, offering significant potential for infrared filtering applications.

Metallic films patterned with holes or slit arrays can ex-
hibit the so-called extraordinary optical transmission phe-
nomenon [1–3]. It was given its name since the transmission
efficiency outperforms both the geometrical aperture ratio,
as well as the transmission expected from diffraction theory
by a single hole [4]. This extraordinary transmission can be
explained by the presence of plasmonic resonances, either
propagative (for a periodic array of slits) or localized in a cav-
ity (for a Fabry-Perot type slit) [5, 6]. These seminal demon-
strations have been applied to spectral filters from the visible
range [7] to the THz [8] and are particularly appealing for
infrared multispectral imaging compared to thin film tech-
nology [9–14].

Yet, these solutions suffer from various drawbacks. First,
the transmission follows in most cases a lorentzian shape
with a full width at half maximum (FWHM) that cannot be
easily modified. Besides, nanostructured filters that rely on
propagative resonances are very sensitive to the incidence
angle thus restricting them to applications with limited nu-
merical apertures [15]. In contrast, Fabry-Perot resonances
are able to sustain angularly stable resonances, and can be
obtained with a slit array in a metallic film of a typical quarter
wavelength thickness [16], but their FWHM remains deter-
mined by the material losses, thus limiting their bandwidth.

Here, we theoretically investigate a metallic groove-slit-
groove (GSG) structure that supports localized resonances
and exhibits bandpass-like filtering in the mid-infrared. We
begin by showing the complete structure under study in this
article, and comparing it to the well-known slit-array. The
rest of the article is devoted to explaining the optical behav-
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FIG. 1. a) Scheme of the GSG metallic array (period L) and of the in-
coming TM-polarized light. The grooves and slit are evenly spaced
throughout the period. b) Transmission (|t2|) spectrum at normal
incidence of the structure in gold with dimensions ws = w1 =
0.8 µm, w2 = 0.6 µm, hs = 3.6 µm, h1 = 2.1 µm, h2 = 1.3 µm
and period L = 4 µm (blue) and of a simple slit array with same
dimensions (red). c) Angular diagram (λ, θ) of the transmission of
the structure. The contour lines correspond to steps of 0.1 in the
transmission.

ior at play. To this end, we show that one groove associated
with a slit (SG structure), each supporting a Fabry-Perot like
resonance, leads to a Fano-type profile with a larger band-
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width. We then show that the combination of a slit with two
grooves behaves as an angularly stable transmission filter of
tunable bandwidth. We extend these results to unpolarized
filters and demonstrate an omnidirectional high transmission
filter.
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FIG. 2. a) Transmission spectrum of the (SG1) slit-first groove
periodic structure (same parameters), computed with an analyti-
cal model and with a full field modal method. The inset shows a
scheme of the two possible interfering paths for transmitted light.
b) Magnetic field amplitude |Hy| distribution at the transmission
peak (λp = 9.5 µm). c) |Hy| distribution at the transmission zero
(λ0 = 10.7 µm). (b-c: White lines outline the structure) d) Reflexion
coefficient (log scale) in the complex plane, showing the zero at λp.
e) Transmission coefficient (log scale) in the complex plane, show-
ing the zero at λ0.

The scheme of the GSG structure is presented on Fig. 1a).
Its unit-cell consists of one slit and two grooves repeated with
a periodL, and light is impinging on the structure with an an-
gle θ and a transverse magnetic (TM) polarization. The metal
here is gold, though it has little incidence on the overall be-
havior, as the wavelength is far beyond the plasma frequency.

The transmission spectrum of this GSG structure at normal
incidence is shown in Fig. 1b), demonstrating its band-pass
behavior centered at 9 µm. The key features of this structure
are first its 80% transmission plateau with a spectral width
of 1 µm. Second, on each side of the resonance, there is a
zero of transmission and then a low value of transmission
(below 10%) that yields good rejection performance for a plas-
monic filter. To highlight the performance of our structure,
the transmission spectrum of a simple slit array of same di-
mensions is also shown in Fig. 1b). It behaves as a Fabry-

Perot cavity in transmission, whose resonance wavelength is
set by the optical length of the slit as λr = 2neffhs + λϕ,s

(here neff ≃ 1.03 due to the coupling of the surface plas-
mons on the cavity sidewalls and λϕ,s accounts for the re-
flection phase shift at both slit interfaces) [2]. The slits of
the GSG structures also behave as Fabry-Perot cavities with
a back mirror reflection, thus their resonance wavelength is
given by λ1,2

r = 4neffh1,2 + λϕ,g [17].
The transmission spectrum for varying angular incidence

is shown in Fig. 1c), demonstrating that these filtering prop-
erties have a high angular tolerance, with the 80% high, 2 µm
wide transmission bandwidth being exhibited on a [0◦, 50◦]
range. Between 50◦ and 70◦, the transmission remains
higher than 70% on the plateau bandwidth (8.5 to 9.5 µm).
The resonances spectral positions are angularly stable up to
grazing incidence but the transmission amplitude and the
bandwidth are gradually decreasing. Remarkably, the zero
of transmission at λ = 10.7 µm is stable up to grazing in-
cidence, while the one at λ = 7.1 µm is perturbed by the
diffraction order for angles higher than 50◦.

The angular tolerance of this structure is expected, given
the nature of the resonances at play. Indeed, the Fabry-Perot
cavities made by the metallic slits are known to exhibit partic-
ularly angularly stable resonances [16]. As these resonances
control the optical transmission of the structure, the final
transmission spectrum is also angularly stable. This also im-
plies that the spectrum shape (zeros and maximum) are easily
controlled by tuning the dimensions of the slits and grooves,
as will be detailed further below.

The particular shape of the extraordinary optical trans-
mission resonance is due to the participation of two differ-
ent Fano interferences [18, 19]. Each of these Fano interfer-
ences arises from the combination of the resonances of the
slit and of one of the grooves. To confirm this, the transmis-
sion of the slit and the first groove (SG1 structure) with the
same dimensions and the same period is plotted in Fig. 2a). It
exhibits the typical lineshape of a Fano interference. The in-
set shows schematically the explanation of this phenomenon,
i.e. two optical paths that interfere in the structure, giving
rise to interferences. The spectra in Fig. 2a) are computed
independently by an analytical one-mode model [20] and a
full field modal method [21]. The perfect agreement between
both simulations shows that only the fundamental mode has
to be taken into account to explain the spectral profile, which
is consistent with the Fano interference explanation.

The magnetic field amplitude maps in Fig. 2b-c) show that
at the resonance peak (λp = 9.5 µm), both the slit and the
groove are concentrating the field and thus playing a role on
the resonance. This hints at a coupling mechanism which
slightly modifies the resonance frequencies. A detailed study
of the resonant modes can be found in the Supplementary
Material. On the other hand, at the resonance dip (λp =
10.7 µm), the field is concentrated only in the groove, pro-
hibiting the transmission. To investigate further the mecha-
nism at stake, we use the singular analysis approach in the
domain of complex frequencies. In this case, the scatter-

ing matrix can be written as S(ω) = A
∏

m
ω−ω(m)

z

ω−ω
(m)
p

, where
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ω
(m)
p and ω

(m)
z are poles and zeros, and A a scaling con-

stant [22]. The combination of a pole and a zero with dif-
ferent real part of the frequency makes a Fano profile appear,
leading to the sharp slope between the maximum transmis-
sion and zero transmission [23]. The complex pole study in
Fig. 2d-e) shows the resonant behavior of the SG combina-
tion. The slit alone has a resonance corresponding to the pole
at Re(λ) = 8.5 µm. However, when combined with the slit,
a pole-zero combination appears for the transmission around
10.5 µm, as seen on Fig. 2d), leading to a sharp Fano profile.
The transmission maximum itself is better seen with the zero
of the reflection on Fig. 2e).
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FIG. 3. a) Comparison of the transmission spectra of the GSG struc-
ture (blue curve) with theSG2 (green curve) and theG1S (red curve)
structures. b) Transmission coefficient (in log scale) in the complex
plane, showing the two zeros at λ(1)

0 and λ
(2)
0 .

This analysis can be applied to the complete GSG structure
to demonstrate that it behaves as the combination of two in-
dependent Fano profiles. The transmission spectrum of the
GSG structure is compared to both SG structures in Fig. 3.
The resonant transmission of the complete structure is sur-
rounded by two transmission zeros at λ(1)

0 = 7.25 µm and
λ
(2)
0 = 10.75 µm. Each of these zeros corresponds to a Fano

profile exhibited by a given SG combination that follows the
classical form T ∝ (Ω+q)2

(Ω2+1) , where q = cot δ is the Fano pa-
rameter that depends on the phase difference between the
resonator and the continuum (see Supp. Mat. for values of
q in SG structures) and that dictates the asymmetry of the
response and Ω is the normalized frequency detuning with
the resonator. Indeed, the green (resp. red) curve on Fig. 3
corresponds to the transmission spectrum of the slit and the

deeper groove (resp. shallower groove), exhibiting a Fano
profile with zero at λ(1)

0 (resp. λ(2)
0 ). Remarkably, when the

GSG combination is done, the zeros are identical to the in-
dividual SG ones (see supplemental material). The response
of the GSG structure can be described as the product of the
two individual Fano responses T ∝ (Ω1+q1)

2

(Ω2
1+1)

(Ω2+q2)
2

(Ω2
2+1)

, and
in that optimized structure, q1 ≃ −q2.

The complex pole study of this full structure in Fig. 3 con-
firms this interpretation: each zero in the transmission is
close to, but not vertically aligned with, a transmission pole.
The transmission band is thus widened by the combination
of the two transmission peaks, and the slopes between the
peak and the zeros are sharpened due to the Fano profile.
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FIG. 4. a) Computed transmission spectrum of the 2D bi-periodical
GSG structure, for an incidence angle of θ = 15◦ and azimuthal an-
gle ofφ = 0◦ (blue line) andφ = 45◦ (red line). The inset shows the
scheme of the 2D GSG structure’s unit cell as well as the impinging
light in conical mounting (angles θ and φ). The geometries of the
slit and grooves are identical in the two directions. b,c) Transmis-
sion angular diagram as a function of θ and φ at b) the transmission
dip wavelength λ0 = 10.7 µm and (c) the transmission peak wave-
length λp = 9.5 µm.

This Fano behavior can easily be tuned by choosing dif-
ferent depths for the slits and grooves. Though a coupling
between the slit and groove modes appears, leading to non-
trivial shifts in the resonances (see Supp. Mat.), a reliable
rule of thumb for the structure design is the following. First,
the central wavelength of the transmission band is controlled
by the resonance wavelength λs ≃ 2hs of the slit that acts
as a half-wavelength resonator. The bandwidth is controlled
by the quarter-wavelength resonance of the two grooves,
λg1 ≃ 4hg1 and λg2 ≃ 4hg2 that defined the transmission ze-
ros on each side of the transmission band. These values must
take into account the phase offset induce by the reflections in-
side each cavity as wemm as the effective index [24]. Besides,
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if the structure is buried or filled with a given material, all the
depths must be divided by the refractive index. Though sim-
ilar ”free standing” structures have already been fabricated
[3], the use of a low refractive index substrate would slightly
affect the transmission (see supp. Mat.).

In order to extend the angular stability of this filter to az-
imuthal variations, it is possible to use a 3D structured sur-
face, where slits and grooves are etched in perpendicular di-
rections. The unit cell of this structure is shown in inset of
Figure 4. On Figure 4a) are shown transmission spectra for
various incident polarization of azimuthal angle φ = 0◦ and
45◦ computed with RCWA [25]. These spectra show that the
3D structure has exactly the same response in transmission
as the 2D structure.

Figure 4b-c) shows polar representations of the evolution
of the transmission at the resonance zero (Figure 4b) and peak

(Figure 4c)) as a function of both polar and azimuthal angles.
We can see that the resonance is very stable and polarization-
insensitive, to the same degree as the 2D structure.

In conclusion, we have demonstrated numerically the
characteristics of a band-pass filter of tunable bandwidth and
wavelength, whose main asset is its large angular stability (-
50°,+50°). The double Fano profile mechanism giving rise to
this behavior was explained and verified, giving valuable in-
sights to design similar structures.
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