Antoine Bierret 
  
Grégory Vincent 
  
Julien Jaeck 
  
Jean-Luc Pelouard 
  
Riad Haïdar 
  
Fabrice Pardo 
email: fabrice.pardo@c2n.upsaclay.fr
  
Field extension inside guided-mode-resonance filters under a focused beam

We present a theoretical study of mid-infrared guided mode resonance spectral filters made of two subwavelength metallic gratings and a dielectric waveguide, under a focused beam with a finite spot size. Study shows that, at the resonant wavelength, the lateral extension of the electromagnetic field in the waveguide is close to the width of the beam. We compare the performance of filters using gratings with a one-slit pattern and gratings with a two-slit pattern and we show that the latter gratings (biatom gratings) provide a higher transmission and a better limitation of field extension, due to an improved angular acceptance. These results open new perspectives for pixel-sized infrared filters.

Spectral filtering in the infrared wavelength range can be achieved through resonant sub-wavelength periodic structures [1][2][3]. These structures have a limited number of layers, which is technological advantage as compared to standard multilayer devices like Bragg filters. This makes them particularly suited for the realization of mosaic of reduced-size filters, to be integrated into imaging systems [4]. However, the compatibility of sub-wavelength gratings filters with dimensions as small as the actual pixel size of infrared detectors still needs to be demonstrated. Most of the time, components are studied under plane wave illumination, possibly for variable incidence angles, and the maximum of transmission can be theoretically almost perfect, depending on the use of lossy [5] or lossless materials [6,7]. For practical infrared imaging systems, it is no longer possible to consider that incoming light is a plane wave but rather a focused beam with a limited spot size.

We consider a component that belongs to the family of guided mode resonance filters (GMR filters), initially proposed by Magnusson and Wang [1], and then derived in numerous studies [8]. Such a component is based on the coupling of the free-space incoming and outgoing light with a guided mode inside a dielectric layer. We will focus on the study of a free-standing metallo-dielectric GMR filter, made of a dielectric waveguide sandwiched by symmetric metallic gratings deposited on each sides, to achieve spectral filtering in the midwave infrared (3 -5 µm) because they lead to better angular tolerances than full dielectric GMR filters [9]. The coupling is ensured by the two sub-wavelength gratings and this device leads to a spectrally selective resonant transmission [3]. The rejection of the component is rather high thanks to a perfect extinction mechanism at high wavelengths, as demonstrated by Estruch [10] and Tardieu [11]. More precisely in this paper, we consider on the one hand gratings with a one-slit pattern, called a monoatom filter, and on the other hand gratings with a two-slit pattern called a biatom filter [9,12]. As described in reference [12], the biatom structure uses a second slit to tune the resonant wavelength without changing the period of the grating. By choosing a resonant wavelength under normal incidence close to the crossing wavelength of the dispersion bands of the grating, we obtain a flatter transmission band, which results on a maximized angular acceptance. This acceptance plays a major role when used under focused beams as the angular independence is a necessary condition for focused light to be efficiently coupled into the waveguide. However, the narrow extent of the electro-magnetic field inside the waveguide, which is essential to create pixel-sized filters, is not definitely ensured by the angular independence of the filter. Several studies have been lead on dielectric-only GMR filters under focused beams in the literature [13][14][15]. However, the beams were always very loosely focused.

In this letter, we investigate through simulations the optical properties of guided mode resonance filters under a focused illumination, and we show that the lateral extension of the electromagnetic field in the waveguide at resonant wavelength is close to the width of the incident beam.

In order to address the specific case of GMR filters under a focused beam, we first need to design such filters with suitable spectral and angular characteristics under a plane wave illumination. Optical properties of the filters are computed using rigorous coupled-wave analysis (RCWA) [16]. The simulations are carried for 2-dimensional structures, meaning that the grating is periodic along x-axis and invariant along y-axis. This config- uration was chosen to provide a good insight on the properties of our components while maintaining a short computation time. Because we consider metallo-dielectric GMR made of infinitely long slits, the simulations only take into account transversemagnetic (TM) polarized light, which means that magnetic field is parallel to the slits (y-axis). Monoatom and biatom filter geometries are respectively described in figure 1.a) and figure 1.b). Chosen dimensions are as follows, for monoatom filter: period is d mono = 2.075 µm and slits width is a mono = 0.16 µm; for biatom filter: d bi = 2.8 µm, a 1,bi = 0.19 µm, a 2,bi = 0.67 µm. The distance between the center of each slit in the bi-atom patern is d 2 . Thicknesses are t m = 100 nm, t d = 650 nm for both filters. Dielectric layer is made of silicon nitride, whose refractive index is taken as n SiNx = 2.15. The refractive index of gold is given by a Drude model:

m (λ) = 1 -( λ p λ + iγ) λ p λ -1
with λ p = 159 nm and γ = 0.0048 matching recent experimental results [17,18]. Figure 1.c) shows the transmission spectra for both filters. The dimensions of monoatom and biatom filters were optimized to obtain similar spectral shapes, with resonant wavelength λ mono = λ bi = 3.905 µm, and spectral full width at half maximum FW HM mono = FW HM bi = 110 nm. The transmissions at the resonant wavelengths could not be exactly matched with these conditions and are respectively T max,mono = 72.7 % and T max,bi = 78.3 %. Figure 1.d) gives the evolution of the transmission when the angle of incidence of the plane wave increases for both filters at λ = 3.905 µm. It reveals that, as shown by Sakat [9], the biatom filter offers a much larger angular acceptance, Δθ, defined as the angle where transmission reaches half of the normal incidence value: Δθ bi = 20 • for biatom component and Δθ mono = 7 • for monoatom component. Now that the opto-geometrical parameters of the components have been properly defined, we can then study the response of the filters to a focused beam. Since our simulations are performed with RCWA software, the focused beam can be described as a sum of plane waves, by means of a de-composition in Fourier series as proposed by Chevalier [19]. Depending on the beam focus, the Fourier series can be truncated of its highest orders because of their low magnitude. This method allows choosing the shape and size of the beam at will and reducing the computation time. In accordance with the 1-dimensional geometry of the grating, the incoming beam is thus invariant along the y-axis. Along the x-axis we consider a periodic repetition of the beam, since we use a RCWA algorithm dedicated to the study of periodic structures: the incoming wavefront is here repeated every 112 µm. This value is way higher than the period of the gratings and way higher than the width of the spots. To ensure independent responses to each beam, the pattern of the amplitude of the beam is null except inside the interval [0; 2.466 w 0 ] where it is defined as an approximated Blackman equation [20]:

B(x) = 1 -a 2 - 1 2 cos 2πx 2.466 w 0 + a 2 cos 4πx 2.466 w 0
where x ∈ [0; 2.466 w 0 ] and w 0 is the desired FWHM, with the usual parameter a = 0.16. The Blackman beam shape was chosen because of the quickly decreasing magnitudes of the terms of its Fourier decomposition. High-order terms, which correspond to the most tilted plane waves, are truncated when their magnitude is a thousand times lower than the zero-order magnitude. This introduces a maximum angle for the plane waves taken into account in the computation. This angle, called θ ap , is the angular aperture of our beam (see figure 2.b). The simulation is carried for each plane wave on a single period of the grating, and then the results can be propagated to any number of periods. This is faster than the direct computation of an incoming plane wave on a large number of periods. Last, the response of the component to the focused beam is a sum of all the previous responses, weighted by the Fourier coefficients of each plane wave.

At first, we consider a Blackman function with a spatial FWHM of w 0 = 9 µm, meaning that the full width at 10% of the maximum (spot size) is 16 µm. In this case, the angular aperture of the beam is θ ap = 20 • which is consistent with the angular acceptance of the biatom filter (see fig. In figure 2.a, we show the spectra for a biatom (green lines) and a monoatom (blue lines) filter either under focused beam (plain lines) or under normally-incident plane wave (dotted lines). Resonance is barely modified for biatom structuration under focused beam illumination with respect to the resonance under plane wave illumination. On the contrary, under focused beam for monoatom structuration the resonant wavelength is slightly blue-shifted to λ mono = 3.885 µm and the maximum of transmission drops to T max = 62%. These results are directly linked to the angular behavior of the filters: with an angular aperture of θ ap = 20 • , the beam remains close to the angular acceptance of the biatom filter, Δθ bi , but is well above that of the monoatom filter, Δθ mono . In this last case, it leads to a weaker coupling of the beam with the waveguide. On figure 3 we represent the magnetic field intensity in the filters at their respective resonant wavelengths λ mono = 3.885 µm and λ bi = 3.905 µm, under the focused beam described previously. On figures 3.a (monoatom filter) and 3.b (biatom filter) we show cross-sections of the intensity inside the waveguide in linear color level. In 3.c and 3.d, we give another representation of the same magnetic field intensities with plots (blue lines) along a horizontal cut in the middle of the waveguide.These intensities were normalized in order to compare their lateral extension with that of the intensity of the incident beam (green lines), because the maximum intensity inside the waveguide is way higher than in the incoming beam (67 times for a monoatom filter and 114 times for a biatom filter).

It is noteworthy that the field confinement is better in a biatom filter than for a monoatom. If w 0 = 9 µm for the incident beam, then the field extension (spatial FWHM of the envelope of the magnetic intensity) inside the waveguide for both filters are w bi = 9.6 µm and w mono = 13.0 µm. Similar calculations have been led for various values of w 0 , ranging from 5 µm to 30 µm, at resonant wavelength. The values of w bi and w mono have been calculated for each beam, and are plotted on figure 4.a), respectively in green and blue, while w 0 the spatial FWHM of the incident beam is plotted in red. Normalized incoming beam intensity is represented in inset, for two different values of w 0 : 9 µm (value considered in figures 2 and 3) and 25 µm. For w 0 = 5 µm, the field extension for the two filters are w mono = 11.5 µm and w bi = 6.3 µm. Both field extensions converge asymptotically towards w 0 as the beam widens. While the responses of both filters exhibit a hyperbolic behavior as a function of w 0 in the studied range [5; 30] µm, the monoatom filter exhibits a wider field extension than the biatom. This is due to its lower angular acceptance: when θ ap > Δθ, there is a widening of the field extension inside the waveguide because the the highest orders of the decomposition (corresponding to the most tilted plane waves) are not efficiently coupled into the waveguide. On the contrary, when θ ap < Δθ every plane wave is coupled into the waveguide and contributes to the interfer-ence leading to a limited field extension.

In figure 4.b) we study the spectral properties of the filters by investigating the transmission at the resonant wavelength for various values of w 0 . For w 0 = 5 µm, the transmissions are T mono = 40.4 % and T bi = 72.8 %. Both transmissions converge towards their respective plane-wave value as the beam widens. Furthermore, the maximum transmission of the biatom filter starts to decrease for a narrower beam than that of the monoatom filter. Indeed, for the same reason that led to widening of the field extension, the transmission only decreases when the aperture of the beam becomes greater than the acceptance of the filter. Consequently, both filters are adequate for loosely focused beam, but biatom filters are more efficient for tighter beams.

In summary, we demonstrated that GMR filters keep their filtering abilities under focused beam. In addition, we have demonstrated that field extension in the waveguide is comparable to the spatial FWHM of the incoming beam, provided that its angular aperture is compatible with the angular acceptance of the filter (this is the reason why the biatom structure should be used preferably for tightly focused beams). The study was lead with an incoming focused beam whose spot size is close to the size of an infrared pixel (roughly 15 µm to 30 µm). We showed that for such a small spot size, the magnetic field is contained in the pixel area too. This opens new possibilities for mosaics of pixel-sized infrared spectral filters. Because it overcomes technological limits shown by mosaic of thin-film pixelsized filters [21,22], subwavelength gratings could be a new technological solution to achieve colored pixels in the infrared, thus leading to multispectral infrared focal plane arrays.

  Δθ mono = 7°Δθbi = 20°F ig. 1. a) Cross-section of a single pattern of a monoatom filter. b) Cross-section of a single pattern of a biatom filter. c) Spectra corresponding to infinite-sized filters of patterns described in 1.a) and 1.b) with the parameters: d mono = 2.075 µm, a mono = 0.16 µm, d bi = 2.8 µm, a 1,bi = 0.19 µm, a 2,bi = 0.67 µm,t m = 100 nm, t d = 650 nm illuminated by a TM plane wave. d) Evolution of the transmission with the angle of incidence of the plane wave at resonant wavelength λ = 3.905 µm.
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 2 Fig. 2. a) Spectra of the mono-atom and bi-atom Dual Metallic Gratings described in figure 1, under a plane wave illumination and for a focused beam. Plane wave and focused beam spectra are overlapping for the biatom filter. b) Schematic view of the periodic structure and the focused beam. The angle θ ap corresponds to the angular aperture of the beam.
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 3 Fig. 3. a) and b) Cross section of the magnetic field intensity in a monoatom (a) or biatom (b) filter under a monochromatic focused beam of waist w 0 = 9 µm and wavelength 3.885 µm (a) or 3.905 µm (b). c) and d) In blue: |H y | 2 along the x-axis for a monoatom (c) or biatom (d) filter. Incident beam is represented in green. Curves are normalized at x = 0.
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 4 Fig.4. a) Magnetic field extension inside the waveguide at the resonant wavelength for the monoatom (blue) and biatom (green) filters described in figure1, under focused beam illumination, as a function of w 0 . The inset shows the shape of the incoming beam at w 0 = 9 µm and 25 µm b) Transmission maximum of filters.