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

Abstract-A comb slot photonic crystal waveguide geometry allowing flexible dispersion engineering of wide slot photonic crystal waveguides is proposed. Additionally, a figure of merit combining confinement within the slot and high group index is introduced to quantify the electromagnetic density within slow wave slot waveguides, and is applied to the proposed waveguide geometries. Group indices exceeding 130 and 90 over bandwidths of 1.5 and 2 nm are achieved for slots wider than 300 nm. The figure of merit exhibits sevenfold and fortyfold enhancements in comparison with classical slot waveguides with slot widths around 50 nm and 100 nm, respectively. Index Terms-Slot waveguides, slow wave, silicon photonics

I. INTRODUCTION
lanar Photonics Crystal Waveguides (PCW) offer a promising route to investigate light-matter interactions thanks to the slowing down of light. The strong reduction of group velocity at the edge of the first Brillouin zone induces an enhancement of the electromagnetic field, raising opportunities for several applications in integrated photonic devices [START_REF] Baba | Slow light in photonic crsystals[END_REF][START_REF] Krauss | Slow light in photonic crsystal waveguides[END_REF], particularly relying on non linear optical effects [START_REF] Soljačić | Enhancement of nonlinear effects using photonic crystals[END_REF][START_REF] Leuthold | Non linear silicon photonics[END_REF][START_REF] Monat | Slow light enhanced nonlinear optics in periodic structures[END_REF].

On the other hand, the study of slot waveguides [START_REF] Almeida | Guiding and confining light in void nanostructure[END_REF] revealed that Total Internal Reflection (TIR) allows one to strongly confine light within the low index material, while creating strong discontinuities of the electric field at the slot inner interfaces. By adequately filling slots with non-linear polymers, for example, ultrafast optical modulation was demonstrated [START_REF] Koos | All-optical high-speed signal processing with silicon-organic hybrid slot waveguides[END_REF][START_REF] Wülbern | 40 GHz electro-optic modulation in hybrid siliconorganic slotted photonic crystal waveguides[END_REF], paving a way for Silicon Organic Hybrid Photonics. The concept of slot waveguide has been further extended to photonic crystals (PCs). A guided mode located into the Photonic Bandgap (PBG) with a positive slope [START_REF] Di Falco | Photonic crystal slotted slab waveguides[END_REF][START_REF] Gao | Demonstration of an air-slot mode-gap confined photonic crystal slab nanocavity with ultrasmall mode volumes[END_REF][START_REF] Wu | Light Localization in Slot Photonic Crystal Waveguide[END_REF] was especially exploited. Slow light in such Slotted Photonic Crystal Waveguides (SPCW) with group indices exceeding 100 has already been experimentally demonstrated [START_REF] Di Falco | Dispersion control and slow light in slotted photonic crystal waveguides[END_REF] and it has also been applied to optical modulation by polymer infiltration [START_REF] Wülbern | 40 GHz electro-optic modulation in hybrid siliconorganic slotted photonic crystal waveguides[END_REF][START_REF] Lin | Electro-optic polymer infiltrated silicon photonic crystal slot waveguide modulator with 23 dB slow light enahncement[END_REF]. Nevertheless, most of the previous works focused on d e v i c es with a nar r o w slo t [ 9 -1 4 ] ( less o r aro und 100 nm) in order to enhance optical field density. Indeed, a strong decline of the optical intensity has been reported when the slot is enlarged over 200 nm [START_REF] Almeida | Guiding and confining light in void nanostructure[END_REF]. Narrow slots provide very high optical field intensity [START_REF] Almeida | Guiding and confining light in void nanostructure[END_REF], but represent a drawback for filling by low index materials.

II. MODEL

This letter aims to address this issue by proposing a novel design of wide slot photonic crystal waveguide. Our approach is based on the use of the symmetric guided mode of SPCWs having a positive slope in the ω(k) dispersion diagram, and tailoring it by a Bragg-like corrugation of the slot itself, as shown on fig. 1. Such comb has been first studied in Ref [START_REF] Riboli | Band gap characterization and slow light effects in one dimensional photonic crystals based on silicon slotwaveguides[END_REF], but here we introduce it within a 2D Photonic crystal.

Eigenmodes were calculated using the Plane Wave Expansion method with the MPB software [16] and based on the approximation of the slab-effective index, in which we considered a silicon on insulator slab with height h of 260 nm, with silicon and silica refractive indices of 3.48 and 1.44, respectively. The low index material is a top cladding layer of 1.6 refractive index filling holes and slot. A normalized hole radius of 0.3a was considered to ensure a wide TE bandgap.

First, we fixed the waveguide width to larger values to match with the objective of slotted waveguides with a large slot inside. The waveguide width was thus fixed to a value of 1.25√3a, with a the PC triangular lattice parameter typically around 400nm. Opening a slot within the channel introduces a "slot" mode, whose origin has been discussed in Refs. [START_REF] Di Falco | Photonic crystal slotted slab waveguides[END_REF][START_REF] Gao | Demonstration of an air-slot mode-gap confined photonic crystal slab nanocavity with ultrasmall mode volumes[END_REF][START_REF] Wu | Light Localization in Slot Photonic Crystal Waveguide[END_REF]. Our calculations showed that increasing the slot width allows adjusting the slope of the exploited waveguide mode. In the considered waveguide geometry, we found an optimum slot width value around Ws=0.71a. Smaller slot widths lead to a negative slope of the dispersion curve and multimode configurations, while larger slot widths lead to positive slope and group indices below 25. The already dispersionengineered chosen configuration characterized by W1=1.25√3a and Ws=0.71a offers a flat band with a constant group index around 50 in an nearly 6 nm bandwidth centred at 1550 nm. In this configuration, the confinement of the optical power is about 25% within the slot and the band reaches the edge of the FBZ at a midgap frequency. It constitues the starting point for further engineering of the dispersion curve. Figure 1 shows a scheme of the proposed modifications of the waveguide geometry relying on the introduction of a Bragglike corrugation of the slot width with the same lattice period Dispersion engineering of wide slot photonic crystal waveguides by Bragg-like corrugation of the slot Charles Caer, Xavier Le Roux, Van Khanh Do, Delphine Marris-Morini, Nicolas Izard, Laurent Vivien, Dingshan Gao, and Eric Cassan P as the one of the photonic crystal. In addition with W2 and W3, which control the shift of the two first rows of holes of the neighbouring lattice, three parameters were introduced to describe that comb slot itself: l depicts the comb duty cycle, dy the enlargement of the channel and dx the displacement of the center of the Bragg teeth with respect to the center of the first row holes. The influence of W2 and W3 was first studied. PWE simulations revealed that these two parameters mainly allow controlling the slope of the dispersion curve at the limit of the light line crossing. W2 and W3 above the nominal value of 0.5√3a lead to a positive slope of the dispersion curve, while values below lead to a negative slope. Due to the influence of the comb slot paramters (dy, dx, l) responsible for an increase of the ω(k) curve slope in most situations, we choose to precompensate the dispersion curve by fixing W2 and W3 values below 0.5√3a to prepare a first ω(k) negative slope and enable flat band configurations as a whole. Then, we tuned the comb slot parameters to study their influence. The main effect of dy is adjusting the mode slope, increasing values of dy being responsible for an increase of the dispersion curve slope. The main effects of dx are shifting the mode dispersion curve and adjusting the field localization in the waveguide longitudinal direction. Finally, the main effect of l is adjusting the slope of the dispersion curve and making an inflection point appear in the ω(k) curve.

To illustrate the possible richness of the dispersion engineering approach by tailoring the slot itself of slotted photonic crystals, we provide now results obtained in two given configurations. The first one consists in a sharp comb aligned with the first hole array (fig 2).The second is a wide slot with a sharp narrowing facing the first hole array (fig. 3). The parameters in the two considered cases are l=0.25a, dy=0.4a, dx=0.5a. and l=0.725a, dy=0.3a, dx=0, respectively. The two designs possess a guided mode with a strictly monotonous slope. Sets of W2=0.4√3a and W3=0.5√3a, W2=W3=0.45√3a were found to be suitable for the first and the second design, respectively. An interesting point is that in both designs, there is an inflection point just before the mode exits the light cone (i.e. near k=0.4). Therefore, there is a possibility to slightly tune the band in order to have negative Group Velocity Dispersion (GVD). In this zone, the group index can reach extremely high values (>200), but we have chosen parameters in order to get exploitable values in terms of practical applications, i.e. bandwidth and losses.

Here, we achieved an average group index of 140 over a bandwidth of 1.5 nm for the first design (fig. 2) and an average group index of 95 over a bandwidth of 2 nm for the second design (fig. 3). These values are comparable with those of previous studies [START_REF] Baba | Slow light in photonic crsystals[END_REF][START_REF] Brosi | High-speed-low voltage electro-optic modulator with a polymer infiltrated silicon photonic crystal waveguide[END_REF][START_REF] Hao | Improvement of delay-bandwidth product in photonic crystal slow-light waveguides[END_REF][START_REF] Schulz | Dispersion engineered slow light in photonic crystals : a comparison[END_REF]. It is noticeable to consider that they were obtained with a cladding layer in a very wide comb, i.e. 325 nm on average for the first design and 370 nm for the second, which should considerably facilitate the filling of the slot by polymers or any other materials. For the first structure, we found that the fraction of the optical power at k=0.43 within the comb is near 25%, whereas it reaches 35 % for the second waveguide. Another interesting fact is that negative GVD occurs over almost 1 nm in both cases, opening a perspective for dispersion compensation devices and alloptical signal processing.

To express the confinement of the optical field, we revisited the calculation reported in Ref [START_REF] Almeida | Guiding and confining light in void nanostructure[END_REF], which defined the ratio η of optical power within the slot over the total power, and the optical intensity I as η divided by the cross-section of the slot, i.e. Ws*h with h the height of the slab. To include the effect of electromagnetic density enhancement due to slow light propagation, we modified this definition of the optical intensity and calculated it as ng*I instead, i.e. we included the light group index into the optical intensity definition. In case of standard slot waveguides, taken as a function of the slot width Ws, the ratio saturates around 30% for Ws higher than 200 nm, and I decreases from 30 to 3 µm -2 when Ws ranges from 10 to 200 nm. There, the confinement is done only by the index contrast and the group index remains around 3 in the wavelength ranger of interest.

In case of slot photonic crystal waveguides, group index can be significantly higher. In the two configurations reported in figs. 2 and 3, for example, ng is around 140 and 90, respectively. Values of optical density as high as 540 and 470 µm -2 are thus obtained. These optical densities represent an enhancement by a factor 7 if compared with typical values around 70 µm -2 just reported above for classical TIR slot waveguides with narrow slots of 50 nm width, and a factor 40 if compared with more feasible slot width around 100 nm, whose optical density is around 12 µm -2 . Higher localizations of the electric field may be also obtained within a small volume of the comb as seen in figure 4. Moreover, adjusting the dx parameter of the proposed waveguide geometry (shift of the comb with respect to the photonic crystal lattice) raises an additional degree of freedom for field localization.

III. CONCLUSION

In conclusion, we propose an hybrid structure of slotted photonic crystal waveguides relying on a wide comb slot inserted into a two dimensional photonic crystal lattice. In this configuration, the role of the photonic crystal lattice is essential, and the introduced Bragg-like corrugation of the wide slot only acts as an additional degree of freedom for engineering of the waveguide dispersion curve. For illustration, two structures have been presented, operating in slow light regime with group index of 140 and 90 over bandwidths of 1.5 nm and 2 nm, respectively, with slot widths above 300 nm. In-slot optical confinements of 25% and 35 % are reported. We show that the slot wideness is not realized at the expense of low optical intensity, as the proposed configurations exhibit a fortyfold optical intensity enhancement if compared with 100 nm slot TIR slot waveguides.

Due to the easiness of wide slot filling and simultaneously ultra-high optical intensity, the proposed structure may be useful for the realization of devices requiring strong interactions between light and an optically non-linear low index material, a biochemical fluid, or any other material like magnetooptic ones. 
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 123 Fig. 1. (a) Schematic picture of a 2D SPCW with a wide comb. (b) Fraction of the unit cell implemented for PWE method calculation. The different parameters providing degrees of freedom for tailoring the mode dispersion curve are represented.

Fig. 4

 4 Fig. 4 From left to right : 3D surface plot of |E|² (dielectric map is superposed for visualization), mode field patterns of |E|² and |H|² for the first structure (a) and the second structure (b). All mode field patterns are taken at k=0.43. These profiles show that a significant fraction of the total power is concentrated within the comb.