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Silicon-on-insulator (SOI) has become a compelling material platform to realize nano-scale photonic devices, leveraging existing facilities of the microelectronic industry [START_REF] Baehr-Jones | Myths and rumors of silicon photonics[END_REF][START_REF] Hochberg | Towards fabless silicon photonics[END_REF]. However, the high confinement in SOI waveguides of sub-micrometric dimensions imposes a fundamental challenge for low-loss light coupling to or from access ports .

Optical input/output interfaces between optical fibers and SOI waveguides affording robustness, cost-effectivity, and high-efficiency coupling are widely recognized as a key functionality for large-volume applications. Surface grating couplers play essential role for such widespread deployment. They allow flexible positioning on the chip, thereby enabling automated wafer-scale testing, preferred for mass-scale scenarios. Furthermore, these devices generally provide larger tolerances in fabrication and alignment processes, compared to edge coupling counterparts [START_REF] Mekis | A grating-coupler-enabled CMOS photonics platform[END_REF][START_REF] Kopp | Silicon photonic circuits: On-CMOS integration, fiber optical coupling, and packaging[END_REF][START_REF] Xu | Silicon photonic integration platform -Have we found the sweet spot?[END_REF].

Grating couplers, with an out-of-plane coupling configuration, are particularly unique components of the photonic device library, since they inherently desire high vertical index contrast to provide outstanding coupling reliance. However, the fiber-chip coupling efficiency is limited by the back-reflections at the grating-to-waveguide interface, mode mismatch between the Gaussian-like fiber mode and the exponential-like beam diffracted by the grating, and the power radiated towards the Si handle. The first two issues can be addressed by grating apodization [START_REF] Ch | Low cost 300mm double-SOI substrate for low insertion loss 1D & 2D grating couplers[END_REF][START_REF] Chen | Apodized waveguide grating couplers for efficient coupling to optical fibers[END_REF][START_REF] Halir | Continuously apodized fiber-to-chip surface grating coupler with refractive index engineered subwavelength structure[END_REF]. However, the limited diffraction efficiency towards the fiber (directionality), which solely dictates the overall coupling efficiency, remains a significant challenge.

Typically, the improvement of the grating directionality may be achieved by exploiting the thin-film interference effect [START_REF] Xu | Silicon photonic integration platform -Have we found the sweet spot?[END_REF][START_REF] Benedikovic | Subwavelength index engineered surface grating coupler with subdecibel efficiency for 220-nm silicon-on-insulator waveguides[END_REF]. Further techniques for enhancing the directionality include additional overlayers [START_REF] Vermeulen | High efficiency fiber-tochip grating couplers realized using an advanced CMOS-compatible silicon-on-insulator platform[END_REF], backside metallization [START_REF] Benedikovic | Subwavelength index engineered surface grating coupler with subdecibel efficiency for 220-nm silicon-on-insulator waveguides[END_REF][START_REF] Zaoui | Bridging the gap between optical fibers and silicon photonic integrated circuits[END_REF][START_REF] Ding | Fully etched apodized grating coupler on the SOI platform with -0.58 dB coupling efficiency[END_REF] 
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