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Abstract:We report the development of 45° blazed gratings in integrated waveguides using a holographic UV laser inscription technique for out-of-plane free-space coupling of beams. 
1. Introduction
In integrated optics, etched grating couplers are widely used to provide free space beams and interact with optical systems in localized volumes [1]. However, grating components typically require a precise definition of grating period and waveguide dimensions – demanding extremely high fabrication accuracy [2]. The fabrication inconsistencies and surface roughness due to the etching process introduce asymmetries in the final structures and cause phase variations in the out-coupled free-space beam. The limited performance is a substantial barrier to the miniaturization and adoption of the technology. To address this challenge, we demonstrate for the first time, direct UV written gratings, blazed at 45° inside the photosensitive core of silica to provide free space beams coupling out of the core layer, schematically shown in Fig. 1(a). Compared to lithography and etching, direct UV laser writing has a unique benefit to inscribe both channel waveguides and Bragg gratings in doped silica in a single step [3]. The technique implemented in Southampton relies on a precision air-bearing stage system (Aerotech) to define waveguides and gratings via the phase-modulation of an interferometric UV writing beams [3-5]. Though the index modulation is much smaller than etched devices, direct UV writing offers better phase accuracy for long devices, i.e. millimeters in length. Compared to etched grating-based components, our UV fabricated device enables a route to overcome the limit of large-area free space beams in an integrated platform, a valuable feature for technology that demands compact large mode beams.  
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Fig.1(a) Schematic of the out-of-plane coupling using blazed gratings. (b) Schematic of the two UV beams interfering inside the core layer through prism coupling, water is used as index matching layer. (c) Photograph of the holographic UV writing system.

2.  Experimental method and results
In this work, we have used Flame Hydrolysis Deposition (FHD) to deposit a 3.3 µm thick core layer of B/Ge doped silica onto a 15 µm thermal oxide silicon substrate. This is followed by a 17.7 µm cladding layer of B/P doped silica. The wafer was singulated into 20×10 mm chips and loaded into a hydrogen cell for five days at a pressure of ~120 bar. A small spot direct UV laser writing technique was developed to inscribe a channel waveguide, and 45° blazed gratings in the core layer by using a 213 nm laser. Gratings were formed via a modified interferometer (see Fig. 1(b & c)). This new interferometer design creates gratings blazed at 45° simultaneously made with the channel waveguide via a prism coupling mechanism. Without the prism, the implementation of interferometry becomes impossible to induce 45° blazed gratings inside the core layer. In order to overcome this limitation, we employ a 45° glass prism in such a way that both UV beams pass through the prism before interfering inside the core layer. A few hundred-micron thick water layer was also introduced as an index matching fluid between the prism and silica surface (see Fig. 1(b)). Using this prism coupling mechanism, we can fabricate 45° blazed gratings at a period of ~530 nm to phase-match with 780 nm light. Phase-modulation of one of the writing beams, via an electro-optic modulator, enables variation of the grating period and strength to produce complex profiles such as Gaussian apodized and chirped gratings [3]. 
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Fig.2 (a)  Photograph of fabricated chip demonstrates the out-coupling of 780 nm light from three 3-mm long uniform blazed gratings holographically written with different grating periods. (b) Characterized images of 780 nm light coupling-out of Gaussian apodized and uniform gratings.
The characterization of the fabricated devices was performed by launching a 780 nm light source into the channel waveguides, using a fiber V-groove assembly. Fig. 2(a) shows a photograph of a fabricated chip aligned with a fiber pigtail on the characterization setup. The photograph shows the out-coupling of 780 nm light from three uniform gratings written at different periods. The diffracted beam was analyzed by an Ophir Spiricon beam profiler (model L11059), normal to the top surface of the chip. Fig. 2 (b) shows the image of the out-coupled 780 nm beams collected through the beam profiler. The images demonstrate the different gratings profiles, i.e. uniform, and Gaussian apodization. 
3.  Conclusion

We have demonstrated the first successful fabrication of integrated channel waveguides and 45° (normal to the surface) blazed gratings in doped planar silica, using a 213 nm laser. A prism coupling method was used to generate gratings with a period ~530 nm. Grating characterization was performed by coupling 780 nm light into UV written waveguides, and the out-coupled beam were collected on a beam profiler. We will present details of the fabrication approach and its limitations. We will show our investigations on the coupled beam profiles from various apodized and chirped structures. We will also discuss the coupling efficiency of these blazed gratings.
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