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Abstract: Photonic integrated circuits are becoming increasingly more complex, especially with the emergence of programmable photonic circuits. These require many tunable
photonic elements, such as electro-optic phase shifters and tunable couplers. We will discuss our progress in compact, low-power silicon photonics actuators based on heaters, liquid crystal and MEMS that can be scaled up to large circuits. © 2021 The Author(s)

1.

Introduction

Silicon photonics, with its high refractive index contrast and industrial-scale fabrication technology, allows for
increasingly large photonic circuits, integrating thousands of functional elements on a chip. Such large circuits
are impacted by fabrication variations, and we see a growing use of active tuners to compensate for those imperfections. This trend is most pronounced in the emerging programmable photonic circuits, where the flow of
light is dynamically controlled in a waveguide mesh connected by tunable couplers and phase shifters [1]. In such
meshes, the electro-optic actuators for the phase shifts and coupling must have a short optical length, a low optical insertion loss, and low electrical power consumption. The key actuation mechanism is to induce an optical
phase shift (without introducing loss). The most common approach today is through the use of heaters [2], but
this can be power hungry. In silicon we also see carrier-induced phase modulation for high-speed operation, but
this effect also introduces significant optical loss. It is possible to introduce electro-optic materials near the silicon
waveguide to tune the phase shift. One such example is liquid crystals [3] which has an extremely high optical
birefrigence that can be electrically controlled. Alternatively, one can also move the silicon itself, using microelectromechanical systems (MEMS) [4]. Some of these mechanisms are illustrated in Fig. 1. When developing a
new phase shifter mechanism, it is essential to integrate it with the other functions in a silicon photonics platform,
such as low-loss waveguides, high-speed modulators or photodetectors. In this paper, we will present our recent
progress in implementing low-power phase shifters using heaters, liquid crystals and MEMS.

Fig. 1. Different actuation mechanisms for electro-optic phase shifters in silicon photonic circuits.
Left to right: heaters (which can have an integrated diode) [5], liquid crystals [3], MEMS [4]
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Fig. 2. Experimental demonstration of a phase shifter based on liquid-crystals [6] and MEMS [7].

2.

Heaters

Heaters tune the refractive index of the silicon waveguide through the strong thermo-optic effect. The efficiency
of the thermo-optic phase shifter is mostly determined by the heated volume and the thermal leakage rate. The
power for a π phase shift ranges from 30 mW down to 3 mW [2]. Heaters can be implemented using resistors in
metal or doped silicon. With doped heaters it is possible to include a diode, enabling electrical multiplexing [5].
3.

Liquid Crystals

Liquid crystals are birefringent materials that can be reoriented with an electric field. When used as a waveguide cladding, they can tune the effective index of the guided mode [3]. The driving field can be applied by top
electrodes [3] or by electrodes next to the waveguide [6]. This lateral approach is easier to integrate in a silicon
photonics waveguide platform as there is no constraint on the material stack of the back-end metallization: this
stack can be opened locally, as shown in Fig. 2. With this approach, we achieved a phase shift of 0.8 π in 50 µm.
4.

MEMS

A similar actuation geometry can be used to implement MEMS-based phase shifters. In this case, a side beam of
silicon can be moved into the proximity of the waveguide core, thus affecting the evanescent field [7]. By using
electrostatic actuation to move the silicon, a large phase shift can be achieved with very low electrical power
consumption. The device illustrated in Fig. 2 achieves 1-2.5 π phase shift in a 50 µm length.
5.

Summary

Large-scale photonic circuits require low-power, compact and low-loss electro-optic phase shifters. While heaters
are flexible and still continuously improving, new techniques are are being introduced. We discuss our progress
on liquid crystals and MEMS phase shifters, especially targeted at large-scale programmable photonic integrated
circuits.
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