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Emerging Low-Loss Phase Change Material Enabling Non-Volatile Phase Modulation

Sb 2 S 3 is an emerging phase change material featuring a promising transparency in the near infrared region. In this work we take advantage of the refractive index change of this material to control the propagation of light inside an optical waveguide to achieve phase modulation. This opens the door to active optical functions with very limited absorption.

Introduction

Phase change materials (PCMs) such as Ge 2 Sb 2 Te 5 have recently become a popular class of materials to actively tune integrated photonic devices. These PCMs are exploited for their unique physical properties, and most notably their ability to rapidly and reversibly switch between a crystalline and an amorphous phase exhibiting widely different optical and electrical properties. For example the tunability of their electrical behaviour, especially in resistivity, is industrially developed to create phase change memories [START_REF] Ahn | Highly manufacturable high density phase change memory of 64Mb and beyond[END_REF]. On the other hand, the dynamic modulation of their optical properties, i.e. refractive index and extinction coefficient, are exciting opportunities to create integrated amplitude modulators and switches [START_REF] Yu | Ultracompact electro-optical modulator-based Ge 2 Sb 2 Te 5 on silicon[END_REF][START_REF] Leonardis | Broadband electro-optical crossbar switches using low-loss Ge 2 Sb 2 Se 4 Te 1 phase change material[END_REF], to develop active optical function with tunable metasurfaces (working in reflection or transmission), or even to control the reflectivity of a sample without patterning [START_REF] Cueff | Reconfigurable Flat Optics with Programmable Reflection Amplitude Using Lithography-Free Phase-Change Material Ultra-Thin Films[END_REF]. The current roadblock that limits the applicability of conventional PCMs is their high optical absorption in the near-infrared region. Even though some lower-loss alternatives to Ge 2 Sb 2 Te 5 , such as GeSbSeTe have been reported [START_REF] Zhang | Reshaping light: reconfigurable photonics enabled by broadband low-loss optical phase change materials[END_REF], the level of optical absorption may still be too high for applications such as phase modulation in large scale photonic integrated circuits requiring a large refractive index change and transparency in the near-infrared region.

In this context, Sb 2 S 3 is a very promising emerging PCM since it has been demonstrated to present a large refractive index change upon crystallization and an ultra-low extinction coefficient down to the visible range [START_REF] Dong | Wide bandgap phase change material tuned visible photonics[END_REF]. The non-volatile nature of this index change is an advantage over conventional phase modulators relying on the plasma dispersion effect or the thermo-optic coefficient since continuous power is not required to maintain the phase modulation. Using the crystalline state of Sb 2 S 3 to control the effective index of a guided mode has been reported using a resonant microring [START_REF] Fang | Non-volatile reconfigurable integrated photonics enabled by broadband low-loss phase change material[END_REF]. Here we demonstrate the use of Sb 2 S 3 as a low-loss phase modulation material in the near-infrared region using a Mach-Zehnder interferometer.

Experiments

The base sample was fabricated by STMicroelectronics using SiN deposited by PVD as the waveguide material. A first 40 nm thick film of SiO 2 is deposited by electron beam evaporation on top of the base sample. We then patterned a thin film of 50 nm of Sb 2 S 3 deposited by electron beam evaporation on top of one of the arms of the MZI. The sample was subsequently capped using a 50 nm film of SiO 2 to avoid degradation of the film at high temperature.

A lensed optical fibre was used to inject light from a broadband light source into the MZI. This allows for the measurement of the transmission spectrum of the MZI between 1200 nm and 1700 nm. The MZI spectrum was first measured at room temperature, the Sb 2 S 3 film being in its as-deposited state. The sample was subsequently gradually crystallized by placing it on a temperature-controlled stage at the selected temperature. The sample was then allowed to cool down to room temperature before acquiring the MZI spectrum. This ensures that no crystallization occurs during the measurement and lifts the need to take thermo-optic effects into account. 

Results

Optical microscope observations of the sample before and after the measurements confirm the crystallization of the film (Fig. 1). While the as-deposited film appears uniform, the crystalline structure of the Sb 2 S 3 is clearly visible after annealing. From the micrographs, the length of the portion of the waveguide covered by the Sb 2 S 3 patch is measured to be 185 µm. As the temperature increases the Sb 2 S 3 patch crystallizes causing a large increase of its refractive index (Fig. 2). This induces a change of the effective refractive index of the guided mode of the covered arm of the MZI. The Sb 2 S 3 acts as a phase shifter and is the cause of the shift of the interference pattern seen on the MZI spectra as the temperature gets close to 300°C (Fig. 3). After the 290°C annealing, only partial crystallization is achieved as denoted by the small interference pattern shift. By careful control of the temperature of the PCM it is then possible to reach intermediary states between fully amorphous and fully crystallized. These intermediary states are required to achieve not only binary but multi-level phase modulation. It should also be noted that the amplitude of the transmitted signal stays roughly constant as the Sb 2 S 3 crystallizes confirming the low absorption nature of this PCM. From the MZI transmission spectrum the phase shift is determined to be 3.02 rad around 1.55 µm which corresponds to a required length of 385 µm to achieve a 2π phase shift.

The setup chosen in this work only allows for the crystallization of the as-deposited PCM film. The amorphization of the PCM requires heating it up to its melting temperature and then rapidly quenching it which could be achieved using either an integrated micro-heater or a pulsed laser [START_REF] Delaney | A New Family of Ultralow Loss Reversible Phase-Change Materials for Photonic Integrated Circuits: Sb2S3 and Sb2Se3[END_REF]. Being able to fully amorphize the PCM film before subsequent controlled recrystallization would enable reversible multi-level phase modulation.

Conclusion

We have demonstrated the applicability of the emerging PCM Sb 2 S 3 as a phase shifter. By patterning a patch of Sb 2 S 3 on top of one of the arms of a Mach-Zehnder interferometer we were able to measure the phase shift due to the change of refractive index of the PCM as it crystallizes without optical absorption. For future applications, an integrated micro-heater could be used to control the state of the Sb 2 S 3 allowing for reversible phase modulation.
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 1 Fig. 1 Optical micrograph of the patterned Sb 2 S 3 film a) before and b) after annealing
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 2 Fig. 2 Change in refractive index and extinction coefficient of Sb 2 S 3 upon crystallization measured by ellipsometry Fig. 3 Transmission spectra of the Mach-Zehnder interferometer p artially covered with Sb 2 S 3 after consecutive annealings at different temperature