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Fig. S1: In-house fabrication workflow diagram. The detailed fabrication procedure is described in the Methods section of the main text.


Section S2. Q-factor of rings before and after oxide window and metallization 
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Fig. S2: Measured optical transmission spectra for a micro-ring resonator with 20-μm-long oxide window. (a) The responce of a micro-ring resonator before any in-house process. Fitting to a Lorentz shape gives a Q-factor of 127k in the zoomed in plot. (b) The responce of a micro-ring resonator after opening oxide windows, metallization and 20-nm-thick Sb2S3 deposition. Fitting to a Lorentz shape gives a Q-factor of 101k in the zoomed in plot, indicating very small extra loss due to the in-house fabrication process of ~0.02 dB, estimated using the formula in ref1.

[bookmark: _Hlk119333210]Section S3. Measured current-voltage (I-V) plot for the micro-ring resonator and Mach-Zehnder interferometer
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Fig. S3: Measured I-V curve of the micro-ring resonator and Mach-Zehnder interferometer. The current is normalized with respect to the PIN junction length. The unit length conductivity for the MRR and the MZI is 0.629 mS/μm and 0.306 mS/μm, respectively. The MRR shows a higher unit length conductivity, which leads to the lower phase-transition voltages. This is attributed to the longer metal wire in the MZI and could be improved in the future fabrication by making the metal wire wider.


Section S4. Endurance test of the MZI for 500 switching events
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Fig. S4: Endurance test of an unbalanced MZI. We alternatively sent in amorphization and crystallization pulses for 500 switching events and the contrast still remains. There is a DC shift in the transmission level, which could be attributed to partial material damage and could be resolved later by optimizing the electrical pulse condition. See Fig. 2 for another test using suitable electrical pulses for an asymmetric directional coupler.



Section S5. Numerical simulations for quasi-continuous tunable asymmetric directional couplers
[image: ]
Fig. S5: Simulated electric field distribution and transmission spectra for quasi-continuously tunable beam splitters with 2 Sb2S3 segments. (a)-(d) The field distribution and (e)-(h) the transmission spectra. The optical characteristics are programmable depending on the phases of two Sb2S3 segments indicated in the titles of the sub-figures. We note here the optical splitting ratios are different from the experimental results and it can be attributed to fabrication imperfections such as variations of Sb2S3 deposition thickness, waveguide width and waveguide gap. 



[bookmark: _Hlk151393390]Section S6. Quasi-continuously tuning with a larger spectral shift 
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Fig. S6: Another quasi-continuous tuning measurement results with 3 unequal-length Sb2S3 segments showing larger spectral shift of 0.14π/step. 



Section S7. Derivation of spectral shifting feature of MZIs on different arms
In Section S6, we reported a blue shift in the spectra when crystallizing the Sb2S3 (the effective refractive index or the phase increases), which is counterintuitive for the micro-ring resonator community. This supplementary note will provide an explanation of this observation. Firstly, this can be intuitively understood that the spectral shift direction is determined by the relative phase shift between two arms. Therefore, increasing the phase on two arms would lead to an opposite spectral shift behavior. To show this in a more rigorous way, we briefly derive the spectral shifting of an unbalanced MZI taking an scattering (S)-matrix approach and show that the spectral shift direction depends on the arm that is modulated.
Without losing generality, we assume that the light inputs from the upper port and an initial phase difference of  between the lower arm  and upper arm , therefore , where  is the free space wavelength,  is the effective refractive index of the waveguide mode, and  is the initial length difference between two arms. The S-matrix of such an unbalanced MZI is expressed as2: 
. 	(Eq. S1)
Therefore, the output field is expressed as 
, 		(Eq. S2)
where  and  represents the output field from the upper and lower output port, respectively. , where  is the phase shift on the lower arm, Is the effective index change due to Sb2S3 and  is the length of Sb2S3. Equation S2 shows that if , then  needs to increase to maintain the same output field, indicating a red spectral shift in the output spectra. 
In conclusion, the output spectra of an unbalanced MZI shift to the red (blue) side if increasing the phase on the lower (upper) arm when inputing light from the upper input port. More generally, if the modulated arm sits on the same side as the input ports, such as both on the upper side, a blue shift would occur when increasing the phase, whereas opposite sides produce a red shift. The blue spectra shift after crystallization in our experiment agrees with this analysis and. 
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