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Table S1 Key performance of nonvolatile phase tuning approaches
	[bookmark: _Hlk216119592]Nonvolatile phase tuning
	Δneff
	Lπ (mm)
	Eπ
	Vdrive
	tswitching
	Bit (bit)
	ILp (dB)
	Cycles
	Fab process

	PCM
	Sb2Se3 (E) [1] 
	0.053
	14.6
	Amo: 85.17 nJ Cry: 892.2 nJ
	8-10V;
2.7-3.26V
	100ns; 10µs
	6
	0.29
	104
	BEOL

	
	Sb2Se3 (O) [2]
	0.072
	25 
	Amo: 700 nJ
Cry: 47.5 mJ
	N/A
	400 ns;
50 ms
	>5
	0.35
	600
	

	
	Sb2Se3 (E)a
	0.02
	66.7
	Amo: 485.5 nJ
Cry: 266.5 μJ
	2.83/4.58 V; 1.95 V
	400 ns;
1.5 ms
	1
	0.5
	108
	

	
	Sb2S3 (E)[3]
	0.018
	30.7
	Amo: 171.9 nJ
Cry: 5.22 μJ
	7.5V;
1.6V
	150ns;
100µs
	5
	0.74
	>1600
	

	CT
	GaAs/HfO2/Al2O3/Si[4]
	2.5×10-4
	2500 
	SET: 1.29 nJ
RESET: 0.71 nJ
	9V
-5V
	1s
	2
	3.57
	100
	Wafer bonding

	FE
	BTO-Si[5]
	2×10-3
	1000
	SET: 178 pJ
RESET: 1.8 mJ
	5-12V;
12.1V
	1 ms;
0.7 s
	3
	0.48
	300
	Wafer bonding

	
	PZT[6]
	4.6×10-3
	1000
	SET: 196.8 pJ
RESET: 1.23 nJ
	8~32 V;
80V
	1 ms
	>2
	0.19
	105
	Non-Si

	
	HZO-SiN[7]
	1.5×10-4
	5167
	0.69 mJ
	210V
	10-100 s
	>3
	~0
	0 
	FEOL

	
	[bookmark: _Hlk217987460]HAO-Si[8]
	0.003
	258
	18.7 nJ
	+5/-5
	100 μs
	1.5
	4.67
	106
	FEOL

	
	HZO-LN[9]
	1.7×10-4
	4553
	SET: 3.1 pJ
RESET: 358.2 fJ
	-6V
3 V
	10 μs
	4b
	3.28
	107
	Non-Si

	MO
	Ce: YIG-Si[10]
	5.66×10-4
	1369
	230 pJ
	<±1 V
	1 ns
	3.5
	11.25
	109
	Wafer bonding

	MR
	GaAs/Al2O3/Si[11]
	1.88×10-3
	350
	SET: 0.83 pJ
RESET: 2.0 pJ
	5V
-4V
	0.3 ns
0.9 ns;
	1.5
	0.27
	103
	Wafer bonding


a From Arka Majumdar's group (manuscript under review).
b 4 bits achieved by cascading three FE field effect transistors in a single MRR with 6 optical states per transistor.


Table S2 Key performance of nonvolatile amplitude tuning approaches
	Non-volatile amplitude tuning
	Δneff
	LdB (mm)
	EdB
	Vdrive
	tswitching
	Bit (bit)
	ILdB
(30 dB)
	Cycles
	Fab Process

	PCM
	GST (O) [12,13]
	0.096+0.063i
	3.51
	Amo: 118.4 pJ;
Cry: 596.5 pJ
	N/A
	50 ns
250 ns
	5
	8.3223
	200
	BEOL

	
	GST (E) [14,15] 
	0.1+0.049i24
	0.61
	Amo: 2.13nJ;
Cry: 1.67 nJ
	5.2-6.8V
3V
	50 ns
200ns
	4
	624
	100
	

	
	GSST [16,17]
	0.081+0.024i
	0.41
	Amo: 4.2 nJ;
Cry: 0.055 mJ
	7.5-8.8 V
1.9-2.25 V
	500 ns
100 ms
	>7
	1.07
	104
	

	
	GSSe [18]
	0.034-0.012i
	5
	Amo: N/A;
Cry: 1.5 nJ
	12V
8V
	2 μs
>20 μs
	4b
	0.4
	5105
	

	MEMS
	[bookmark: _Hlk215410958]vdW MEMS [19]
	N/A
	0.84
	SET: 12.6 nJ
RESET: 22.5 nJ
	35V
	10 μs
8 μs
	1
	0.23
	＞106
	BEOL

	EC
	WO3-LN [20]
	0.59i
	0.5 
	SET: 14.56 pJ
RESET: 14.56 pJ
	2.5V
-2.5V
	8.42 s
3.3 s
	>4
	10.95
	200
	Non-Si




Supplementary Note 1. 
Tradeoffs in ferroelectric materials-based optical memristors
[bookmark: _Hlk217987185]The low nonvolatile switching energy and ultralow propagation loss are the characteristic advantages of ferroelectric waveguides, including BaTiO₃ (BTO)[5] and lead zirconate titanate (PZT)[6]. The emergence of PZT has addressed the issue in BTO-based devices, which require a constant bias to probe refractive index changes. However, the relatively high-voltage pulses needed (80 V for RESET and 32V for programming, for instance) could pose a challenge for large-scale array control. The Vdrive could be significantly reduced by employing thinner FE films and tuning the effective refractive index (neff) of hybrid waveguides indirectly. Recently, the integration of nonvolatile reconfigurability in Zr-HfO₂ (HZO) ferroelectric thin films with the high-speed Pockels effect in thin-film lithium niobate (TFLN) waveguides[9] marked a milestone, achieving a Vdrive of 6 V, a tswitching of 10 μs, an Eπ of ~3.1 pJ, 4-bit precision, and an endurance of 10⁷ cycles. We are expecting that further performance improvements could be attained by adopting materials with lower coercive fields and robust ferroelectric properties at reduced thicknesses. The deficiency of FE materials lies in their fundamentally-limited low modulation efficiency and commonly seen millimeter-scale modulation lengths. In HZO-TFLN-based devices, the large length required for a π-phase shift (Lπ) of ~4.5 mm also leads to an insertion loss (ILπ) of ~1.2 dB. Since the intrinsic loss of FE materials is very low, the observed loss in these devices may be attributed to the use of the ITO top gate, suggesting a potential avenue for further optimization.
Therefore, although with ultralow switching power down to 3.1 pJ/π, current FE materials offer tailored trade-offs between drive voltage (e.g., 80 V for PZT and 6 V for HZO-TFLN) and insertion loss (e.g., 0.19 dB/π for PZT and 3.28 dB/π for HZO-TFLN)[6,9]. Note that they do not exhibit a significant advantage in programming speed compared to PCM (e.g., 1 ms for PZT, 10 μs for HZO-TFLN, and 10 μs for Sb2Se3-Si[1]). 

Supplementary Note 2. 
Charge trapping for nonvolatile phase tuning or amplitude modulation?
Charge-trapping optical memristors are inspired by Flash memory technology. Trapping and releasing charges in a capacitor could modulate the waveguide’s refractive index via changes in carrier concentration induced by electrostatic effects. Recent advances make an obvious performance improvement over earlier devices[21,22] by employing a GaAs-Al₂O₃-HfO₂-Al₂O₃-HfO₂-Si waveguide stack[4], and achieve 2-bit phase tuning with a switching time of 1 s, energy consumption of 1.29 nJ/π, and a Vdrive of 9 V. Although further attempts explored a foundry-compatible design using avalanche-induced charge trapping in Si waveguides, they were ultimately hampered by an impractical switching time of 1500 s and a high energy cost of 1.2 J[23]. Due to the free-carrier dispersion in CT-based devices, optical loss is inevitably induced when implementing phase tuning. Meanwhile, the low modulation efficiency of CT also results in a small dynamic range for intensity modulation. As such, we consider it a phase-shifting approach for small phase adjustment with a relatively large footprint (~2.5 mm per π-phase shift) and high insertion loss (~ 3.5 dB per π-phase shift).

Supplementary Note 3. 
Electrochromic optical tuning and nonvolatile MEMS
Electrochromic effect (EC) could modulate the amplitude of propagating light in waveguides, but suffers from prohibitively slow switching speeds and poor CMOS compatibility[20,24].
Nonvolatile MEMS operates more digitally, since it relies on latch structure[25], buckling[26], or stiction effect[19] to lock the movable components into a stable position. exhibiting a bistable (on/off) behavior for now at relatively high drive voltages. Nonvolatile MEMS is more suitable for optical switch arrays instead of matrix operation, and is therefore out of scope of this perspective. Consequently, these methods are not discussed in detail.

Supplementary Note 4.
Endurance of PCMs-integrated silicon photonic devices
The challenges of achieving high endurance are similar to the bit precision issue for now, since they both originated from the suboptimal device structures at this stage. Particularly, low-loss PCMs, compared to insulator-metal-transition materials like GST, exhibit more pronounced volume changes during the phase transition process, thus necessitating elaborate device engineering to ensure operational stability throughout the switching cycles. This may involve the optimization of nano-patterned PCM patches, thermal uniformity, capping layers, and other device designs[27]. Substantial progress has been made in this regard—the endurance of Sb2Se3 optical memristors has been improved to a stable 10⁸ cycles (by Arka Majumdar's group, manuscript under review). As the cycling endurance approaches 109, further optimization of PCMs to achieve lower phase segregation and lower mechanical stress has to be addressed.
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