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Abstract 

Programmable photonic integrated circuits (PICs) have recently gained significant interest due to 

their potential in creating next-generation technologies ranging from artificial neural networks and 

microwave photonics to quantum information processing. The fundamental building block of such 

programmable PICs is a tunable 2 × 2 switch, traditionally controlled by the thermo-optic or free-

carrier dispersion. Yet, these implementations are power-hungry, volatile, and have a large 

footprint (typically > 100 µm). Therefore, a truly ‘set-and-forget’ type 2 × 2 switch with zero static 

power consumption is highly desirable for large-scale PICs. Here, we report a broadband 

nonvolatile electrically programmable 2 × 2 silicon photonic switch based on the phase-change 

material Ge2Sb2Te5. The directional coupler switch exhibits a compact coupling length (64 µm), 

small insertion loss (<2 dB), and minimal crosstalk (<-8 dB) across the entire telecommunication 

C-band while maintaining a record-high endurance of over 2,800 switching cycles. This 

demonstrated switch constitutes a critical component for realizing future generic programmable 

silicon photonic systems.  



Introduction 

Photonic integrated circuits (PICs) typically have been application-specific (1), i.e., each 

fabricated chip serving only one particular function. In contrast, recent advancements in silicon 

photonics urgently call for universally programmable PICs(2), adaptable to a wide range of tasks, 

including optical neural networks(3), quantum information processing(4), and light detection and 

ranging(5). The fundamental building block constituting such programmable PICs is an 

electrically controlled tunable 2 × 2 switch that diverts light to one of two ports. In silicon 

photonics, the operation of such elements is commonly based on either the thermo-optic(6) or free-

carrier effect(7). However, their functions are plagued by large footprints (typically > 100 µm) 

and/ or low energy efficiency due to large static power consumption. Although ring resonators can 

significantly reduce the footprint (down to the order of tens of µm), the operational optical 

bandwidth becomes limited to typically less than 1 nm(8). Moreover, their thermal instability 

requires an even larger static power consumption, as a constant feedback signal is needed to lock 

the resonance(9). Emerging technologies such as microelectromechanical systems (MEMS) (10), 

electro-optic polymer(11), and integrated lithium niobate(12) can potentially provide either a 

smaller footprint or lower programming energy. Still, they are all based on a volatile effect with 

limited CMOS compatibility. Phase-change materials (PCMs) provide an attractive solution 

towards compact and energy-efficient 2 × 2 switches with zero static power(13–16), thanks to a 

nonvolatile phase transition(17), large refractive index contrast (Δn≥1)(18), and CMOS 

compatibility(15).  

Pulsed laser induced switching of PCMs for all-optical applications, such as optical memories(19–

23) and optical computing(24–27), has been studied extensively. However, this approach usually 

involves complex optical alignment, which precludes simultaneous multi-device control and is 

generally unsuitable for large-scale applications. Recently the phase transition has been actuated 

on-chip electrically via doped silicon(28–30) and/or ITO heaters(31–33), achieving reversible 

tuning and a large cyclability of ~500 cycles(28). Yet, thus far, no broadband, multi-port, 

electrically programmable device based on Ge2Sb2Te5 (GST) has been demonstrated. While such 

functionality is ultimately required for large-scale nonvolatile photonic architectures, the inherent 

high absorptive loss of crystalline GST (c-GST) (34) becomes a severe issue for most designs (See 

Supplementary, Section 2.1). Existing electrically tunable GST devices are either designed only 



for 1 × 1 switches(28, 32) or rely on ring resonators(28, 35) to circumvent the loss issue. While 

the latter is suitable for narrowband operation, a broadband design is generally preferred to access 

a wider spectral range.  

Here we report a broadband nonvolatile electrically programmable 2 × 2 silicon photonic switch 

based on the technologically mature PCM GST. The directional coupler-based switch features a 

compact footprint of only 64 µm coupling length with less than 2 dB insertion loss and -8 dB 

crosstalk in both bar and cross states across the entire telecommunication C-band. The fabricated 

device displays a record-high endurance for operation over 2,800 switching cycles, i.e., over 5,600 

switching events. The fabrication of the switch is fully compatible with standard CMOS foundry 

processes, promising excellent scalability. Therefore, our work represents a crucial step towards 

realizing compact and energy-efficient programmable silicon PICs. 

Results 

Our electrically tunable 2 × 2 switch leverages an asymmetrical three-waveguide directional 

coupler structure(13, 36) fabricated in a Silicon on Insulator (SOI) platform, as shown in Fig. 1a. 

It consists of two Si transmission waveguides with a coupling region separated by a truncated 

transition waveguide. To circumvent the high absorption loss of c-GST, only the transition 

waveguide is loaded with a 20 nm-thick GST, encapsulated by 40 nm Al2O3 to prevent GST 

oxidation. By design, the phase-matching condition is satisfied only when the GST is switched to 

the amorphous state (a-GST), which allows light to couple into the transition waveguide and 

further to the cross port. However, if the GST is in the crystalline state, light barely couples into 

the transition waveguide due to a large index mismatch, thus bypassing the high loss of c-GST. 

The gap between the waveguides is designed to achieve a good tradeoff between insertion loss and 

device footprint (Supplementary, Section 2). While similar designs have been reported before(13, 

36), no electrical control has been demonstrated, primarily due to the lack of suitable heater designs 

for large-volume GST switching. A PIN heating element implements the electrical control over 

the phase switching, which is realized by selectively doping the adjacent regions to the waveguide. 

We note that this concept directly extends our prior works, where we implemented this concept(28) 

for a 1 × 1 switch. However, in contrast to that work, the volume of the GST being electrically 

switched experimentally is ~0.4 µm3, around ten times larger(28, 31–33). Therefore, prior to 



fabrication, we optimized the design and operation of the PIN microheater and device transmission 

using finite element simulations(28, 37), considering the electrical and heat transfer transient 

performance of the device (Supplementary, Section 3).  

The fabricated device’s optical and scanning electron microscope (SEM) images are shown in Fig. 

1b and 1c, respectively. In detail, the phase of the PCM is switched by an on-chip PIN heater, 

defined by doping the 100-nm-thick silicon slab via ion implantation while leaving the three 

waveguides intrinsic(28) to reduce the insertion loss (see Methods for fabrication details). The 

doped regions and metal pads are designed to maintain a distance of 200 nm and 1 µm, respectively, 

from the directional coupler to reduce excess loss from the free carriers.  

 

Figure 1. Nonvolatile electrically controllable 2 × 2 broadband photonic switch. (a) Device 

schematic. (b) The optical micrograph and (c) SEM images of the device. In the SEM image, the 

GST thin film, p++, and n++ regions are indicated by false colors.  

 

The reversible operation of the 2 × 2 switch is demonstrated by measuring the transmission of a 

tunable laser through the bar and cross port at two different phases of GST, summarized in Fig. 

2a. Initially, the GST is prepared in the crystalline state (c-GST), for which the light passes through 

the bar port with an extinction ratio over 10 dB (Fig. 2a(i)). After applying a short, high amplitude 

pulse (13.6 V, 8 ns leading/falling edge, 200 ns pulse width with 380 nJ pulse energy) to induce 



amorphization (a-GST), the transmission spectrum flips, resulting in a high transmission through 

the cross port with over 10 dB extinction ratio (Fig. 2a(ii)). Subsequently, we applied a longer but 

lower amplitude pulse (3.2 V, 8 ns leading edge, 50 µs pulse width with 6.83 µJ pulse energy) to 

trigger crystallization, returning the switch to the original high bar transmission state (Fig. 2a(iii)). 

Crosstalk less than -8 dB is observed across the entire telecommunication C-band (1530 to 1565 

nm) in cross and bar states. We estimate the switching energy density to be 0.95/1.63 fJ/nm3 for 

amorphization/crystallization. This is comparable with (28), where an energy density of 0.2/1.95 

fJ/nm3 for the phase transition was demonstrated. The cycle-to-cycle reproducibility was verified 

over three consecutive switching cycles, as shown in Fig. 2b, where transmission spectra for a-

GST and c-GST at bar port overlap nearly perfectly. We then established the long-term retention 

of the device states by performing several measurements over a time period of one month, as 

shown in Fig. 2c. A good match between the transmission spectra for devices in the a-GST 

configuration after putting the device in an ambient environment for 132 hours and 720 hours 

indicates that the switching is indeed nonvolatile. Slight variations among the spectra are likely 

due to minor differences in the optical alignment during the different measurements. 

 

Figure 2. Characterizations of the 2×2 directional coupler switch. (a) Transmission spectrum 

of the device (i) initially, (ii) after applying an amorphization pulse (iii) after applying a 



crystallization pulse. The shaded areas are the measured raw spectra, and the solid lines are spectra 

after a low pass filter. IL and ER are insertion loss and extinction ratio, respectively. (b) 

Transmission spectra measured over three cycles at bar port. Each cycle is indicated with different 

color saturations. (c) Device functionality over an extended period of one month with a-GST. The 

solid and dashed lines correspond to the bar and cross port transmission.  

 

Finally, we demonstrate reversible operation over 5,750 switching events without significant 

performance degradation, presented in Fig. 3 (additional measurement results are shown in 

Supplementary, Section 4.1), thanks to the optimized PIN heater design. We note that due to 

limitations in our measurement setup (See Methods for measurement details), the cross and bar 

ports are measured consecutively, as shown in Fig. 3(top) and (bottom), respectively. The two 

distinct transmission levels arising from switching between the crystalline and amorphous state 

are indicated by the shaded regions, whereas transmission contrasts of 8 dB and 11 dB are obtained 

for the cross and bar ports, respectively. The transmission contrast of the cross port reduces from 

8 dB to 6 dB at the 2,750th event, while the contrast of the bar port remains around 11 dB. We 

attribute this reduction in the transmission contrast of the cross port to thermal reflowing and 

material degradation of GST after multiple cycles (Supplementary, Section 6). The performance 

degradation is less pronounced for the transmission through the bar port because even as the GST 

shape changes due to thermal reflowing, a significant index mismatch still exists between the 

transition waveguide and input waveguide (See Figure S7(E), Supplementary). We note that some 

data points are removed around the 600th, 800th, and 1,900th events because the same amorphization 

condition failed to trigger the phase change, and larger voltages of 13.8, 14.1, and 14.4V were used 

after that, respectively. This could result from drifting contacts of electrical probes (Supplementary, 

Section 4, Fig S10(c)) and/ or GST degradation. The contact drift issue could be solved by wire-

bonding the chip to a carrier.  



 

Figure. 3 Endurance test of the 2×2 switch. (Top) Transmission measured at the cross port. 

(Bottom) Transmission measured at the bar port. The blue/orange dots represent the measured 

transmission at 1550 nm after sending in a crystallization/amorphization pulse (with the same pulse 

condition in Fig. 2). The shaded regions correspond to variations of the two distinct transmission 

levels. A larger insertion loss of 3.5 (4.0) dB at cross (bar) port is attributed to the material 

degradation and thermal reflowing of the GST thin film, see Discussion Section.  

 

In addition to the 2 × 2 switch, we also demonstrated electrically tunable 1 × 2 and waveguide-

based 1 × 1 switches based on the GST-on-SOI platform (Supplementary Materials). The 1 × 2 

switch consists of two mutually coupled waveguides, one of which is loaded with 20 nm GST thin 

film. The two waveguides are designed in a similar fashion as in the 2 × 2 switch that the phase-

matching condition is satisfied when GST is in the amorphous state, while a large mismatch 



happens when it is switched into the crystalline state. Light from the bare silicon waveguide can 

then efficiently couple into the GST-loaded waveguide for a-GST, but remains in the bar 

waveguide for c-GST. This switch shows an extinction ratio of 9 dB over 15 nm wavelength range 

in both amorphous and crystalline states and an excellent endurance of more than 4,000 cycles 

(Supplementary, Section 4.2). The waveguide-based 1 × 1 switch is a 10-µm long waveguide 

loaded with 20 nm thick GST thin film. The switch exhibits a large extinction ratio of 15 dB, the 

capability of multi-level switching with ten distinct transmission levels, and excellent endurance 

of more than 1000 switching cycles (Supplementary, Section 4.3). Potential applications of these 

switches are discussed in Supplementary Section 7, where nonvolatile PICs for energy-efficient 

optical routing, OPGA, and optical computing are proposed. 

Discussion 

Table 1 compares our device to other reported tunable 2 × 2 switches over different performance 

metrics. For switches based on a volatile effect, the energy consumption equals the energy per 

second. For devices based on nonvolatile effects, the energy consumption is defined as the energy 

per switching event. This comparison is reasonable because programmable PICs, such as for 

optical information processing(3, 24, 27), usually work in the low electrical frequency, i.e., the 

switches are not turned on and off constantly in a short period. Hence, volatile switches impose a 

constant drain in the energy over one second, while the nonvolatile ones do not consume energy 

after the initial switching event. From Table 1, our 2 × 2 switch shows several orders of magnitude 

reduction in device footprint and energy consumption compared to the volatile schemes except for 

the MEMS, which is inherently challenging to fabricate. Our work also compares favorably to 

previously reported PCM-based photonic switches(13, 28, 35, 38, 39) in terms of the largest 

reported bandwidth (> 30 nm), electrical tunability, large extinction ratio in both cross and bar 

states (> 10 dB), and the highest reported endurance (> 2,800 cycles).  

We further demonstrate the thermal stability advantage of our broadband switches over the 

narrowband designs by a thermal stability test. It is well-known that thermal feedback control is 

required for the stable operation of micro-ring resonators due to their sensitivity to thermal 

fluctuation(9). We performed a thermal stability test on our broadband switch (Supplementary, 

Section 5) by varying the temperature from 25°C to 35°C, and no significant spectrum drift was 



observed. Such invariant to thermal fluctuations renders our switches even more energy efficient 

as no extra energy is needed for temperature control. 

The relatively high insertion loss of our 2 × 2 switches in the experiment (~ 2 dB at 1550 nm) 

compared to the simulation (< 1 dB, see Supplementary, Section 2.3) can be attributed to several 

factors. First, fabrication imperfections such as variations in etch depth and waveguide, and GST 

width (Supplementary, Section 6, Figure S15) could all lead to an increase in device insertion loss 

(Supplementary, Section 2.4). Hence, we believe the insertion loss can be reduced to < 1 dB based 

on our simulations with optimized fabrication conditions. Second, a tradeoff between the insertion 

loss in the two states can be observed in Fig. S4 and S5 (Supplementary, Section S2) due to finite 

loss of amorphous GST. This can be resolved by replacing GST with recently reported low-loss 

PCMs such as Sb2S3 and Sb2Se3(40–43). However, we note that the choice of GST is preferred for 

compatibility with existing high-volume manufacturing since this material has been extensively 

studied in electronic memories and is technologically mature(17, 44).  

Although our 2 × 2 nonvolatile switch displayed the highest reported cyclability among electrically 

controlled PCM-based photonic switches, it is still significantly lower than the records obtained 

for electronic memories (~1012 cycles, potentially scale up to 1015cycles) (17, 44). At this point, 

the cyclability of our device is mainly limited by thermal reflowing and material ablation due to 

the large GST volume (Supplementary, Section 6). To improve the cyclability further, instead of 

using a long (64 µm) GST thin film, one can leverage sub-wavelength grating structure, where 

periodic GST nano-disks or nano-strips with much smaller length (down to 100 nm) can 

significantly reduce the volume of each GST cell, thus ease the thermal reflow issue (27, 35). A 

thicker Al2O3 capping layer could also be used to improve the encapsulation, for example, 218 nm 

Al2O3 capping layer is used in Ref. (27). 

Table 1. Tunable optical 1 × 2 or 2 × 2 switches performance comparison 

Ref Structure Mechanism ER (dB) IL (dB) Energy per 

second (nJ/s) 

Footprint 

in length 

(µm) 

Optical 

BW 

(nm) 

Nonvolatile Tuning 

method and 

cycles 

(45) MZI  

 

Thermal > 20.0 0.5 1.3 × 107 > 200 > 70 No Electrical 

(7) MZI  

 

Free carrier 4.5 10.0 2.7 × 109 1.3 × 104 N. R. No Electrical 



(12) MZI  

 

EO LN 40.0 2.5 1.9 × 107 5.0 × 104 > 40 No Electrical 

(46) MZI  

 

EO polymer > 25.0 8.2 8.5 × 106 1.5 × 104 N. R. No Electrical 

(8) MDR  

 

Thermal 7.0 0.8 / 

9.0 * 

1.5 × 107 12.8 < 0.5 No Electrical 

(47) MRR  

 

Free carrier > 20.0 ~ 0 9.7 × 106 35 < 0.1 No Electrical 

(48) MRR  

 

MEMS > 20.0 2.0 / 

0.1 * 

600 4 < 2 No Electrical 

(39) MRR  

 

PCM > 5.0 5.1 / 

4.3 * 

0.19  

(17.1) ‡ 

60 < 1 Yes Optical, 

1,000 cycles 

(35) MRR  

 

PCM 14 0.75 / 

0.46 * 

0.25  

(11) ‡ 

25 < 1 Yes Optical 

(13) DC  

 

PCM > 10 1.0 N. R. 45 > 30 Yes RTA 

(38) MMI  

 

PCM 8.0 0.5 14  

(9.5 × 105) ‡ 

43 N. R. Yes Optical 

(30) MZI  

 

PCM 6.5 (cross) 

/15.0 (bar) 

> 0.3 176  

(3.8 × 103) ‡ 

> 100 † > 15 † Yes Electric,  

>125 cycles 

This 

work 

DC PCM 10.0 2.0 380 

(6.8 × 103) ‡ 

50 > 30 Yes Electric,  

>2,800 cycles 

(ER: extinction ratio, IL: insertion loss, BW: bandwidth, MZI: Mach-Zehnder Interferometer, MR(D)R: Micro-

ring(disk) resonator, DC: directional coupler, EO: Electro-optic effect, LN: LiNbO3, N.R.: not reported) 

Notes: For devices based on nonvolatile effects, energy consumption is the energy per switching event, assuming one 

second per switching event. * For drop and through ports, respectively.  † Estimated from figures. ‡ Energy per 

switching event for amorphization (crystallization). 

In summary, we have demonstrated a broadband nonvolatile electrically controllable 2 × 2 silicon 

photonic switch. Driven by an on-chip PIN microheater, the 2 × 2 switch can be reversibly and 

reliably switched for more than 2,800 cycles without significant performance degradation. The 

cross and bar state maintain small crosstalk (< -8 dB) and insertion loss (< 2dB) across the entire 

telecommunication C-band. The switch is compatible with CMOS manufacturing processes and 

has a compact footprint of 64 µm coupling length. The insertion loss of the device can be further 

reduced by more optimized fabrication and by replacing GST with low-loss PCMs(40–43). This 

work constitutes a crucial element for realizing energy-efficient and compact universal 

programmable PICs for on-chip nonvolatile light routers, optical programmable gate arrays, 

neuromorphic computing, and quantum information processing. 



Materials and Methods 

Fabrication process  

Our electrically controllable nonvolatile switches were fabricated on a commercial SOI Wafer with 

220nm-thick Silicon on 3µm-thick SiO2 (SOITECH). The rib waveguides and grating couplers 

were defined with electron-beam lithography (EBL, JEOL JBX-6300FS) using a positive tone E-

beam resist (200-nm-thick ZEP-520A) and partially etched by 120 nm in a fluorine-based 

inductively coupled plasma etcher (ICP, Oxford PlasmaLab 100 ICP-18) using a mixed gas of SF6 

and C4F8. The etching rate was calibrated each time before the etching to ensure a correct etch 

depth. The doping regions were defined by two additional EBL steps with 600-nm-thick poly 

(methyl methacrylate) (PMMA) resist and implanted by boron (phosphorus) ions for p++(n++) 

with a dosage of 2 × 1015 ions per cm2 and ion energy of 14 keV (40 keV). A tilt angle of 7° while 

conducting ion implantation was used to misalign with the silicon lattice and thus achieve uniform 

deep doping. To activate the dopants, the chips were annealed at 950 °C for 10 min (Expertech 

CRT200 Anneal Furnace). Before metal contact deposition, to ensure ideal Ohmic contact, the 

surface native oxide was removed by immersing the chips in 10:1 buffered oxide etchant (BOE) 

for 10 seconds. The metal contacts were then immediately patterned by a fourth EBL step using 

PMMA and formed by electron-beam evaporation (CHA SEC-600) and lift-off of Ti/Pd (5 nm/180 

nm) layers. After a fifth EBL defining the GST window, a 20-nm GST thin film was deposited 

using a GST target (AJA International) in a magnetron sputtering system (Lesker Lab 18), 

followed by a lift-off process. The deposition rate was calibrated on a silicon chip using 

Ellipsometer (Woollam alpha-SE). The GST is then encapsulated by 40-nm-thick Al2O3 through 

ALD (Oxford Plasmalab 80PLUS OpAL ALD) at 150 °C. To ensure good contact between the 

electric probe and metal pads while measuring, the Al2O3 on the metal contacts were removed by 

defining a window using a sixth EBL with 600nm PMMA, then etching in a chlorine-based 

inductively coupled plasma etcher (ICP-RIE, Oxford PlasmaLab 100 ICP-18). Finally, rapid 

thermal annealing (RTA) at 200 °C for 10 min was conducted to completely crystallize the GST. 

 

Optical simulation  



The refractive index data for GST were measured and fitted by an ellipsometer (Woollam M-

2000)(13). The nonvolatile switches were designed(verified) by a commercial photonic simulation 

software package Lumerical MODE(FDTD).  

Heat transfer simulation  

The heat transfer performance of the silicon PIN microheater was simulated with a commercial 

Multiphysics simulation software COMSOL Multiphysics(28, 37). In the simulation, a heat 

transfer model is coupled with a semiconductor model to simulate the transient time performance 

of the microheater and to determine the phase change conditions. 

A detailed description of the simulations can be found in Supplementary Material, Section 2 and 

3. 

Measurement and characterization  

The photonic switches were measured with a vertical fiber-coupling setup using a coupling angle 

of 25° (Supplementary, Section 1). The stage temperature was fixed at 26 °C controlled by a 

thermoelectric controller (TEC, TE Technology TC-720). A tunable continuous-wave laser 

(Santec TSL-510) provided the input light. The polarization was controlled by a manual fiber 

polarization controller (Thorlabs FPC526) to match the TE mode of the rib waveguides. A low-

noise power meter (Keysight 81634B) was used to measure the static optical transmission from 

the output grating couplers. The transmission spectra of the devices were obtained by normalizing 

to the closest reference waveguide spectra. For the I–V characterization and on-chip electrical 

switching, electrical pulses were applied to the on-chip metal contacts via a pair of electrical probes 

controlled by two probe positioners (Cascade Microtech DPP105-M-AI-S). In particular, the I-V 

curve measurement was performed using a source meter (Keithley 2450), which is later used to 

estimate the power of the applied pulses. The crystallization and amorphization pulses were 

generated from a pulse function arbitrary generator (Keysight 81160A). The tunable laser, power 

meter, thermal controller, source meter, and pulse function arbitrary generator are controlled by a 

laptop with a National Instrument interface.  
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Section 1. Measurement setup 

The experimental setup described in the Method section is shown graphically in Fig. S1.

 

Figure S1. Measurement setup schematics.  

 

 

 

  



Section 2. Optical simulation results 

In this section, we present a detailed design procedure of our 1 × 2 and 2 × 2 electrically 

controllable nonvolatile broadband switches. 

Section 2.1 GST optical characterization 

GST has a large loss in the crystalline state at 1550 nm, as shown in Fig. S2, which is measured 

and fitted with ellipsometry. Note that the extinction coefficient 𝜅 is proportional the optical loss 

𝛼(𝑑𝐵/𝑚) as 

𝛼 = 10 lg(𝑒) ⋅
4𝜋𝜅

𝜆
 

( 1 ) 

We simulate the fundamental TE mode of a hybrid GST silicon rib waveguide (HW) using 

Lumerical MODE. The results are shown in Fig. S4(d), where a high loss of 5.5 dB/µm when the 

GST is in the crystalline state is estimated. Directly using GST in photonic switches will introduce 

huge insertion loss. For example, if GST is used in an MZI, then to achieve a π-phase shift, a length 

of 𝐿 =
𝜆0

2Δ𝑛
= 4.2𝜇𝑚 would be required. This will then give a very high loss of 23.1 dB compared 

to <1 dB loss using the three waveguide structure in the following sections. 

 
Figure S2. The complex refractive index of a/c-GST measured by ellipsometry.  

 



Section 2.2 1 × 2 switch design 

We design the 1 × 2 switch so that the light can only couple from the input bare silicon waveguide 

(SW) to the hybrid (HW) when the GST is in the amorphous state, where only a small loss is 

introduced, as shown in Fig. 1 and S3.  

 

Figure S3. Nonvolatile electrically controllable 1 × 2 broadband photonic switch schematic and images 

(a) device schematic (b) The microscope and (c) SEM images of the device. In the SEM image, the GST 

thin film, p++, and n++ regions are indicated by orange, blue, and green fake colors. 

The design procedure of the switches is similar to (13) as follows. The HW width was optimized 

so that when GST is in the amorphous state, the HW and SW can couple to each other most strongly, 

which happens when the two share the same effective index. As shown in Fig. S4(a), a 408 nm a-

GST HW has the same effective index with a 450 nm SW. Due to the significant refractive index 

change when the GST is switched into a crystalline state, a large phase mismatch would be induced. 

Thus the coupling would be weakened.  

Then the supermodes of the HW and SW with a gap g are simulated. The coupling length Lc and 

the loss when GST is in the amorphous/crystalline state are determined when sweeping g, where 

the coupling length is determined with coupled mode theory(49), using the following formula: 

 



𝐿𝑐
𝑎 =

𝜆0
2(𝑛𝑒𝑣𝑒𝑛 − 𝑛𝑜𝑑𝑑)

 

( 2 ) 

Where 𝜆0 is the free-space wavelength, 𝑛𝑒𝑣𝑒𝑛 and 𝑛𝑜𝑑𝑑 are effective index for even and odd mode 

and 𝐿𝑐
𝑎 is the coupling length with a-GST. We note that the loss is determined by decomposing the 

input field into the supermodes and calculating the loss separately, as below: 

𝑇𝑎,𝑐 =∑ 𝑇𝑗
𝑎,𝑐

𝑗
= ∑ (𝐴𝑗

𝑎,𝑐 exp (
𝑖2𝜋𝜅𝑗

𝑎,𝑐

𝜆
𝐿𝑐
𝑎))

2

𝑗
 

( 3 ) 

𝑙𝑜𝑠𝑠𝑎,𝑐 = 10 log 𝑇𝑎,𝑐 

( 4 ) 

Where 𝑇𝑎,𝑐  is the transmission and the superscript indicates the same formula applies to both 

amorphous and crystalline GST, 𝑇𝑗
𝑎,𝑐

 is the transmission of the jth supermode, 𝐴𝑗
𝑎,𝑐

 is the expansion 

coefficient of the input field into the jth supermode field, 𝜅𝑗
𝑎,𝑐

 is the imaginary part of the effective 

index of the jth supermode. The crosstalk of the device can be calculated with similar formula as 

well. This formula was implemented in the Lumerical MODE solver. 

The result is shown in Fig. S4(c). As the g increases, the coupling length increases, the loss in c-

state decreases because of a weaker mode interaction. However, since the amorphous state GST 

still has a finite amount of loss, a longer coupling length leads to a larger insertion loss. We selected 

g of 450nm to get an insertion loss smaller than 0.5 dB and a relatively compact device footprint 

of Lc = 42µm. The supermode simulation results are shown in Fig. S4(e). With a-GST, the 

supermode extends in both waveguides, indicating a strong coupling. While with c-GST, the 

supermodes are highly localized in each of the waveguides, indicating weak coupling. Thus, the 

light bypasses the high absorption loss of c-GST. 

 



 

 

Figure S4. Mode simulation results for the 1 × 2 switch. (a) effective indices of a bare silicon waveguide, 

a-GST HW, and c-GST HW changing with the waveguide width. (b)Effective loss of a/c-GST HW, the 

inset shows the zoomed-in loss of a-GST HW. (c) Mode simulation result of 1 × 2 switch coupling length 

and insertion loss with a/c-GST changing with gap. (d) Mode simulation results for (i)a-GST and (ii)c-GST 

HW. (e) Mode simulation results for 1 × 2 switch supermodes. (i)(ii) First and second order mode when 

GST is in amorphous state. (iii)(iv) First and second order mode when GST is in crystalline state.  

 



Section 2.3 2 × 2 switch design 

The first three TE supermodes are considered for the 2 × 2 switch design. To achieve the best 

coupling between the three waveguides, a phase-matching condition needs to be satisfied: 

2𝑛2 = 𝑛1 + 𝑛3 

( 5 ) 

By fixing the width of SWs to 450 nm and sweeping the width of the middle waveguide, an optimal 

HW width of 409 nm is determined, as shown in Fig S5(a). The minor difference from the 

previously determined HW width for 1 × 2 switch can be attributed to numerical error. 

The coupling length and the insertion loss are calculated with different gap g, as shown in Fig 

S5(b). An optimal gap of 450 nm is selected for a short coupling length, as well as a small insertion 

loss of 0.33/0.65dB for a/c-GST, respectively. The coupling length of a three waveguide coupler 

is calculated by the following formula when the phase-matching condition is satisfied: 

𝐿𝑐
𝑎 =

𝜆

2(𝑛1 − 𝑛2)
 

( 6 ) 

Finally, we show the optical modes in Fig. S5(c). One can see a strong coupling between the HW 

and SW when GST is in the amorphous state, as in Fig. S5(c)(i, iii). However, when the GST is 

switched into a crystalline state, the modes are localized in SW or HW, as in Fig. S5(c)(iv, v,  vi), 

indicating a very weak coupling. Although the effective index of mode 1 (cry) has a large 

imaginary part, since light can’t get coupled into mode 1 if excited from SW, this high loss mode 

is bypassed. 

 



 

Fig S5. Mode simulation results for the 2 × 2 switch. (a) supermode effective indices changing with the 

HW width. (b) coupling length and loss with a/c-GST changing with the gap. (c) Mode simulation results. 

(i)(ii)(iii) First, second, and third-order modes when GST is in the amorphous state, (iv)(v)(vi) First, second, 

and third-order modes when GST is in the crystalline state. 

 

The designs of the 1 × 2 and 2 × 2 switch are verified with Lumerical FDTD as in Fig S6. A larger 

insertion loss of around 1.0 dB compared to the 0.5 dB loss in the MODE solver can be attributed 

to extra loss introduced by the S-bends and can be further reduced by a better S-bend design. 

 



 

 

Figure S6. FDTD simulation results for both 1 × 2 and 2 × 2 switches. Transmission spectrum and field 

distribution of (a)(b) a-GST 1 × 2 switch, (c)(d) c-GST 1 × 2 switch, (e)(f) a-GST 2 × 2 switch, (g)(h) c-

GST 2 × 2 switch. 

 

 



Section 2.4 Fabrication variation tolerance analysis 

In this section, we simulate how the insertion loss and extinction ratio in both amorphous and 

crystalline state changes with respect to various device parameters, such as the waveguide width, 

the GST width, the GST misalignment, the etch depth and the gap. The results are summarized in 

Fig S7. The fabrication variation in waveguide width, etching depth and GST thickness can lead 

to significant higher insertion loss and lower extinction ratio. 

 

Figure S7. Insertion loss with respect to fabrication variation study on the 2 × 2 switch. (a) Waveguide 

width deviation (b) etch depth deviation (c) GST height deviation (d) gap deviation (e) GST width deviation 

(f) GST position deviation from the nominal values.  



 

Figure S8. Extinction ratio with respect to fabrication variation study on the 2 × 2 switch. 

(a) Waveguide width deviation (b) etch depth deviation (c) GST height deviation (d) gap 

deviation (e) GST width deviation (f) GST position deviation from the nominal values. 

 

 

 

 

 

 

 

 

 

 

 



Section 3. Heat transfer simulation 

The time-dependent heat transfer performance was studied with a cross-coupled electro-thermal 

model in COMSOL Multiphysics. The detailed description of the model can be found in(28, 37).  

For amorphization, a short sharp pulse with high peak voltage is favorable for the melting and 

quenching process, where the temperature of GST increases above its melting point (Tm ~ 616°C) 

and decreases rapidly below the glass transition temperature (Tg ~ 155°C) to form the amorphous 

phase. The amorphous GST can be crystallized through nucleation and growth process, by heating 

it above the Tg but below Tm, and gradually cooling it down. The amorphization condition was 

identified as pulse duration of 100 ns, and peak amplitude of 6.8(8.4) V for the 1 × 2 (2 × 2) 

switches. To crystallize the GST, a pulse with a duration of 50 µs and peak amplitude of 2.4 (2.8) 

V. The larger peak amplitude required for the 2 × 2 switch is due to the wider intrinsic region, thus 

a larger resistance and heating volume. Fig. S9(a) and (d) shows the time dependent temperature 

result when the amorphization or crystallization pulses are applied. The experimental pulses have 

higher voltages because of nonideal contact and load impedance mismatch. 

 

Figure S9. Transient heat transfer simulation results. (a)(d) The time-dependent temperature of the GST. 

The blue and orange lines are amorphization and crystallization pulses, respectively. The insets show zoom-

in figures of the amorphization pulse. (b)(e) Temperature distribution at 50 µs for crystallization. (c)(f) 

Temperature distribution at 100 ns for amorphization. (a-c) 1 × 2 switch. (d-f) 2 × 2 switch. 

 

 

 



Section 4. Additional measurement results 

In this section, we present additional measurements results on the 2 × 2 switch. We also present 

the measurement results of 1 × 2 and 1 × 1 switch. 

Section 4.1 more measurements on 2 × 2 switch  

We show the full cyclability test results (~9000 switching events) in Fig. S10. The transmission 

contrast dropped significantly between 6000th and 6750th switching events. Still, when we increase 

the voltage amplitude from 14.0 V to 14.3V after the 6750th event, the transmission contrast 

gradually increases, as shown in Fig. S10(d). This is interesting as the GST ‘healed’ itself gradually 

and provided a larger contrast.  

 

Figure S10. Full endurance test results for 9000 switching events. 



We performed a continuous time-dependent transmission measurement on the device. The pulse 

generator sent set and reset pulses alternatively with an interval of 2 seconds when the power meter 

continuously measured the optical transmission from the cross/bar port as in Fig. S11(a, b). After 

each pulse, the transmission changed drastically, then retained during the pulse intervals, 

indicating the change is nonvolatile. The minor transmission fluctuation between two pulses can 

be attributed to slight coupling condition variation when measuring. This experiment demonstrates 

the reversible and nonvolatile tuning capability of the 2 × 2 switch. The device current-voltage (I-

V) characteristics were measured before and after the cycling test. The I-V curves, as in Fig. S11(c), 

show a minor change during the cyclability test. Fig. S11(d, e) show the transmission spectra 

during the cyclability test, when the GST is in amorphous and crystalline states, respectively. The 

switch with a-GST has less performance degradation than that with c-GST. This can be attributed 

to material degradation and thermal reflow of the GST during repeated phase transition, as shown 

in Fig. S16. 

 

Figure S11. Additional measurement results for the 2 × 2 switch. Continuous time-dependent 

transmission measurement for (a) bar and (b) cross ports. (c) I-V curve before and after the cyclability test. 

(d)(e) The transmission spectrum after 0, 600, 1500, and 3000 cycles for (d) amorphous and (e) crystalline 

GST.  

 



Section 4.2 Measurement results for 1 × 2 switch  

The 1 × 2 switch exhibited similar performance as the 2 × 2 switch. It has an extinction ratio of 9 

dB, an insertion loss of 4 dB, nonvolatility, and large endurance of 8000 switching events, as in 

Fig. S12 and S13. The high loss in this design can also be attributed to fabrication imperfection. 

We also note that 1 × 2 design inherently has a higher overall loss than 2 × 2 design, as shown in 

Fig. S4(C) and Fig. S5(B).  

 

Figure S12. Optical transmission spectra measurement results for the 1 × 2 switch. (a) The transmission 

spectrum (i) initially when GST is in the crystalline state, (ii) after sending an amorphization pulse, (iii) 

after sending a crystallization pulse. (b) Transmission spectrum of 3 cycles amorphization and 

crystallization at the bar port. The spectra overlap well, showing a reliable and reversible switching 

performance. (c)(d) The continuous-time measurement result for (c) cross and (d) bar ports. 

 



 

Figure S13. The endurance test results for the 1 × 2 switch at (a) cross and (b) bar port. 8000 

switching events are shown without significant performance degradation at 1550nm. The 

degradation in extinction ratio and insertion loss compared to Fig. S12 is mainly due to material 

ablation when testing the switching pulse conditions.  

 

Section 4.3 Measurement results for waveguide switch 

We also fabricated 10-µm-long GST on silicon waveguide switches, as shown in Fig. 14(a) and 

(b). By switching the GST between amorphous/crystalline (low-loss/high-loss) states, the optical 

switch is controlled on/off, with an extinction ratio larger than 15 dB. We show that this device 

can be switched with ten distinct transmission levels. This was accomplished by first complete 

crystallizing (2.2 V peak voltage, 30 µs duration and 10 µs falling edge) the GST and then applying 

gradually increased voltage (peak volage starts from 6.5V, with an increment step of 0.1V, and 10 

total steps, 200 ns pulse duration and 8 ns falling edge) for partial amorphization, as in Fig. S14(c). 

We repeated the multilevel switching test three times at a wavelength of 1550 nm, and each time 

a multilevel performance can be observed, shown in Fig. S14(e). We further demonstrate more 

than 2000 switching events via sending in amorphization (2.2V) and crystallization (7.4V) pulses 

alternately, and the results are shown in Fig. S14(d). The waveguide switch exhibits a large 

extinction ratio between the ON and OFF state after more than 2000 switching events, showing 



excellent endurance. We note that the transmission level becomes stable after around 600 

switching events due to the larger crystalline domain forming from the initial ‘conditioning’ 

steps(20). 

 

 

Fig S14. Measurement results for the waveguide switch. (a) Microscope and (b) SEM image of the 

waveguide, where the GST thin film is indicated by the orange fake color. (c) Multilevel switching results. 

(d) cyclability test results. (e) Three rounds of multilevel switching results. 

 



 

Section 5. Thermal stability test results 

One advantage of a broadband device is its thermal stability. Here we measured the transmission 

spectrum of the 2 × 2 switch after the cyclability test at 25, 30, and 35 °C when the GST is in the 

crystalline state as shown in Fig. S15. The excellent match among the curves offers good thermal 

stability. 

 

Figure S15. Thermal stability test measurement. The temperature varies from 25°C to 35°C. No 

significant spectrum shift is observed. The cross and bar port transmission are represented by solid and 

dashed lines, respectively.  

 

 

 

 

 

 

 

 



 

Section 6. SEM images for devices after the endurance test 

We show the SEM image of the devices after the cyclability test. In Fig. S16(a, c). The GST thin 

film shrinks and exhibits a wavey edge. This is likely due to the reflowing(27, 35) while GST was 

melted or due to non-uniform heating (as can be seen in Fig. S16(c)). Some bubbles can also be 

observed, as in Fig. S16(b, d), which indicates some of the phase change materials are damaged.  

 

Fig S16. SEM of the devices after multiple cycles. (a)(b) 1 × 2 switch reflowing and ablation. 

(c)(d) 2 × 2 switch reflow and ablation. All scale bars are 500 nm. 

 

 

 

 

 



Section 7. System-level applications proposal  

The presented nonvolatile 2 × 2 switch, along with the 1 × 2 and 1 × 1 switches, render an energy-

efficient and scalable solution to programmable integrated photonics. First, these are nonvolatile 

devices, and zero static energy is required to hold the state. This is very desirable for low-frequency 

programmable photonics, as shown in Table 1. Second, our device can be switched electrically. 

System-level and automatic solutions can be envisioned by interfacing with mature electronic 

technologies. Lastly, the switches are broadband devices, which will enable full use of the 

parallelism operation of light by wavelength division multiplexing (WDM). Also, the device is 

relatively insensitive to thermal drifts (Section 5) and fabrication errors because of its broadband 

nature. 

The 2 × 2 switch can be utilized in large-scale nonvolatile optical switching fabric(36), as in Fig. 

S17(a). An 8 × 8 non-blocking optical switching fabric using the classical Benes topology is 

presented. More applications can be envisioned if the 2 × 2 switch can operate in a multilevel 

switching fashion, which can be potentially implemented by introducing a detuning between the 

SW and HW. For example, such devices are essential building blocks for a nonvolatile optical 

programmable gate array (OPGA). We propose to connect our 2 × 2 devices with each other to 

form a mesh array, such as in Fig. S17(b). By configuring the optical switch into different states, 

diverse types of functions can be realized for optical on-chip information processing. Most OFGAs 

were demonstrated with thermal-optics effect(6, 8, 50). But due to its volatile nature, a significant 

amount of energy is consumed to hold the configuration. PCM-based OPGA can significantly save 

the energy thanks to its self-holding property and thus zero static energy consumption.  

Another possible application is optical computing. Recently there have been works on using phase 

change materials for on-chip non-Von Neumann optical computing(24, 51, 27). These works 

mainly apply optical pulses to actuate the phase transition, limiting the device’s scalability due to 

complicated optical alignment. We propose the structure in Fig. S17(c), which can function as an 

optical forward neural network. Also, similar to (24), an optical convolutional neural network 

comprising 1 × 1 multilevel switches with electrical control can be envisioned, as shown in Fig. 

S17(d). We expect a large-scale, nonvolatile, and in-memory optical computing platform using 

electrical controls. 



 

 

 

Figure S17. PIC schematics for various applications. (a) on-chip optical switching fabric. (b) 

multipurpose programmable PICs. (c) On-chip optical forward neural networks. (d) convolutional neural 

networks. 

 


