
Articles
https://doi.org/10.1038/s41565-022-01153-w

1Department of Electrical and Computer Engineering, University of Washington, Seattle, WA, USA. 2Department of Electrical Engineering, Stanford University, 
Stanford, CA, USA. 3The Charles Stark Draper Laboratory, Cambridge, MA, USA. 4Department of Materials Science and Engineering, Stanford University, 
Stanford, CA, USA. 5Department of Materials Science and Engineering, University of Maryland, College Park, MD, USA. 6Institute for Research in Electronics and 
Applied Physics, University of Maryland, College Park, MD, USA. 7Department of Materials Science and Engineering, Massachusetts Institute of Technology, 
Cambridge, MA, USA. 8Department of Physics, University of Washington, Seattle, WA, USA. ✉e-mail: rogefzr@uw.edu; arka@uw.edu

In the past decade, programmable silicon photonic integrated 
circuits (PICs) have moved from traditional applications, such 
as optical interconnects1 and signal processing2, to emerging 

fields, such as optical neural networks3, quantum information pro-
cessing4 and light detection and ranging5. All these applications 
require numerous optical components and switches. As PICs are 
scaled up, the physical size and energy consumption of individual 
photonic switches become increasingly critical. However, the tra-
ditional means of tuning silicon PICs, including thermo-optic6 and 
free carrier dispersion effects7, suffer from a large programming 
energy, large form factors, a volatile nature and a small change in 
the complex refractive index (∆n < 0.01). Recent progress in hybrid 
silicon photonics8 could circumvent some of these limitations. For 
example, III–V/silicon modulators9 based on the plasma dispersion 
and band-filling effects achieve a small half-wave voltage-length 
product (VπL) of 0.047 V cm, silicon–lithium niobate modulators 
based on the Pockels effect afford low-energy (170 fJ) and ultra-fast 
(70 GHz) switching speed10 and silicon–organic hybrid modulators 
operate at sub-femtojoule per bit11. Nevertheless, most approaches 
are still based on volatile field effects with limited complemen-
tary metal oxide semiconductor (CMOS) compatibility9–11. In 
contrast, non-volatile programming of PICs can greatly improve 
the energy efficiency because the static power consumption is 
zero, leading to true ‘set-and-forget’-type switches12. In particular, 
chalcogenide-based phase-change materials (PCMs) can afford a 

feasible solution13 as a result of a non-volatile microstructural phase 
transition14, large contrast in complex refractive index15 (typically 
Δn ≥ 1) and CMOS compatibility13. In fact, PCMs have recently 
attracted considerable attention in the creation of programmable 
PICs with applications in, for example, photonic switches16–19, pho-
tonic memory20 and optical computing21,22.

So far, the majority of the reported phase-change PICs have 
employed optical switching for reconfiguration17,20,23. In particu-
lar, high cyclability (>4,000)24, strong optical phase modulation 
(~2π) and low insertion loss (~0.5 dB) have been demonstrated 
by laser switching Sb2Se3 on silicon-on-insulator (SOI) wave-
guides23. Compared with optical switching, electrical switching 
provides a more attractive solution13,25 for ease of scaling and 
the ability to switch a large volume of PCMs. Recent advances 
in electrically reconfigurable PCM-integrated PICs16,18,26–29 have 
revealed that electrical switching by an external heater is a more 
effective approach than ‘memory switching’30,31, which is typically 
performed in electronic phase-change memory devices. ‘Memory 
switching’ switches only the volume that is necessary for conduc-
tion to change; hence, the optical contrast is very small (~0.6%)32. 
In contrast, switching by external heaters, such as forward-biased 
p-type/intrinsic/n-type (PIN) diodes16, doped silicon18,26 and 
indium tin oxide (ITO)27–29, enables a larger volume of PCMs to 
undergo a phase transition, allowing high extinction ratio pho-
tonic switches. Despite the progress, fundamental challenges still 
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exist for electrical switching using external heaters. First, the 
programming energy density remains high (hundreds of atto-
joules per cubic nanometre), far exceeding the theoretical limit14 
of ~1.2 aJ nm–3. Second, the switching current and voltage typi-
cally reach tens of milliamperes and more than 5 V, considerably 
higher than the CMOS-driving currents and voltages (consider-
ing 5 V CMOS technologies33). Lastly, so far, no reliable transpar-
ent heaters have been reported that are compatible with dielectric 
platforms such as silicon nitride (Si3N4), a leading integrated pho-
tonic platform34. Polysilicon heaters have been used to thermally 
tune Si3N4 waveguides35, but they are optically decoupled from the 
waveguides, leading to high power consumption (>100 mW) and 
slow response speed (~10 kHz). Transparent conducting oxides, 
such as ITO, have been investigated27–29,36 for tuning PCMs on 
both Si and Si3N4 waveguides, but the reversible switching is still 
unsatisfactory. However, the switching of PCMs by graphene can 
provide outstanding performance25, and the underlying physical 
mechanism was recently studied in a proof-of-principle device37.

In this study, we leveraged these advances and state-of-the-art 
nanofabrication to design a highly optimized device that dem-
onstrates the technological feasibility of non-volatile, electrically 
reconfigurable, hybrid PCM–silicon photonic platforms using a 
monolayer graphene heater. We first designed an ultra-compact 
broadband waveguide switch covering the whole telecommuni-
cation C-band based on absorption modulation using Ge2Sb2Te5 
(GST). The photonic switch was only 4.73 µm long and operated at 
a CMOS-driving current (≤2.78 mA) and voltage (≤5 V)33. Then, 
we employed the newly introduced low-loss PCM Sb2Se3 (ref. 24) to 
demonstrate a graphene-assisted phase shifter using a micro-ring 
resonator that supports 14 distinct optical phase levels. The pho-
tonic switches showed ultra-low programming energy density 
(8.7 ± 1.4 aJ nm–3) and high endurance (>1,000 cycles). Such high 
energy efficiency is possible because the atomically thin graphene, 

which exhibits high thermal conductivity and ultra-low heat capac-
ity, considerably reduces the thermal mass needed to actuate the 
phase transition.

A graphene–PCM reconfigurable platform in silicon 
photonics
Our graphene–PCM hybrid switching platform consisted of a pat-
terned graphene bridge across a planarized 220 nm SOI waveguide 
(Fig. 1a,b; for additional fabrication details, see  Methods and 
Supplementary Fig. 1). The layered view in Fig. 1b shows that the 
PCM sits above the graphene, which is transferred onto the wave-
guides. The 40-nm-thick top Al2O3 layer encapsulates both the 
PCM and graphene to prevent oxidation and PCM reflowing dur-
ing switching. There is an additional 10 nm atomic-layer-deposited 
(ALD) Al2O3 spacer between the graphene and the PCM that iso-
lates the two materials. This spacer prevents the rupture of graphene 
due to the tension caused by the volume expansion and contrac-
tion of the PCM on switching. The metal contacts are placed only 
300 nm away from the 500-nm-wide waveguide to reduce the gra-
phene resistance while maintaining a low experimental metallic 
absorption loss of 0.002 ± 0.001 dB µm–1. Such a low Ohmic loss, 
despite the proximity of the metals to the waveguides, is made pos-
sible by the geometry of the planarized waveguide (Supplementary 
Fig. 2a), which keeps the optical mode away from the metal plane 
and minimizes the evanescent interaction. The graphene has a 
large contact area (9.75 μm × 100 μm) with the metals to reduce 
the contact resistance, and it narrows at the bridge to restrict the 
current flow to the PCM region and to minimize absorptive loss 
from the graphene. The bridge region has a width W designed to be 
200 nm longer than the length of the PCM and a length L fixed at 
1.1 µm = (0.3 μm × 2) + 0.5 μm. An optical micrograph of the fabri-
cated device is shown in Fig. 1c, and Fig. 1d shows the false-colour 
scanning electron microscopy (SEM) image of a 2.85 µm × 400 nm 
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GST patch on the waveguide, revealing the excellent accuracy of the 
lithographic alignment.

Figure 1e illustrates the operating principle of the graphene–
PCM photonic switch. By applying a high amplitude and short volt-
age pulse, also known as a ‘RESET’ pulse, across the graphene bridge, 
the PCM is heated above its melting temperature Tl and rapidly 
quenched by removing the excitation. The melt–quench operation 
induces the amorphization of the PCM and transforms the PCM 
into a transparent and lower refractive index state. Application of a 
low amplitude and long voltage pulse, also known as a ‘SET’ pulse, 
across the graphene heater heats the PCM above its crystallization 
temperature Tx and below the melting point to return the PCM to 
its crystalline state. The long trailing edge ensures slow cooling of 
the material to complete the crystallization. The material is then 
restored to the higher absorption and refractive index crystalline 
state. The two devices discussed below leverage the absorption and 
refractive index modification of the PCM actuated by graphene 
heaters to realize a broadband on/off switch and a low-loss phase 
shifter, respectively.

Graphene-assisted broadband waveguide switch based  
on GSt
We first explored a broadband waveguide switch based on the 
absorption modulation of GST. GST exhibited a large change 
in complex refractive index upon phase transition, giving rise to 
a remarkable modification of the optical mode of the GST-clad 
waveguide (Supplementary Fig. 2). Although the strong optical 
absorption of GST in the crystalline state makes it undesirable for 
phase-only control in the near infrared, the amplitude modulation 
of GST across a wide wavelength range is attractive for applications 
such as photonic memory20 and optical computing38. Figure 2a 
shows the reversible switching of the waveguide spectrum between 
low (crystalline GST) and high (amorphous GST) transmission 
states for eight consecutive cycles using the device structure shown 
in Fig. 1c,d. The shaded regions of the spectra indicate the standard 
deviation for the eight switching cycles, clearly revealing excel-
lent cycle-to-cycle reproducibility. A contrast of 3 dB in transmis-
sion can be observed across the entire telecommunication C-band 
with a 4.73-µm-long, 23-nm-thick GST. Temporal trace measure-
ments (Supplementary Fig. 4a) confirmed that the change was 
non-volatile and hence caused by the GST. The 0.74 dB µm–1 optical 
contrast is slightly lower than that for GST placed directly on top 

of the waveguides16 (in our device a 20 nm Al2O3 spacer is placed 
between the GST and waveguide), but agrees well with the optical 
mode simulations (Supplementary Fig. 2a). Heat transfer simula-
tion also confirmed that the temperature reached the required 
threshold temperatures for both the crystallization and amorphiza-
tion of GST (Supplementary Fig. 2b). The total switching energy 
for the amorphization was 5.55 nJ, corresponding to an energy 
density of 127.6 aJ nm–3, and the energy dissipated by the graphene 
heater alone (that is, excluding the power loss at the contact resis-
tance) was only 0.380 ± 0.062 nJ, equivalent to an energy density 
of 8.74 ± 1.42 aJ nm–3 (for details on estimating the graphene sheet 
resistance and switching power, see Supplementary Section 3). This 
represents a >20-fold reduction in the programming energy den-
sity compared with the state of the art37 and within an order of mag-
nitude of the ~1.2 aJ nm–3 fundamental limit14. Finally, we proved 
the high endurance of the device by performing 1,500 switching 
events on the graphene–GST photonic switch (Fig. 2b). An ~0.5 dB 
improvement in switching contrast was observed at around the 
600th switching event (pulse conditions remain unchanged), which 
is likely attributable to a larger crystalline domain forming after 
the initial ‘conditioning’ steps20. It has previously been found that 
the initial pulsing of PCMs could give rise to ordered structures 
that act as seeds for subsequent crystal growth with minimal nucle-
ation39. As a result, a larger volume of the PCM can be switched  
or ‘activated’.

Graphene-assisted low-loss phase shifter based on Sb2Se3 
in a micro-ring resonator
Phase shifters are frequently used in PICs to realize Mach–Zehnder 
modulators and 1 × 2 or 2 × 2 switches. The large optical absorp-
tion of GST in the crystalline state prohibits its use for phase-only 
modulation. In this study, we employed the recently reported23,24 
low-loss PCM Sb2Se3 to realize a graphene-assisted non-volatile 
phase shifter in a micro-ring resonator. We harnessed the transpar-
ent window of Sb2Se3 in the near infrared, where a negligible inser-
tion loss of 0.002 ± 0.002 dB µm–1 of the Sb2Se3-loaded waveguide 
was extracted using a cut-back method at 1,550 nm (Supplementary 
Fig. 5). A schematic of the device is illustrated in Fig. 3a, an optical 
micrograph of the device is shown in Fig. 3b and a false-colour SEM 
image of a 6-µm-long, 400-nm-wide, 30-nm-thick Sb2Se3 patch on 
the waveguide is shown in Fig. 3c. Figure 3d shows the reversible 
tuning of a micro-ring resonance at 1,549 nm; the spectra of three 
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cycles are plotted and the shaded regions indicate the standard devi-
ations of the cycles.

The total switching energy for amorphization was 9.25 nJ 
(128.4 aJ nm–3) and the energy dissipated by the graphene heater 
alone (that is, excluding the power loss at the contact resistance) was 
only 0.57 ± 0.09 nJ and 7.9 ± 1.3 aJ nm–3 (for details on estimating the 
graphene sheet resistance and switching power, see Supplementary 
Section 3). A maximum resonance shift of 0.021 nm was extracted, 
which corresponds to a phase shift of 0.00822π and VπL of 
0.496 V cm (assuming a switching voltage of 6.8 V), representing a 

threefold improvement compared with the state-of-the-art silicon 
p-type/n-type (PN) phase shifter40. The phase shift matches the 
simulation (Supplementary Fig. 2), but is smaller than the recently 
reported value18 due to the intrinsic smaller index change in our 
Sb2Se3 and the use of the 20 nm Al2O3 spacer. We believe that the 
phase modulation can be further improved with higher quality 
Sb2Se3 and a thinner spacer. The increase in the insertion loss (IL) of 
Sb2Se3 in the crystalline state was extracted by fitting the Q factor of 
the resonances and was estimated to be 0.006 ± 0.002 dB µm–1. The IL 
of the metal and graphene was estimated to be 0.002 ± 0.001 dB µm–1 

b c

Ti/Au

SLG

Ti/Au

2 µm
25 µmWaveguide

Phase shifter

a

Sb2Se3

Sb2Se3

e

–6

–7

–8

–9

–10

–11
0 250 500 750 1,000 1,250 1,500 1,750 2,000

N
or

m
al

iz
ed

 tr
an

sm
is

si
on

 (
dB

)

aSb2Se3

cSb2Se3

Number of switching events

Al2O3

RESET

SET

d

–5

–10

–15

–20

–25

–30

–35

1,548.8 1,548.9 1,549.0 1,549.1 1,549.2 1,549.3

0

N
or

m
al

iz
ed

 tr
an

sm
is

si
on

 (
dB

)

aSb2Se3

cSb2Se3

Wavelength (nm)

Fig. 3 | Graphene-assisted phase shifter based on Sb2Se3 in a micro-ring. a, Schematic of the graphene–Sb2Se3 phase shifter in a micro-ring. Note that 
an additional 10 nm sputtered SiO2 layer is used to encapsulate the Sb2Se3. Such SiO2 capping is not used for GST. b, Optical micrograph of the micro-ring 
resonator integrated with a phase shifter. c, False-colour SEM image of the micro-ring area, where the Sb2Se3 is patterned. The graphene area is indicated by 
the black dashed lines. d, Reversible switching of Sb2Se3 using a graphene heater on micro-rings. The switching conditions were 4 V, 100 µs pulse width and 
120 µs trailing edge for SET, and 6.8 V, 400 ns pulse width and 8 ns trailing edge for RESET. Three consecutive cycles are plotted; the shaded areas indicate 
the standard deviation of the cycles and the solid lines indicate the average. The spectra are normalized to the spectrum of a bare waveguide. e, Cyclability 
of the switch for 2,000 switching events. The switching conditions were 4 V, 100 µs pulse width and 120 µs trailing edge for SET, and 6.4 V, 400 ns pulse 
width and 8 ns trailing edge for RESET. Each pulse was temporally separated by 2 s to ensure long thermal relaxation. The transmission is normalized to the 
transmission of a bare waveguide. The data have been filtered by a 50-point moving average to reduce the fluctuation caused by thermal noise.

NAtURE NANotECHNoloGy | www.nature.com/naturenanotechnology

http://www.nature.com/naturenanotechnology


ArticlesNature NaNotechNology

and 0.047 ± 0.006 dB µm–1, respectively, from fitting the micro-ring 
spectra after each overlay step. The total IL was only ~0.33 dB for 
a device with a length of 6 µm. The graphene IL is slightly lower 
than the loss measured in a similar graphene-on-micro-ring 
structure41, for which an IL of ~0.07 dB µm–1 was extracted. The 
reduction in the graphene IL in our work is likely attributable to 
a lower carrier density and the 10 nm ALD Al2O3 spacer between 
the graphene and the waveguides, compared with the 3-nm-thick 
hexagonal boron nitride used in previous work41. Optical losses in 
graphene can be further suppressed by electrical gating to the Pauli  
blocking region42,43.

Lastly, we demonstrated excellent endurance of the device by per-
forming 2,000 switching events on the phase shifter (Fig. 3e). The laser 
wavelength was slightly detuned from the resonance wavelength to 
mitigate transmission fluctuations from the thermal drift (Methods). 
The gradual increase in transmission observed with cycling time 
was caused by the temperature-induced drift of the resonance 
wavelength away from the initial laser wavelength. Comparison of 
the spectrum of the as-fabricated micro-ring with that measured 
after 1,100 continuous cycles (Supplementary Fig. 6) showed that 
there was no broadening of the resonance peak, implying that the 
cycling did not induce any damage in the device. The temporal trace 
recorded after 1,100 cycles (Supplementary Fig. 4b) still showed a 
large optical contrast of 7 dB, as the laser wavelength was parked 
near the resonance. Transmission measurements taken between 
the switching events (duration of 2 s) indicated that the change 
was non-volatile and was indeed caused by Sb2Se3. The transient  

response of the switching was characterized using a 150 MHz 
fast photoreceiver (Supplementary Fig. 9). Next, we compared 
our graphene–PCM hybrid platform with other electrical switch-
ing approaches in PCM-based photonics. Supplementary Fig. 10 
clearly shows that our graphene–PCM switch not only exhibits 
one of the highest endurances (>1,000 cycles), but also produces 
the lowest switching energy density (8.7 ± 1.4 aJ nm–3) reported so 
far. Finally, we compared our electrical switching study with pre-
viously reported optical switching data (Supplementary Table 2 in 
Supplementary Section 11).

Quasi-continuous multilevel phase modulation using the 
graphene–Sb2Se3 phase shifter
It is well known that PCMs can support multilevel operation, and 
this property is widely exploited in electronic memory31, photonic 
memory44 and most recently in optical neural networks22. After real-
izing bistable switching, we further found that the phase shifter can 
be tuned quasi-continuously to attain multiple optical phase levels 
by controlling the programming energy. Figure 4a shows that as 
the programming voltage was monotonically increased in steps of 
0.1 V from 5.5 V to 6.4 V (the pulse width and trailing edge were 
fixed at 400 ns and 8 ns, respectively), the resonance dip shifted 
gradually to a shorter wavelength, with the intermediate states cor-
responding to partially amorphous PCMs. This effect was caused 
by an increasingly larger hotspot in the centre of the heater, result-
ing in an increasingly larger area of the PCM being amorphized. 
As a result, the resonance dip shifted gradually to a shorter wave-
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length, with these intermediate states corresponding to partially 
amorphous PCMs. After ten pulses of increasing amplitude, a SET 
pulse of 4 V (100 µs pulse width and 120 µs trailing edge) was used to 
return the resonance to the original position. The resonance wave-
length of the SET state perfectly matched the resonance wavelength 
of the initial crystalline state, as indicated by the grey dashed line in  
Fig. 4a. The time dynamic response was investigated by increasing 
the programming voltage in increments of 0.2 V from 5.5 V to 6.9 V, 
and the transmission was continuously monitored with respect to 
time, as shown in Fig. 4b. After each RESET operation, the PCM 
returned to the initial crystalline state using the same SET pulse 
of 4 V. Eight distinct transmission levels could be clearly resolved 
with ~1 dB contrast between adjacent levels. To better quantify the 
multilevel phase modulation, we extracted the phase shift from the 
change in the resonance wavelength from each RESET pulse and 
plotted the phase shift against the programming energy (Fig. 4c). 
Fourteen phase levels were attained by increasing the programming 
energy from 6 nJ to 9.5 nJ, with the phase increasing linearly with 
the programming energy. Figure 4d shows that the resulting change 
in transmission from the phase modulation matches very well with 
Fig. 4c. The reproducibility of the multilevel operation was evalu-
ated for five iterations (Supplementary Fig. 11b) and showed that 
although the transmission levels were not entirely deterministic, the 
mean transmission increased with the programming energy almost 
linearly. Similarly, multilevel operations could also be realized in the 
graphene–GST waveguide switch, for which seven distinct trans-
mission levels were obtained (Supplementary Fig. 11a). We point 
out that, although not demonstrated in the current work, multilevel 
operation attained by step crystallization is also possible by adjust-
ing the pulse amplitude and width, as shown by others20,28,31.

Conclusion
We have reported two examples of non-volatile, electrically switch-
able, silicon photonic platforms leveraging a monolayer graphene 
heater: a GST-based broadband waveguide switch and a Sb2Se3-clad 
phase shifter. We achieved an ultra-low programming energy 
density (8.7 ± 1.4 aJ nm–3) and high endurance (>1,000 cycles) at 
CMOS-driving voltage (≤5 V) and current (≤2.78 mA). Our results 
prove that graphene is not only a reliable heater that can be con-
trolled by CMOS electronics, but also compatible with dielectric 
platforms, including Si3N4, and can potentially be used on arbi-
trary substrates. We believe that further advances and optimization 
can come from the following sources: reducing the insertion loss 
of graphene by electrical gating to the Pauli blocking region42,43, 
reducing the graphene contact resistance and contact area using 
one-dimensional edge contacts45 and improving the phase modula-
tion of the Sb2Se3 phase shifter using higher quality Sb2Se3

18,23 and 
a thinner Al2O3 spacer. Additionally, graphene transfer is not yet 
available in commercial CMOS foundries, although wafer-scale 
synthesis, transfer and integration with photonic devices have been 
reported46,47. Wafer-scale graphene transfer can be fully automated 
and it is the only step that needs to be added between the planariza-
tion of silicon waveguides and metallization in a standard CMOS 
process48. Recent reports on graphene-based silicon photonic 
devices41,43 have described remarkable performance, superior to 
their counterparts in monolithic platforms, making full integration 
of wafer-scale graphene transfer with the current foundry processes 
highly attractive. We also note that graphene transfer and patterning 
processes happen at relatively low temperature and do not affect the 
underlying silicon photonic platform.
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Methods
Device fabrication. The graphene–PCM photonic switch was fabricated on a 
220-nm-thick silicon layer on top of a 3-μm-thick buried oxide layer (SOITECH). 
Supplementary Fig. 1 shows the schematics of fabrication flow. The pattern was 
defined by a JEOL JBX-6300FS 100 kV electron-beam lithography (EBL) system 
using a positive tone ZEP-520A resist. The 220 nm fully etched ridge waveguides 
were prepared by inductively coupled plasma reactive ion etching (ICP-RIE) in 
fluorine-based gases. Before removing the resists, 220 nm SiO2 was evaporated onto 
the resist-coated waveguides by electron-beam evaporation. The lift-off of SiO2 was 
completed by sonication in methylene chloride for 3 min, which led to planarized 
waveguides. Then, 10 nm thermal ALD Al2O3 (H2O precursor at 150 °C) was grown 
on the substrate to prevent the formation of a semiconductor and metal junction 
between the graphene and silicon. A second EBL step using a positive tone 
poly(methyl methacrylate) (PMMA) resist was subsequently carried out to create 
windows for the deposition of Ti/Au. After development, 5 nm Ti followed by 
100 nm Au were deposited onto the chip by electron-beam evaporation. The Ti/Au 
was lifted off by immersing the chip in methylene chloride. Monolayer graphene 
(Graphenea) grown by chemical vapour deposition was transferred onto the chip 
by the standard PMMA wet transfer technique49 and then patterned by EBL using 
a maN 2403 negative resist. Then, O2 plasma was used to etch away the graphene 
that was not protected by the resist, followed by deposition of another 10 nm 
thermal ALD Al2O3 capping layer to protect the graphene during the subsequent 
fabrication steps. The high quality of the transferred graphene in the fabricated 
devices was confirmed by Raman spectroscopy (Supplementary Fig. 8). A fourth 
EBL overlay step was conducted to expose the PMMA resist before depositing 
GST or Sb2Se3 by magnetron sputtering. Then, 23 nm GST was deposited by 
magnetron sputtering (Lesker Lab 18) using a GST target at 28 W d.c. power and 
a base pressure of ~5 × 10−7 torr. The Ar flow rate was controlled to maintain a 
sputtering pressure of 3.5 mtorr. Sb2Se3 was deposited using a magnetron sputtering 
system at 30 W radiofrequency (RF) power under a deposition pressure of 4 mtorr 
and an Ar flow of 30 cm3 min–1. The deposition rate for Sb2Se3 was ~1 nm min–1. 
Additionally, the samples were capped with 10 nm SiO2 sputtered in situ (150 W 
RF power, 4 mtorr pressure and an Ar flow of 30 cm3 min–1) to prevent oxidation 
during sample shipping. For the selenide deposition, the sputtering chamber was 
subjected to several pre-deposition and post-deposition treatments, including 
cleaning the chamber followed by annealing and cleaning with O2 plasma. 
Prior to Sb2Se3 deposition, the sputtering chamber was baked at 400 °C for 6 h 
(under vacuum), followed by cooling to room temperature to drive out gases 
and other contaminants. The toxic residual hydrogen selenide formed during 
Sb2Se3 deposition was removed by flowing O2 plasma for 1 h prior to opening the 
sputtering chamber. The atomic ratio of Sb2Se3 after deposition was confirmed 
by X-ray photoelectron spectroscopy to be Sb/Se ≈ 44:56, which is close to the 
sputtering target stoichiometry of Sb/Se ≈ 40:60. Immediately after lifting off the 
PCM in methylene chloride, a 40 nm ALD Al2O3 layer was grown on the chip 
to protect the PCM from oxidation and reflowing during switching. To allow 
good electrical contact between the probes and the metal pads, a fifth EBL step 
was performed to open windows in the PMMA resist at the contact regions for 
Al2O3 etching. The Al2O3 on top of the contacts was etched away by ICP-RIE in 
chlorine-based gases. Finally, the PCMs were initialized into the fully crystalline 
state by rapid thermal annealing at 200 °C for 10 min under N2 atmosphere before 
measurement. The patterned graphene did not peel off after subsequent fabrication 
steps owing to its protection by 10 nm ALD alumina.

Experimental set-up and measurements. The waveguides and micro-rings were 
characterized using a vertical fibre-coupling set-up16. All the measurements were 
performed under ambient conditions, with the temperature of the stage fixed 
at ~26 °C by a thermoelectric controller (TE Technology, TC-720) to prohibit a 
serious thermal shift of the resonators. The input light was provided by a tunable 
continuous-wave laser (Santec, TSL-510) and its polarization was controlled by a 
manual fibre polarization controller (Thorlabs, FPC526) to match the fundamental 
quasi-transverse-electric mode of the waveguides.

A low-noise power meter (Keysight, 81634B) was used to collect the static 
optical output from the grating couplers. Transmission spectra were recorded 
after the fabrication of bare micro-rings, deposition of the metal, transfer of the 
SLG and deposition of Sb2Se3 to determine the change in optical losses in each 
step. In the electrical characterization, electrical signals were applied to the metal 
contacts through a pair of d.c. probes controlled by two probe positioners (Cascade 
Microtech, DPP105-M-AI-S). The voltage sweep and current measurements were 
conducted using a source meter (Keithley, 2450). The generated current–voltage 
(I–V) curves were used to estimate the power of the applied pulses. The SET and 
RESET pulses were generated by a pulse function arbitrary generator (Keysight, 
81150A). To reconfigure the graphene–GST photonic switch, we used a 5 V 
voltage pulse (2.78 mA), 400 ns pulse width and 8 ns rising/trailing edge to induce 

amorphization. For crystallization, a 3 V voltage pulse (1.79 mA), 100 µs pulse 
width and 120 µs trailing edge were used. To reconfigure the graphene–Sb2Se3 
phase shifter, we used a 6.8 V voltage pulse (3.4 mA), 400 ns pulse width and 8 ns 
rising/trailing edge to induce amorphization. For crystallization, a 4 V voltage 
pulse (2.0 mA), 100 µs pulse width and 120 µs trailing edge were used. The voltage 
was the actual voltage applied across the device as the impedance was matched by 
setting the load impedance of the function generator to the total resistance of the 
device determined from the I–V curve. The graphene could withstand a maximum 
current typically of around 3 mA in our experiments. To perform the endurance 
test shown in Fig. 3e, the laser wavelength was initially parked near the resonance, 
which gives a larger optical contrast, but later drifts away from the resonance, 
leading to a simultaneous increase in transmission in both states and a slightly 
decreased contrast. The data were filtered by a 50-point moving average to reduce 
the fluctuation caused by thermal noise. The resonance drift of high-Q resonators 
due to temperature variation in the surroundings is not an uncommon issue due to 
the relatively strong thermo-optic effect of silicon, and integrated metallic heaters 
near the resonators are normally used to stabilize the temperature50,51. Optimized 
thermal stabilization is beyond the scope of this paper and will be explored in 
future work. To measure the transient response of the switch (Supplementary  
Fig. 9), the output light from the grating couplers was amplified using an optical 
fibre amplifier (Amonics, AEDFA-30-B-FA), and the amplified signal was detected 
with a 150 MHz near-infrared fast photoreceiver (Thorlabs, PDB450C) connected 
to an oscilloscope.

Data availability
The data that support the findings of this study are available from the 
corresponding authors upon reasonable request.
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