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ABSTRACT. We demonstrate a high-efficiency silicon optical phase shifter based on a silicon-
Sb,Se; hybrid integrated waveguide. The optical field has large confinement in the
Sb,Se; material, leading to high optical wave modulation efficiency upon phase
change of Sb,Se;. The phase change is initiated by electro-thermal heating gen-
erated by a highly durable graphene microheater positioned between the Sb,Se;
strip and the silicon slab of the hybrid waveguide. To effectively couple the phase
shifter with single-mode silicon waveguides, we design a two-layer taper structure as
a mode spot size converter. Utilizing this phase shifter, we implemented a Mach-
Zehnder interferometer structure to function as an optical switch. The number of
effective switching events exceeds 30,000, and 66 non-volatile switching levels are
obtained. Our work provides an effective solution for introducing highly durable gra-
phene microheaters on silicon-based phase-change platforms.
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1 Introduction

Silicon photonics utilizes complementary metal-oxide-semiconductor manufacturing processes
to produce integrated photonic devices for optical signal transmission and processing, with a
history dating back to the work'™ of Soref et al. in the 1980s and 1990s. Tuning in silicon pho-
tonic devices is typically achieved by adjusting the refractive index of waveguides, which can be
realized through free-carrier plasma dispersion or thermo-optic effects. However, the above two
refractive index modulation mechanisms suffer from issues such as long phase shifter length and
state volatility, which limit the integration scale of silicon photonics and also result in high power
consumption.

Phase-change materials (PCMs) can undergo reversible conversion between amorphous and
crystalline states, and their electrical and optical properties exhibit significant contrast between

*Address all correspondence to Linjie Zhou, ljzhou@sjtu.edu.cn

Journal of Optical Microsystems 031207-1 Jul-Sep 2024 e Vol. 4(3)


https://orcid.org/0009-0003-8535-7606
https://orcid.org/0000-0002-6036-5103
https://orcid.org/0000-0002-4919-4796
https://orcid.org/0000-0002-2792-2959
https://doi.org/10.1117/1.JOM.4.3.031207
https://doi.org/10.1117/1.JOM.4.3.031207
https://doi.org/10.1117/1.JOM.4.3.031207
https://doi.org/10.1117/1.JOM.4.3.031207
https://doi.org/10.1117/1.JOM.4.3.031207
https://doi.org/10.1117/1.JOM.4.3.031207
mailto:ljzhou@sjtu.edu.cn
mailto:ljzhou@sjtu.edu.cn
mailto:ljzhou@sjtu.edu.cn

Liu et al.: Phase-change material enabled silicon phase shifter actuated. ..

the two states.** By integrating PCMs on the silicon photonics platform, the size of the device
can be effectively reduced, thereby achieving high-density integration.®® Another advantage of
PCM is its nonvolatile nature, which does not require any power consumption to maintain the
state, thus greatly lowering the power consumption.”!° PCMs that are widely used in the field of
silicon photonics include Ge,Sb,Tes (GST),!'"'” Ge,Sb,Se,Te; (GSST),*!#2 Sb,S;,!%?*26 and
Sb,Se;.”?"*2 Due to the advantages of PCM, they have been widely used in various applications,
including optical switches,'®!”3* non-volatile memory,**=® and optical computing.'*'>1*3” GST
and GSST have high material losses in the crystalline state in the 1550 nm wavelength and are
hence mainly used in optical on/off switches.'®!”** Sb,S; and Sb,Se; have low loss character-
istics in both states, making them more suitable for pure phase modulation.”!

The phase transition of PCM can be triggered by thermal,'>'*3® optical,'>'>* or electrical
methods, among which the electrical triggering method is highly compatible and scalable with
large-scale photonic integrated circuits. For electrical triggering on the silicon platform, the micro-
heater is typically formed by doped silicon’ or P-I-N diode (PIN) heaters.'' However, for the silicon
nitride platform, other options need to be considered, such as indium tin oxide (ITO)23 or
graphene.*’ Graphene, as a two-dimensional material with excellent electrical and thermal proper-
ties, has been introduced into the phase-change photonics platform.**** However, the endurance of
graphene microheaters in the previous work is not high, and they experience heater failure issues.*>
This limits the application of graphene microheaters in phase-change photonics.

In this work, we report a novel silicon-PCM hybrid integrated phase shifter by putting a low-
loss Sb,Se; strip onto a thin silicon slab. This integration enhances the PCM’s ability to control
the optical field, thereby reducing the length of the phase shifter. A highly durable single-layer
graphene (SLG) is utilized as the microheater to stimulate the phase change of Sb,Se;. In our
design, graphene is transferred onto the flat silicon slab, ensuring high durability during oper-
ation. Compared with PIN or doped-silicon microheaters, graphene is not limited to the silicon
platform and can be extended to other platforms such as silicon nitride and lithium niobate. The
phase shifter is connected to single-mode silicon waveguides through two-layer taper structures.
A Mach—Zehnder interferometer (MZI) structure is constructed by incorporating the proposed
phase shifters in two arms. The device achieves over 30,000 effective switching events and cor-
responds to over 15,000 reversible phase-change cycles. A maximum of 66 switching levels is
achieved. To the best of our knowledge, this is a silicon-based phase-change photonic device with
the highest number of reversal switchings achieved with a graphene microheater. Our work dem-
onstrates the wide-ranging application potential and growth opportunities for graphene micro-
heaters in phase-change photonics.

7,11,33

2 Device Design and Simulation

2.1 Hybrid Integrated Waveguide

Figure 1 illustrates the schematic structure of our silicon-Sb,Se; hybrid integrated nonvolatile
phase shifter. PCMs are typically deposited on top of silicon waveguides,”** causing the optical
beam within the silicon waveguide to interact with the PCM through weak evanescent wave
coupling, resulting in a relatively weak interaction. Here, we design a hybrid integrated wave-
guide that is composed of a thin layer of silicon slab and an Sb,Se; strip on top. The lateral
optical confinement is enabled by the Sb,Se; strip. Optical waveguide mode has a high overlap
with the Sb,Se;, greatly reducing the length of the phase shifter. Moreover, transferring graphene
onto a flat silicon slab is easier compared with a silicon waveguide with sharp corners. The
thickness of the silicon slab layer is Hy,, = 70 nm. An SLG, possessing high electrical and
thermal conductivities, is used as a microheater and placed below Sb,Se;. To avoid direct contact
between graphene and the underlying silicon slab, resulting in the formation of semiconductor
and metal junctions,*” a 10-nm-thick alumina film (H, = 10 nm) separates the graphene from
the silicon slab layer. Meanwhile, to prevent potential damage to graphene by subsequent proc-
esses and the fracture of graphene caused by volume expansion and contraction*>*** during the
phase-change process of Sb,Se;, another 10-nm-thick alumina layer (H, = 10 nm) is placed
between the graphene and the Sb,Se; as a protective layer. The cross-section of the Sb,Ses strip
is 500 nm (Wpcy) X 40 nm (Hpcy). Considering the high-temperature phase-change process, to
avoid direct contact between Sb,Se; and air, a third 60-nm-thick alumina layer is used as a
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Fig. 1 Schematic diagram of the proposed silicon-Sb,Se; hybrid integrated non-volatile phase
shifter and TE, mode electric-field profiles of the hybrid integrated waveguide in amorphous and
crystalline states. (a) Three-dimensional perspective view of the phase shifter. (b) Cross-sectional
view of the phase shifter. (c) Enlarged view of the hybrid integrated waveguide. (d) and (e) TE,
mode electric-field intensity (|E|?) distributions of the hybrid integrated waveguide in (d) the amor-
phous state and (e) the crystalline state.

protective layer above the Sb,Se;. This protective layer also effectively prevents the reflow of the
Sb,Se; during the amorphization process. The alumina layer above the graphene in the electrode
region is etched away to expose the metal surface for electrical probing, as shown in Fig. 1(b).

To verify that our proposed hybrid integrated waveguide can effectively confine the funda-
mental mode, we simulated the electric-field distribution of the transverse electric (TE,) optical
mode. In the simulation, the refractive indices of Sb,Se; in amorphous and crystalline states were
set to 3.285+0i and 4.050+0i,* respectively. Graphene adopts a two-dimensional model based on
surface conductivity, which has been supported by Lumerical’s optical simulation Kkit.
Figures 1(d) and 1(e) show the TE, mode electric-field intensity profiles in the cross-section
of the hybrid integrated waveguide in the amorphous and crystalline states, respectively. The
electric field is more concentrated in the PCM in the crystalline state compared with the
amorphous state due to the higher refractive index of Sb,Se;. The effective refractive indices
of the hybrid integrated waveguide are 2.021+0.0055i in the amorphous state and 2.144
+0.0060i in the crystalline state, corresponding to ~0.19 and ~0.21 dB/um propagation losses
of the phase shifter, respectively. The corresponding z phase shift length is expressed as
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L, = A/(2(ny — nam)), where n,, and n,,, represent the real part of the effective refractive index
of the hybrid integrated waveguide in the amorphous and crystalline states, respectively.
Therefore, the z phase shift length at the 1550 nm wavelength is calculated to be ~6.3 ym, which
is the shortest phase shifter length based on Sb,Ses. The insertion loss in the crystalline state for z
phase shiftis ~1.3 dB, which is mainly caused by the absorption of SLG. In the simulation, when
the SLG is removed, then the imaginary part of the effective refractive index becomes 0, which
means that the SLG is the main source of the loss.

2.2 Mode Converter

To connect the phase shifter to a regular silicon waveguide with low transition loss, it is necessary
to design a mode converter to adiabatically tailor the silicon waveguide mode to match that of the
hybrid integrated waveguide. Figure 2(a) shows our mode converter based on a two-layer tapered
structure. The silicon waveguide has cross-sectional dimensions of 500 nm (width) X 220 nm
(height). In the taper section, the bottom silicon slab thickness is fixed at 70 nm, the same as that
in the hybrid waveguide. The slab width (W) and the ridge width (W,) at the end of the taper are
the two design parameters that need to be determined.

We used a three-dimensional finite-difference time-domain simulation to design the mode
converter. We performed parameter scans of W, and W, to obtain the transmissivity and reflec-
tivity of the TE, mode across the interface between the silicon waveguide and the hybrid inte-
grated waveguide. It should be noted that a high similarity of the waveguide mode profiles will
result in a high transmission at the interface. The results for amorphous and crystalline states are
shown in Figs. 2(b) and 2(c), respectively. Taking into account the simulation results in both
amorphous and crystalline states, we chose W| = 3 ym and W, = 250 nm to make a good com-
promise. The coupling loss in both states is less than 0.23 dB. Besides the interface coupling loss,
the taper structure itself can also induce certain mode transition loss. We used the eigenmode
expansion method to simulate its transmissivity over different lengths. Figure 2(d) shows the
simulation results. Considering the fabrication tolerance, we chose a length of 30 um for the
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Fig. 2 Structure and simulation results of the mode converter. (a) Structure of the mode converter
consisting of two layers of taper. (b) and (c) Transition loss at the interface of the two types of
waveguides in (b) the amorphous (Am) state and (c) the crystalline (Cr) state. (d) Normalized opti-
cal transmission through the silicon waveguide taper as a function of taper length. (e) and (f) TE,
mode electric-field intensity (|E|?) distributions at (e) the beginning and (f) the end of the mode
converter.
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mode converter. Figures 2(e) and 2(f) show the waveguide TE, modal profiles before and after
the mode converter, respectively.

2.3 Overall Phase Shifter
We then simulated the overall phase shifter including the active hybrid integrated waveguide in
the center and two-mode converters at the two ends, as shown in Fig. 3(a). Considering that an
excessively large model size will greatly increase the simulation time, we set the length of the
mode converter to 10 um. The shorted mode converter only slightly increases the loss according
to Fig. 2(d). The length of the phase shifter is set to 7 um to cover the z phase shift length.
From the simulated transmission and reflection spectra in Fig. 3(b), the overall insertion loss
of the device is less than 2 dB from 1500 to 1600 nm wavelength in both amorphous and crys-
talline states. The loss mainly comes from the interface coupling loss (<0.5 dB) and the propa-
gation loss (~1.4 dB) of the hybrid integrated waveguide. Figures 3(c) and 3(d) illustrate the
electric field intensity distributions along two x — y planes both in the amorphous and crystalline
states. Light can go through the phase shifter smoothly with only a weak standing-wave pattern
observed at the input waveguide end due to the slight reflection at the interface of the hybrid
integrated waveguide.

2.4 Graphene Microheater

We simulated the temperature distribution in the phase shifter based on the two-dimensional
finite element method. Figure 4 illustrates the temperature responses of two phase-change proc-
esses. In the simulation, we only considered the resistance of graphene between the electrodes,
without taking into account the contact resistance between the graphene and the metal electrodes,
which resulted in a reduction of voltage in the simulation compared with the experiment. The
SLG sheet resistance of 550 Q/sq** was used in the simulation. In the simulation, the left and
right boundaries are set to infinite element domains, and the bottom boundary is set to a fixed
temperature (293.15 K). For amorphization, we used an electrical pulse with an amplitude of
3.1 V and a width of 3 us to heat Sb,Se; above its melting temperature (7,, = 900 K). For
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Fig. 3 Overall phase shifter structure and simulation results. (a) Schematic diagram of the three-
dimensional structure of the device. The inset shows the positions of the two x-y planes in panels
(c) and (d). (b) Transmission and reflection spectra in the wavelength range of 1500 to 1600 nm in
both amorphous and crystalline states. (c) and (d) Distributions of electric field intensity (| E|?) along
the central x-y plane of the silicon slab layer and the central x-y plane of the Sb,Se; layer along
the direction of light propagation in (c) the amorphous state and (d) the crystalline state.
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Fig. 4 Thermal simulation of graphene microheater. (a) and (b) Temperature change in Sb,Sejz in
response to an electrical pulse during (a) the amorphization process and (b) the crystallization
process. The probing position is at the minimum temperature point in the Sb,Se; region. (c) and
(d) Corresponding temperature distributions at the end of (c) the amorphization pulse and (d) the
crystallization pulse. The blue dashed line indicates the location of the graphene microheater.
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Fig. 5 Fabrication process flow of the device.

crystallization, we used an electrical pulse with an amplitude of 1.78 V and a width of 200 us to
heat Sb,Se; above its crystallization temperature (7, = 480 K) and below its melting temper-
ature to ensure crystallization. Figures 4(c) and 4(d) illustrate the temperature distributions at the
end of the amorphization pulse and the crystallization pulse, respectively. The temperature at the
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bottom of Sb,Se; is higher than the temperature at the top. Therefore, the material at the bottom
will reach the T,, earlier.

3 Device Fabrication

Our devices were fabricated on the silicon-on-insulator (SOI) wafer, which consists of a top
silicon layer with a thickness of 220 nm, a buried oxide layer with a thickness of 2 ym, and
a bottom silicon substrate. The device pattern was formed using electron beam lithography
(EBL) from the Vistec EBPG5200 system. First, we spin-coated positive resist (CSAR
6200.09) and defined silicon waveguide patterns on the photoresist using EBL. Then, we trans-
ferred the developed pattern onto the SOI substrate through inductively coupled plasma (ICP) dry
etching. This process requires a total of three EBL-ICP steps, including 70-nm etch depth to form
silicon grating, 150-nm etch to form silicon slab, and 220-nm etch to form silicon waveguide.
Subsequently, we used atomic layer deposition (ALD) to grow 10-nm-thick alumina on the sil-
icon chip. Thereafter, we spin-coated polymethyl methacrylate (PMMA) and performed EBL to
define the metal electrode region. An Au/Cr (120-/10-nm-thick) electrode was grown by electron
beam evaporation and patterned using a lift-off process. An SLG film was transferred onto the
substrate by the wet method and formed ohmic contact with the underlying Au layer. Only the
necessary graphene was retained using EBL and oxygen plasma etching. To protect the graphene
film in subsequent processes, we used ALD to grow a 10-nm-thick alumina film as a protective
layer. Next, we spin-coated PMMA and performed EBL to open the window for depositing
Sb,Se;. A 40-nm-thick Sb,Se; film was grown by multi-target magnetron sputtering and pat-
terned using the lift-off process. We next grew 60-nm-thick alumina as a protective layer and
used EBL and ICP etching to remove the alumina above the electrode to open the probe contact
window. The fabrication process flow can be seen in Fig. 5.

Figure 6 shows the optical microscope and scanning electron microscope (SEM) images of
the device. From the SEM image, we can see that the etching edge of graphene is visible [as
shown by the orange dashed line in Fig. 6(c)] and there is no obvious damage inside, indicating
that the graphene film we transferred has high quality and has been well protected in subsequent
processes. However, for PCMs [brown area in Fig. 6(c)], we observed an unexpected

Fig. 6 Optical microscope and SEM images of the device. (a) Optical microscope image of the
device. (b) Enlarged image of the dashed-line enclosed region in panel (a). (c) SEM image of the
active waveguide region. (d) Enlarged image of the dashed-line enclosed region in panel (c).
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phenomenon where the Sb,Se; film folded. In an ideal scenario, Sb,Se; should be a single-layer
strip. However, we observed clear folding [yellow area in Fig. 6(d)] on both sides. We speculate
that it is because, during the lift-off process, the Sb,Se; material located on the sidewall of the
PMMA did not detach from the substrate. This irregular structure could introduce additional
scattering loss.

4 Measurement

We used a continuously tunable laser (Agilent 8164B, Santa Clara, California, United States) to
measure the optical spectrum in the 1500 to 1580 nm wavelength range. The input polarization
was adjusted to TE mode after passing through a polarization controller before it was vertically
coupled into the waveguide through a grating coupler. The coupling loss is ~4 to 5 dB/facet. The
output light from the device was detected by an optical power detector (Agilent 81636B). The
electrical pulses used for inducing phase change were generated by an arbitrary waveform gen-
erator (AWG, Agilent 81150A) and applied to the electrodes of the device through a pair of metal
probes. For each device, we measured its I-V curve (Keysight B2900A, Santa Rosa, California,
United States) to obtain the resistance of the graphene microheater and set the load impedance of
the AWG to the corresponding value. In this way, the set voltage is the actual voltage loaded onto
the device. Before measurement, the chip was thermally annealed at 200°C for 15 min to ini-
tialize Sb,Se; into the crystalline state.

We used the designed phase shifter to construct a 2 X 2 MZI, as shown in Fig. 7(a). We first
conducted transmission spectrum measurement on routes 2 to 4 of the device, where light is input
from port 2 and output from port 4, as shown by the blue curve in Fig. 7(b). To verify that
graphene microheaters can effectively induce phase transition, we applied different pulses and
monitored the output optical power. Figure 7(c) shows several consecutive measurement results
after applying three sets of pulse sequences. The time interval between adjacent pulses is 1 s. The
first second of each sequence was measured when no electrical pulse was applied. The first set of
pulses [blue curve in Fig. 7(c)] begins at 9 V and increases in a step of 0.2 V, with a fixed pulse
width of 2.3 us. A total of five electrical pulses were applied, with a maximum voltage of 9.8 V.
During the application of the first pulse sequence, the output optical power of the device remains
decreasing, indicating an increasing amorphization. In the second pulse sequence, the voltage
was raised from 9 to 9.8 V with a step of 0.2 V, with its pulse width increased to 2.6 us to raise the
pulse energy. In the first few pulses, we observed an increase rather than a decrease in output
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Fig. 7 Structure and measurement results of MZI based on our proposed phase shifter. (a) MZI
structure with the phase shifter integrated on each arm. (b) Transmission spectrum of routes 2 to 4
of the MZ| for the original crystalline state and after amorphization of one phase shifter.
(c) Variation of output optical power of the MZI when different electrical pulse sequences are
applied.
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optical power, which means that part of the amorphous Sb,Se; had undergone recrystallization.
According to the simulation results in Sec. 2.4, we speculate that the energy required for the
amorphization of Sb,Se; farther away from graphene microheaters should be higher.
Therefore, the energy provided by the first few pulses of the second pulse sequence is not suf-
ficient to amorphize the upper part of Sb,Se; but rather to recrystallize a portion of Sb,Se; that
has already been amorphized at the bottom part. When the voltage reaches 9.4 V, the output
optical power continues to decrease, indicating that Sb,Se; at the upper part also begins to
amorphize. For the third set of pulse sequences, we started at 4.6 V and increased with a step
of 0.2 V with a fixed pulse width of 700 ms. We applied eight electrical pulses with a maximum
voltage of 6 V. On this condition, the output optical power of the device continues to increase,
indicating that the Sb,Se; has undergone crystallization. During the phase-change process, we
measured the transmission spectrum [red curve in Fig. 7(b)] when the output optical power of
routes 2 to 4 was at a low level, which corresponds to the case of near-complete amorphization.
Now, PCMs have been widely studied in fields such as optical computing and storage, where
multi-level transmission programming is required. Therefore, we also investigated the multi-level
operational performance of the device. We first applied a set of amorphization pulse sequences
with increasing pulse amplitude and a fixed pulse width of 2.1 us. The time interval between
adjacent pulses is 1 s. The pulse amplitude started from 9.012 V, with a step of 0.012 V, and a
total of 65 electrical pulses were applied. A total of 66 non-volatile output levels were achieved,
including the initial state. The output optical power of the device changed by ~14 dB throughout
the entire process. We subsequently investigated the multi-level operation during the crystalli-
zation process, as shown in Fig. 8(b). The crystallization process adopts a different pulse
sequence from the amorphization process. Here, we fixed the pulse amplitude at 5.2 V and
increased the pulse width from 55 to 195 ms in a step of 5 ms, resulting in 30 levels of trans-
mission. It can be seen that in the crystallization process, it is more difficult to achieve multi-level
operation compared with the amorphization process, which may be caused by the nucleation
stochasticity of the crystallization process.”’ Note that the measurements have undergone a
six-point sliding average filtering to reduce the impact of experimental measurement errors.
Another factor that affects the adoption of PCM in integrated photonics applications espe-
cially in optical computing and switching is the endurance, which measures the number of times
the device can be reconfigured. The endurance of devices is mainly determined by two parts: the
PCM and the microheater. Therefore, we also studied the operation up-limit of the device when
amorphous and crystalline pulses are applied to continuously change the output optical power
between high and low levels. The durability of PCMs is estimated by the variation of extinction
ratio (ER), and the endurance of the microheater is estimated by measuring the resistance change
of the graphene microheater after applying the pulse sequence. Figure 9 shows the durability test
results of the device. We used a short amorphization pulse of 9 Vamplitude and 3 us width and a
long crystallization pulse of 4.6 V amplitude and 800 ms width. The time interval is still 1 s. We
continuously applied 30,000 electrical pulses on the device, corresponding to 30,000 switching
events and 15,000 reversible cycles. Figures 9(b) and 9(c) show the magnified views of the first
50 and the last 50 reversible cycles, respectively. Initially, the ER of the device was at ~10 dB,
and then, it slowly decreased. After 10,000 reversible cycles, the ER decreased to ~3 dB, and the
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Fig. 9 Durability test of the device. (a) Change in output optical power of the device under 15,000
reversible cycles. (b) Enlarged view of the first 50 cycles. (c) Enlarged view of the last 50 cycles.
(d) 1-V curve of the device after 15,000 reversible cycles.

last 50 reversible cycles showed that the ER decreased to ~1 dB. The reduction of the ER is
attributed to the performance degradation of Sb,Se;.*’” After operation for 15,000 reversible
cycles, we scanned the I-V curve of the device, as shown in Fig. 9(d). The resistance obtained
from the I-V curve is ~2500 Q. The contact resistance between graphene and gold is ~820 Q,*?
so the resistance of the graphene film between the electrodes is ~860 €. This demonstrates that
our graphene microheater still maintains low resistance after 15,000 reversible cycles, indicating
its high durability.

5 Discussion

Table 1 summarizes the performance specifications of PCM-based phase-change optical devices.
On the SOI platform, on-chip heating can be achieved using doped silicon resistors or PIN

Table 1 Comparison with other phase-change optical devices.

Ref. PCM Heater ER (dB) # of levels # of cycles
11 GST PIN 10 N/A 2800
10 Sb,S3 PIN >10 32 800

33 GST PIN 15 2 500

16 GST Doped Si 10.29 38 N/A

7 Sb,Se; Doped Si 20 9 125

47 Sb,Se; PIN 15 64 10,000
48 GSSe W/Ti 12 16 500,000
17 GST In,O3 15 64 N/A

41 GSST Graphene N/A 4 9

42 GST and Sb,Se; Graphene 15 14 1000
This work Sb,Sej Graphene 10 66 15,000
Journal of Optical Microsystems 031207-10 Jul-Sep 2024 e Vol. 4(3)
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diodes, while graphene is not limited by the substrate material, thus having a wider range of
application prospects. However, some work*'“*> based on graphene microheaters in the early
stage showed lower reconfigurability times, which are mainly attributed to the failure of graphene
microheaters.*? Our work has increased the number of operations of the graphene microheater to
over 30,000 times, corresponding to more than 15,000 reversible cycles of the device. Our revers-
ible cycle count has increased by an order of magnitude. To our knowledge, this is currently the
highest number of reversible cycles achieved on the graphene microheater. In addition, by finely
adjusting the amorphous pulses, we have achieved 66 distinguishable non-volatile output levels.
This fully demonstrates that our work has further advanced the application of graphene in phase-
change photonics, demonstrating excellent performance and enormous potential in terms of
device endurance and multi-level operation.

6 Conclusions

We have demonstrated a silicon-Sb,Se; hybrid integrated phase shifter based on high-durability
graphene microheaters. The phase shifter is formed by depositing the non-volatile low-loss PCM
Sb,Se; onto the silicon slab layer, with a corresponding z phase shift length of only 6.3 ym. We
applied electrical pulses to graphene microheaters using AWG, causing the material to alternate
between amorphization and crystallization. By fine-tuning the electrical pulses applied to gra-
phene, we achieved 66 unique non-volatile levels during the amorphization process, with room
for additional optimization and enhancement. By applying alternative amorphization and crys-
tallization pulses to the device, the device shows sustained operation for over 15,000 reversible
cycles. Noticeably, graphene microheaters are not solely restricted to silicon-based waveguide
platforms but also have great potential for application on Siz;N, and lithium niobate waveguides.
The work provides an effective method for integrating graphene into phase-change photonics
platforms, offering potential applications in fields such as optical computing and storage.
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