
Advanced Optical Materials 

www.advopticalmat.de

RESEARCH ARTICLE

Non-Volatile Silicon Mach-Zehnder Switches with 0.7 π
Phase Shift Based on Graphene Heaters and Sb2 

Se3 

Phase 

Change Material 
Jens Samland1 Felix Hoff2 Timo Veslin2 Holger Lerch1 Bartos Chmielak1 Martin Otto1 
Caroline Porschatis1 Bárbara Canto1 Stephan Suckow1 Matthias Wuttig2 , 3 Max C. Lemme1 , 4 

1 AMO GmbH, Aachen, Germany 2 I. Institute of Physics (IA) RWTH Aachen University, Aachen, Germany 3 Peter-Grünberg-Institute – JARA-Institute 
Energy Efficient Information Technology, Wilhelm-Johnen-Straße, Jülich, Germany 4 Chair of Electronic Devices, RWTH Aachen University, Aachen, 
Germany 

Correspondence: Max C. Lemme ( max.lemme@eld.rwth-aachen.de) 

Received: 8 October 2025 Revised: 29 April 2026 Accepted: 8 June 2026 

Keywords: graphene micro heaters | integrated photonics | non-volatile Mach-Zehnder switch | phase change material Sb2 Se3 

ABSTRACT 

Photonic integrated circuits (PICs) can deliver unparalleled performance for future neuromorphic computing applications. Such 
neuromorphic PICs require a large number of tunable switches, which are typically realized with current-controlled heaters, 
resulting in considerable energy consumption. Non-volatile photonic devices based on phase change materials (PCMs) can 
overcome this challenge, promising zero power consumption during operation. In this work, we experimentally demonstrate 
non-volatile Mach-Zehnder switches (MZI) utilizing the phase change material antimony triselenide (Sb2 Se3 ). The PCMs are 
controllably switched with graphene heaters from the amorphous to the crystalline state. This leads to a π-shift of 0.7, a VπL 
≈ 0.56 Vcm, and a shift per micrometer of Sb2 Se3 of 0.014 π/ µm, and a high extinction ratio of 28 dB. Additionally, we perform 

state-of-the-art simulations to predict the temperature in the devices and to support our measurements. The data demonstrates that 
switches based on graphene heaters and Sb2 Se3 are suitable for achieving large phase shifts while avoiding high thermal budgets 
as for doped silicon heaters. Moreover, our devices were fabricated on wafer-scale enabling scalability of the fabrication process 
in the future as it is beneficial for advanced applications like neuromorphic computing, integrated optical memory, tunable filter 
arrays and delay lines with permanent trimming and optical FPGAs based on phase change materials. 
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 Introduction 

hase change materials enable non-volatile switching devices
or electronic and integrated photonic circuits (PICs) [ 1–4 ]. The
atter enables the design of Mach-Zehnder interferometers (MZI)
hat operate without permanent heaters, i.e., they only consume
lectrical power during switching events. Emerging fields such as
euromorphic photonic computing [ 5, 6 ] for artificial intelligence
pplications [ 7, 8 ], integrated optical memory [ 9 ], tunable filter
rrays and delay lines with permanent trimming [ 10 ] and optical
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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FPGAs based on phase change materials [ 11 ] could particularly
benefit from such non-volatile switches. Neural networks consist
of multiple layers with adjustable weights. In neuromorphic pho-
tonic networks, these weights can be realized using the phase of
the optical signal, for example, by controlling the temperature of
MZIs. In large networks, the electrical power required for heating
is considerable. Additionally, heat dissipation can be problematic,
leading to signal crosstalk. A neural network with weights based
on non-volatile switches could overcome these challenges and
achieve zero power consumption once it is trained. 
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rea
he prototype phase change material germanium antimony
elluride (Ge2 Sb2 Te5 , or GST) has been studied in combination
ith photonics for non-volatile integrated devices [ 12–15 ]. How-
ver, GST exhibits significant optical absorption losses in the
rystalline state for visible and telecommunication wavelengths.
n contrast, antimony triselenide (Sb2 S3 ) is a low absorption
oss alternative with a large bandgap of approximately 1.6 to
.8 and 2.2 to 2.8 eV in the crystalline and amorphous phases,
espectively [ 16–19 ]. It remains transparent to light with a wave-
ength of approximately 600 nm in the amorphous phase. It
as been incorporated into photonic devices in the literature
 19–22 ]. Sb2 Se3 offers a reasonable index contrast of Δn ≈ 0.76
etween the amorphous and crystalline phases at the standard
elecommunication wavelength of 1550 nm [ 22 ] and exhibits
ow losses ( k < 10− 5 ) [ 23–25 ]. Moreover, Sb2 Se3 exhibits better
orphological stability upon switching, and higher chemical
tability compared to Sb2 S3 . To date, a programmable multimode
nterference coupler and Mach-Zehnder switch utilizing Sb2 Se3
ave been reported, where the PCM was switched with a focused
aser beam [ 26 ]. In contrast, Ríos et al. [ 27 ]. and Fang et al. [ 28 ].
witched Sb2 Se3 on photonic waveguides using a doped silicon
icroheater integrated on the PIC chip. Ríos et al. [ 29 ]. compared
he switching behavior between GST and Sb2 Se3 with graphene
icroheaters, but without photonics, and Fang et al. [ 30 ]. demon-
trated the concept with a photonic micro ring resonator. Notably,
he fabrication of graphene devices [ 31, 32 ] does not require high
hermal budgets, unlike doped silicon heaters, which require
on implantation and annealing. This is a decisive advantage for
uture electronic-photonic systems, where PICs may be integrated
n the back-end-of-the-line (BEOL) of advanced silicon logic
hips, which limits processing temperatures to approximately
00 ◦C. 

ere, we experimentally demonstrate non-volatile MZI switches
ased on graphene heaters and Sb2 Se3 . We discuss our choice
f the PCM Sb2 Se3 in more detail in the SI. Our MZIs show a
arge tuning range and high extinction ratio compared to previous
xperiments with graphene heaters. Both features are essential
or using such switches in future, for example in photonic
etworks for photonic computing. 

 Methods 

.1 Experimental Setup 

he photonic waveguides were fabricated on 150 mm silicon on
nsulator (SOI) wafers with a 220 nm thick top silicon layer and
 3 µm thick buried oxide (BOX). The photonic layer included
aveguides, multimode interference couplers (MMIs), MZIs, and
rating couplers. The waveguides had a height of hWG = 220 nm
nd a width of wWG = 500 nm. The 2 × 2 MMIs had a width of
MMI = 8.5 µm and a length of LMMI = 86 µm. The MZIs had a
ower arm length of L = 1500 µm and a path length difference
etween the two arms of ∆L = 40 µm. The grating couplers
ad a period of 630 nm, a 50% filling factor, and an etch depth
f 70 nm. The photonic layer was covered with a 250 nm thick
ilicon dioxide (SiO2 ) cladding with low-pressure chemical vapor
eposition (LPCVD) and planarization. This provided a smooth
urface for the graphene heaters. The latter were fabricated on
op of the cladding and had a length of LGraph = 90 µm and
of 10
a width of wGraph = 20 µm. Details of the fabrication process
of the photonic layer and the graphene heater can be found in
the Ref [ 33 ]. Finally, 42.9 nm of the amorphous phase change
material Sb2 Se3 was grown via magnetron sputter deposition
on top of the Al2 O3 passivation layer. A 15.1 nm zinc sulfide
(ZnS):SiO2 layer was subsequently added to prevent oxidation of
the PCM layer. The final thickness of both layers was determined
using X-ray reflectometry (XRR), see Figure S1 in the appendix.
The structuring of this layer was accomplished through a lift-off
process. The PCM had final dimensions of LPCM 

= wPCM 

= 50 µm.
A schematic of a device is shown in Figure 1a , with the photonic
layer shown in red. A microscope image is shown in Figure 1b . A
schematic cross-section of the MZI with key dimensions is shown
in Figure 2a . 

2.2 Simulation 

We used the Lumerical HEAT + FDE software package to model
the fabricated structures shown in Figure 2a . Specifically, we
aimed to predict the temperature T at the position of the PCM
as a function of the dissipated power of the heater PE , because
we cannot measure the temperature directly on-chip. Instead,
we utilized the relationship between the temperature change ΔT
in an MZI arm and the resulting measurable phase shift Δφ in
the MZI output to compare measurements and simulations at
the MZI arm position. By demonstrating that the temperature
increase and phase shift can be accurately predicted at this
position, we can then simulate the temperature at the PCM
position, which should be close to the actual temperature in the
device. The relationship reads 

Δ𝜑 = 2 𝜋

𝜆
⋅ 𝐿 ⋅

𝜕𝑛 

𝜕𝑇 
⋅ Δ𝑇 (1)

Here, λ is the wavelength, L is the length over which the
MZI arm is heated, ∂n/ ∂T is the thermal coefficient, which is
1.86 ∙ 10− 4 K− 1 for silicon, and ΔT = T—TR, where TR is
the room temperature. First, we simulated Δφ as a function
of ΔT and PE , incorporating the contact ( Rc ) and sheet ( Rsh )
resistances of the graphene, including their respective uncer-
tainties (Figure 2b , blue shadow area). Rc and Rsh are required
to compare the simulation to the measured data. While the
power PE was dissipated across the entire heating structure
in the experiment, it was dissipated only along the designed
length of the graphene heater Lgraph in the simulation (compare
Figure 1b ). We extracted values of Rc = 10.4 ± 1.4 k Ω and
Rsh = 3803 ± 127 Ω/ □ by applying the transfer length method
(TLM). Such wide ranges are typical for graphene TLM structures,
and can be attributed to the non-uniform distribution of grain
boundaries, wrinkles and other defects in CVD graphene [ 34, 35 ]
or resist residues from the transfer process [ 36, 37 ]. Additionally,
the carrier density in graphene affects the contact resistance,
which can even cause negative values in the extraction process
[ 38–45 ]. With the extracted values, we deduced that 41% of
the measured power PE was dissipated across the straight part
of the heater ( Lgraph ). Next, we experimentally determined Δφ
as a function of PE from the measured shift in the optical
transmission spectrum (Figure 2b , blue squares). The data
points were fitted linearly (Figure 2b , blue dashed line). The
experimental (blue squares) and simulation data (blue shadow
Advanced Optical Materials, 2026
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FIGURE 1 PIC and device layout. (a) The photonic layers consist of 220 nm silicon waveguides on a 3 µm thick buried oxide (BOX). The MZIs are 
the main component, shown as a red structure. A 250 nm thick LPCVD SiO2 film separates them from the graphene heaters, which consist of Pd/Ti 
contacts, graphene layer, Al2 O3 encapsulation, and vias to contact them with an external voltage source. The Sb2 Se3 PCMs are located on top of the 
Al2 O3 , protected from oxidation by a ZnS:SiO2 layer. (b) Microscope image of the PIC consisting of an MZI with a graphene heater and a Sb2 Se3 square. 
The electrodes appear blue under the microscope when they are covered with Al2 O3 and gray where the vias open the encapsulation. The white dotted 
lines outline the graphene areas. The graphene and Sb2 Se3 were placed on the second MZI arm to balance potential optical losses due to the graphene 
and Sb2 Se3 . 

FIGURE 2 (a) Device model in Lumerical HEAT with a temperature monitor at the position of the PCM. We simulated the device also with 
Lumerical FDE to check the evanescent field overlap with the PCM, see SI. It yielded an integrated total overlap of the field with the PCM of about 4%. 
(b) Measured optical phase shift Δφ as a function of dissipated electrical power PE of the heater (blue squares) together with a linear fit to the data (blue 
dashed line). Δφwas also simulated using Lumerical HEAT + FDE (blue shadow area). Moreover, the simulated temperature at the position of the PCM 

is shown (solid orange line). 
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rea) match well, with the experimental data providing a lower
ound due to the uncertainty in contact resistance. Based on
hese data and simulations, we are confident that the temper-
ture T at the position of the PCM is predicted by Lumerical
EAT sufficiently well (Figure 2b , orange line). The simulations
how that we can reach sufficiently high temperatures at the
CM position, e.g., we can obtain approximately 200◦C at a
issipated power of 300 mW, which is in line with reported
rystallization temperatures of Sb2 Se3 amorphous powder and
hin films between 180 C and 210◦C at standard heating rates
20 K/min) [ 46–49 ]. 
dvanced Optical Materials, 2026
3 Results and Discussion 

We first tested the general capability of our graphene micro-
heaters to switch the phase of Sb2 Se3 on a substrate without
photonic components. We applied a range of bias voltages, Vbias, 
across the heater over an extended period. The voltage and
time evolution, along with its impact on the morphology of the
PCM, are shown in the set of images in Figure 3a . At Vbias =
80 V, the dissipated power corresponds to approximately PE =
190 mW. Here, no crystallization occurred (Figure 3a1 ). This was
confirmed by our simulations, which predicted a temperature of
3 of 10
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FIGURE 3 PCM characterization. (a) Microscope images: Successive crystallization of Sb2 Se3 as a function of the bias voltage Vbias applied to the 
heater. The graphene heater is indicated by the white dotted line. The red arrow in 2) shows the crystallized spot. (b) Crystallized Sb2 Se3 above the 
graphene heater on a waveguide. The crystal phase (green spot) of the Sb2 Se3 has a different appearance under the microscope than the amorphous 
phase (black spot). (c) Raman spectra of the amorphous (black) and crystallized (green) PCM taken at the spots indicated in (b). 
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re
 = 120◦C at the PCM at a power of PE = 190 mW, which
s insufficient for crystallization. When Vbias was increased to
00 V, corresponding to a PE of 300 mW, crystallization began
ithin 10 s. This is indicated by the small gray spot in Figure 3a1 ).
e continued to apply 300 mW, and further crystallization
as observed until it stopped after a certain time (here: 60 s,
igure 3a4 ). We then increased Vbias , to 120 V, corresponding to a
E of 430 mW and a temperature of approximately 270◦C. This led
o more crystallization, albeit still incomplete. When we finally
ncreased Vbias to 140 V ( PE = 580 mW), and the temperature
o approximately T = 360◦C, complete crystallization of the
CM above the graphene heater was achieved (Figure 3a10 ).
e attributed this non-uniform crystallization process to two
ain sources. On the one hand, the CVD graphene used in
his work can exhibit mechanical damage (cracks or holes) from
he growth and from the transfer process that can lead to an
of 10
inhomogeneous heating process across the heater. On the other
hand, Se-based phase change materials are known to exhibit
growth-driven rather than nucleation-driven crystallization [ 24,
50 ]. In this mechanism, once a crystalline nucleus forms at a
particular location, crystal growth propagates outward from that
point [ 24, 50 ]. This inherently stochastic process leads to spatially
heterogeneous crystallization fronts and thus contributed to the
overall non-uniformity observed in our devices. 

We tested the process with the PCM and the graphene heater
above a silicon waveguide, as shown in Figure 3b . Here, the
morphology change of the PCM on top of the graphene after
heating is clearly identifiable by its color change. Additionally,
we performed Raman spectroscopy on the PCM of this sample.
Figure 3c shows the Raman spectra obtained on the PCM
above and next to the graphene heater (green and black dots
Advanced Optical Materials, 2026
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FIGURE 4 MZI performance dependence on PCM length. (a) Transmission spectra of the MZIs for various PCM lengths LPCM 

. ER: Extinction 
ratio. (b) The measured free spectral range FSR in each transmission spectrum as a function of the PCM length LPCM 

(dashed line: linear fit). 
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n Figure 3b , respectively). The amorphous Sb2 Se3 next to the
raphene heater showed the broad peak from the Sb2 Se3 at
round 191 cm− 1 and the silicon peak from the substrate at around
03 cm− 1 . After crystallization on top of the graphene heater, the
hree Ag -symmetry peaks appeared at 118, 191, and 212 cm− 1 and
he two Bxg peaks at 151 and 153 cm− 1 which were difficult to
esolve. The silicon peak had a reduced height due to a reduced
ransparency of the crystalline Sb2 Se3 . Our observations were
imilar to reported values in literature [ 25, 51–53 ]. Furthermore,
e characterized the graphene heater before and after heating
nd showed the results in the SI Figure S2 and characterized the
ross-over from amorphous and crystallized PCM in a spatially
esolved Raman map, the SI Figure S3 . 

inally, we note that the slow observed crystallization kinetics of
b2 Se3 compared with those of Te-based phase change materials,
uch as GST, are consistent with the literature [ 24, 50, 54 ].
hey can be attributed to several key factors. First, the covalent
onding nature of Sb2 Se3 results in strong directional bonds
hat require significant energy to break, thereby slowing atomic
earrangement during crystallization. In contrast, GSTs exhibit
etavalent bonding, which allows for greater atomic mobility and
aster transitions. Second, the structural rigidity introduced by
elenium leads to increased bond strength and local distortions
hat further limit crystallization dynamics. These factors combine
o create higher energy barriers for creating stable crystal nuclei
n sulfur- and selenium-based PCMs [ 54, 55 ]. 

ext, the effect of the PCM on the optical waveguide mode was
tudied. For this purpose, we fabricated MZIs and deposited
morphous PCMs on one of their arms. The MZIs had varying
engths of LPCM 

= 20, 50, 100, 200, 300, 400, and 800 µm and fixed
idths of wPCM 

= 50 µm. The transmission spectra of each MZI
ere then recorded to extract the free spectral range (FSR), see
igure 4a . The extracted FSRs are plotted as a function of the LPCM
n Figure 4b . We use a linear fit for approximation and obtained a
lope of 1.5 GHz per micrometer PCM. The change in the FSR due
o the PCM originates from a difference in the effective refractive
ndices of both MZI waveguide arms with and without the PCM.
dvanced Optical Materials, 2026
Furthermore, the PCMs of different lengths LPCM 

had a negligible
effect on the extinction ratio, ER, which was approximately 28 dB
for all LPCM 

s (Figure 4a ). 

Finally, MZI switches with a graphene heater with LGraph =
90 µm and wGraph = 20 µm and with a PCM patch of LPCM 

=
wPCM 

= 50 µm were studied (see microscope image in Figure 1b ).
We recorded the MZI transmission spectrum after applying an
increasing voltage Vbias to the graphene heater to approach
crystallization of the PCM as established in Figure 3 . We expected
a continuous shift in the spectrum upon switching the PCM in
one arm of the MZI, as this causes a significant shift in the
refractive index. The Vbias steps are plotted as a function of time
in Figure 5a . After each step, Vbias was set to 0 V to measure
the spectrum of the MZI. Thus, we ensured that the measured
phase shift was caused by the crystallization of PCM and did
not originate from heating. Figure 5b shows the corresponding
transmission spectra of the MZI and their shifts due to successive
crystallization. We used the minima of the transmission spectra,
expressed in units of π, and plotted them as a function of Vbias
in Figure 5c to quantify the phase shifts. We observed no phase
shift for Vbias up to 100 V, which is where crystallization began in
our preliminary experiment (Figure 3 ). Crystallization started at
110 V, indicated by an initial phase shift of 0.1 π. We then held
the voltage at 110 V for 150 s and measured the phase shift every
30 s. The phase shift increased with time and started to saturate,
similar to the observations in Figure 3a . Few then increased
Vbias to 120 and 130 V where the PCM completely crystallized. A
microscope image of the completely crystallized PCM is shown
in the inset of Figure 5c . The data in Figure 5 generally confirm
the crystallization process as observed in Figure 3 . However, there
is a slight deviation of approximately 7%, which we attribute to
variations in the contact and sheet resistances of the graphene
heater and the resulting inhomogeneity in the heating process.
We achieved a maximum phase shift of approximately Δφ = 0.7 π
with VπL ≈ 0.56 Vcm and a slope of 0.014 π/ µm PCM. 

We compared our results with experimental demonstrations of
non-volatile photonic devices based on phase change materials
5 of 10
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FIGURE 5 Non-volatile MZI tuning by crystallizing the PCM with the graphene heater. (a) Applied voltage Vbias to the graphene as a function 
of time. After applying each voltage for 30 s, Vbias was set to 0 V and the spectrum was measured (see Figure 5b ) to determine the phase shift due to 
crystallized PCM (see Figure 5c ). Thus, avoiding effects from heating in the measured phase shift. (b) Transmission spectra of an MZI with graphene 
heater of dimensions LGraph = 90 µm and wGraph = 20 µm and PCM of dimensions LPCM 

= wPCM 

= 50 µm. The PCM is partially switched to the 
crystalline state with the graphene heater that led to a phase shift Δφ in the transmission spectrum. (c) Measured phase shift Δφ due to crystallized PCM 

as a function of time. The data points were taken after applying the corresponding voltage Vbias as shown in Figure 5a . The voltage Vbias was set to 0 V 

during the measurement of the spectra to deduce the phase shift. At Vbias = 130 V, the PCM is completely crystallized, see inset. 
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n the literature (Table 1 ). Many implementations with various
CMs (GST, Sb2 S3 and Sb2 Se3 ) utilized doped silicon heaters to
witch the PCM. They achieved maximum phase shifts of 0.3 π
o 1 π, and moderate extinction ratios between 10 and 20 dB.
íos et al. [ 27 ] achieved an extinction ratio of ER = 35 dB
n an MZI with Sb2 Se3 . However, doped silicon heaters require
on implantation and annealing, which cannot be used in future
lectronic ‒photonic systems integrated on advanced silicon logic
hips because their processing temperatures are incompatible
ith maximum BEOL temperatures of approximately 400◦C. In
ontrast, graphene heaters can be fabricated far below the maxi-
um BEOL temperatures. Micro ring resonators with graphene
eaters for Sb2 Se3 showed reversible switching and a maximum
hase shift of 0.008 π with a voltage-length product of VπL
 0.496 V cm [ 30 ]. Our MZIs with graphene heaters achieved
witching from the amorphous to the crystalline phase of Sb2 Se3,
esulting in a maximum phase shift of Δφ= 0.7 π. We achieved full
rystallization with a phase shift of Δφ= 0.7 π at a voltage of 130 V
ithin a rather long crystallization time of 30 s. We did not mea-
ure shorter times because we wanted to determine the maximum
hase shift after complete crystallization. However, according to
of 10
literature, shorter times should be possible. Moreover, switching
was not reversible and the required power and applied voltage of
130 V was very high. This is because our device was not mainly
optimized for low operation voltage. The main reason for that
is the thick 80 nm Al2 O3 layer that separated the graphene from
the PCM. In previous realizations, the PCM was either separated
from the graphene by only a very thin Al2 O3 layer, see Ref [ 56 ], or
directly deposited on the photonic structure, see Ref [ 21 ]. This can
increase the efficiency of the heat transfer from the heat source
to the PCM but, in case of graphene, it might come along with a
decreasing long-term stability of the graphene due to adsorbates
and charge traps from the ambience and from next lithography
steps [ 57, 58 ], see the discussion in the SI. A second important
reason for the high-power consumption and high necessary
voltage of the presented device is the high contact resistance
which leads to dissipation of 40% of the total power at the contacts
and cannot be used for heating the PCM. Sandwich or edge
contacts might be an alternative to the use of bottom contacts
and it was shown that the former exhibit indeed a lower contact
resistance, see ref [ 59 ]. Advantageously, the large achieved tuning
range of 0.7 π is suitable for switches with random initial phases
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TABLE 1 Recently, demonstrated non-volatile photonic devices based on phase change materials. DC: directional coupler. MRR: micro ring 
resonator. RR: racetrack resonator. DS: doped silicon. 

Work (year) Device PCM 

Heater 
(switching 
energy) 

Reverse 
switching ER (dB) 

Shift ( π/ µm 

PCM) Total shift 

Chen et al. [ 13 ]. (2022) DC GST DS (0.5 µJ) Yes 8 — —
Zheng et al. [ 15 ]. 
(2020) 

MRR GST DS (10 mW) Yes 15 — —

Faneca et al. [ 60 ]. 
(2020) 

MZI GST Oven No 12 — ≈ 1 π

Faneca et al. [ 61 ]. 
(2020) 

MZI GST oven No 12 — —

Chen et al. [ 21 ]. (2023) MRR Sb2 S3 DS (10.2 mJ) Yes 10 0.03 0.3 π
Ilie et al. [ 62 ]. (2022) RR Sb2 S3 Laser No 18 — 3.3 π
Ríos et al. [ 27 ]. (2022) MRR Sb2 Se3 DS yes 15 0.09 0.28 π
Ríos et al. [ 27 ]. (2022) MZI Sb2 Se3 DS (38.4 µJ) Yes 35 0.16 ≈ 1 π
Fang et al. [ 28 ]. (2024) RR Sb2 Se3 DS 

(5.4 mJ) 
Yes 10 — —

Faneca et al. [ 63 ]. 
(2021) 

MZI Sb2 S3, Sb2 Se3 — no 20 — > 1 π

Fang et al. [ 30 ]. (2022) MRR Sb2 Se3 Graphene (9.25 
nJ) 

Yes 4 0.0014 0.008 π

This work MZI Sb2 Se3 Graphene (5.8J) No 28 0.014 0.7 π
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hose output needs to be set arbitrarily between minimum and
ull output power and for applications like photonic computing
here it is important to set values between “close to zero” and
ne. Finally, the switch has a voltage-length product VπL ≈

.56 Vcm. This is a standard measure for characterizing thermo-
ptical phase shifters. For non-volatile switches based on phase
hange material, we used the voltage for switching the PCM’s
hase and the PCM length for a π-shift as performed in Ref [ 27 ].
his gives 130 V ∙ 0.6 ∙ 0.005 cm / 0.7 = 0.56 Vcm for our switch
omparable to previous realizations in Ref [ 30 ] with 0.49 Vcm.
e note that we follow Ref [ 30 ] and exclude the power loss due
o the contact resistance of 40% that gives the factor of 0.6 in our
alculation. 

 Conclusions 

 non-volatile Mach-Zehnder switch based on the phase change
aterial Sb2 Se3 and integrated graphene heaters was demon-
trated. We observed large phase shifts of Δφ = 0.7 π with VπL
 0.56 Vcm, and an extinction ratio of 28 dB. The Sb2 Se3 was
radually crystallized with the graphene microheater, enabling
ontrollably tuning of the MZI output. Furthermore, we used
 wafer scale process for the fabricated non-volatile switches
llowing for scalability. With that, the study sets the stage for
uture optimization and investigation of reliability and tuning
f the non-volatile switch. One way for optimizing is to reduce
he relatively thick separation layer between graphene and
CM. To simultaneously protect and ensure reliability of the
raphene in long-term, see ref [ 57, 58 ], one can use a thick
l2 O3 encapsulation above the graphene and etch it down in
dvanced Optical Materials, 2026
the region of the PCM, thus, requiring one more lithography
and etching step. A second optimization is to reduce the heater
width (see Figure S6 in the Appendix) or contact resistance
(see Ref [ 42, 64, 65 ].) and, hence, make the graphene heaters
more efficient. These parameters are critical for the use of
the switch in emerging applications like photonic networks,
optical memory, filters with permanent trimming or optical
FPGAs. 
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