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ABSTRACT
The rapid rise of artificial intelligence, and in-memory computing has reinvigorated research on scalable, energy-efficient, and
reconfigurable photonic hardware. Non-volatile phase-change materials (PCMs) are attractive, as they offer large refractive index
contrast, wavelength-scale footprints, and zero static power consumption. However, current PCM-based electrically controlled
photonic devices are plagued by high insertion loss and low endurance. One prevalent hypothesis for these material limitations
come from electromagnetic scattering in the interface and large programming volumes, respectively. Here, we validate this
hypothesis by showing that nano-structuring of PCM minimizes optical loss and enhances the endurance. By tapering both ends
of a wide bandgap PCM Sb2Se3 segment on a silicon waveguide, we suppressed the insertion loss by ≈94% (resulting in a loss
of ≈0.1 dB per π phase shift). Through combining tapering and segmentation, we achieved high optical modulation amplitude
(≈70%), low loss (≈0.5 dB per π phase shift), low-voltage (<5 V) actuation, and record high endurance greater than 100 million
cycles. This work showcases the substantial advantage of nanopatterning PCMs to attain low loss and high cyclability.
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Introduction

he exponential growth of artificial intelligence (AI), and in-
emory computing is reshaping modern computation, placing
nprecedented demands on hardware efficiency, bandwidth, and
calability [1–6]. As AI models scale to billions of parameters and
ata-intensiveworkloads spread from cloud to edge, performance
s increasingly limited by data movement [7–19]. This has led
o the memory wall—where processor speed outpaces memory
andwidth—a major barrier to throughput and energy efficiency
20, 21]. Conventional copper interconnects further exacerbate
he problem through resistive losses and limited bandwidth [22–
6], underscoring the need for new architectures like optical
nterconnects to overcome these bottlenecks [1, 27–30].
his is an open access article under the terms of the Creative Commons Attribution License, which perm
ited.
2026 The Author(s). Advanced Materials published by Wiley-VCH GmbH

dvanced Materials, 2026; 38:e22895
ttps://doi.org/10.1002/adma.202522895
Photonic integrated circuits (PICs), which exploit the inherent
advantages of light—ultra-high bandwidth, low latency, and
negligible propagation loss—enable efficient, high-throughput
data transport [31–39]. While PICs have revolutionized commu-
nication, realizing their full potential for workloads like pro-
gramming, neuromorphic computing, and in-memory processing
requires programmable and reconfigurable components [29, 40–
46]. This need has catalyzed the emergence of non-volatile pro-
grammable PICs, embedding memory-like functionality directly
into photonic hardware, for scalable optical computing and signal
processing [46–52].

Chalcogenide-based PCMs such as germanium–antimony–
telluride (Ge2Sb2Te5, GST), Ge2Sb2Se4Te1 (GSST), antimony
its use, distribution and reproduction in any medium, provided the original work is properly
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ulfide (Sb2S3, Sb2S3), and antimony selenide (Sb2Se3, Sb2Se3)
41, 47, 48] enable large, non-volatile, reversible refractive
ndex changes (Δn) between micro-structural amorphous and
rystalline states, supporting strong phase and amplitude
odulation in micron-scale footprints [48, 53–55]. They can be
witched optically (ps–µs laser pulses) or electrically (integrated
icroheaters), with non-volatile states that persist without
tatic power consumption [56–60] —unlike conventional tuning
echanisms like thermo-optic effect, free-carrier dispersion,
r the Pockels effect, that require continuous biasing [61–66].
ombined with broadband response and CMOS compatibility,
CMs underpin reconfigurable platforms such as programmable
hotonic gate arrays [35]. Yet, PCM-based photonics still faces
ritical bottlenecks [35, 48, 67]. Despite its high refractive index
ontrast (Δn ≈ 2.7) and fast programming, telluride-based PCMs
xemplified by GST [35, 59, 68] suffers from strong crystalline
bsorption (>≈ 2.5–3 dB per π phase shift) due to a narrow
andgap (Eg ≈ 0.5–0.7 eV), degrading signal quality and limiting
ascading [57, 69]. Endurance is also restricted (≈105 cycles [70])
ue to programming-induced delamination, dewetting, and
lemental segregation [48, 71, 72], while continuous PCM films
re more prone to these failure mechanisms [35, 67, 73, 74].

n response, recent research has pursued low-loss, wide-bandgap
CMs and device-level innovations. Sb2S3 (Eg ≈ 2.0 eV), offers
ess than 1 dB loss per π phase shift; negligible crystalline-state
bsorption but smaller Δn (0.4–0.5) and higher programming
nergy [29, 48, 70, 73–75]. In contrast, Sb2Se3 (Eg ≈ 1.2 eV)
ombines near-zero loss, relatively high Δn (≈0.7–1), and good
hermal stability, balancing loss, efficiency and scalability [31,
9, 75, 77–79]. At the device level, patterned PCM patches and
dvanced heaters (e.g., graphene and Si PIN) have lowered
rogramming energies to the nJ regime [46, 48, 70, 71, 75,
0, 81]. Recent work has also introduced segmented Sb2Se3
tructures to enhance cycling endurance in non-volatile photonic
witches, demonstrating stable operation up to ≈104 cycles [77].
ubwavelength PCM structuring has also been explored to reduce
nsertion loss and improve switching contrast in microring-based
latforms [77, 81]. System-levl demonstrations span reconfig-
rable routing, beam steering, and neuromorphic processing,
nd field-programmable microringWDM transceivers leveraging
onolithically integrated phase-change materials [82], while
latform-level integration on 300-mmsilicon photonics and back-
nd-of-line (BEOL) deposition further improves manufacturabil-
ty [35, 67, 76, 83, 84]. Yet no architecture simultaneously achieves
ltra-low loss, high endurance, and strong contrast—key metrics
or scaling PCM–PICs into high-performance programmable
hotonic systems.

n this work, we investigate nano-patterned Sb2Se3-clad sili-
on microring resonators with optimized PIN heaters for pro-
rammable photonics at telecommunication-band (1.5–1.6 µm).
e hypothesize that uniform, laterally tapered films of PCM will
nable low loss (quantified by the PCM-induced insertion loss
er π phase shift) by circumventing modal mismatch in a waveg-
ide and segmented islands can increase the endurance due
o reduced thermal, mechanical and chemical inhomogeneity.
e experimentally validated our hypothesis and demonstrated
reduced insertion loss (≈0.5 dB per π phase shift) while
istributing thermal load across smaller PCM segments to simul-
aneously achieve high endurance (>108 cycles), strong optical
of 11
modulation amplitude (≈70%), and small programming energies
of 33 nJ (amorphization) and 25 µJ (crystallization). By resolving
the loss–endurance–contrast inter-dependence, this architecture
advances PCM–PIC scalability for programmable photonics.

2 Results and Discussion

We first independently evaluate both experimentally and in
simulation, two distinct PCM–waveguide integration strategies—
(i) laterally (i.e., in-plane) tapered continuous thin film, and
(ii) segmented islands—using Sb2Se3 integrated on siliconmicror-
ing resonators. Then we combine both patterns to create tapered
Sb2Se3 segments. We actuate the phase transition using PIN
microheater geometry (Figure 1a). The heater consists of a 1 µm-
wide intrinsic silicon (i-Si) region, with lateral separations of 0.2
and 0.3 µm from the partially etched waveguide edge to the p++
and n++ doped regions, respectively. This asymmetric spacing of
the doping regions is intentional, concentrating carrier-induced
heating near the high-field region while keeping the more
loss-inducing n-type carriers farther away, thereby enhancing
heating efficiency without sacrificing optical quality factor. The
same heater length was used for all devices, and the heater
was implemented as a continuous (non-segmented) structure
to ensure uniform thermal distribution across the PCM region
(details in Section S3 and Figure S7).

In the segmented PCM designs (Figure 1b,c), the Sb2Se3 layer
was patterned into a series of discrete islands placed along the
microring. Each island comprises a central flat region of Sb2Se3
flanked by laterally tapered ends that provide a smooth transition
between the PCM-loaded and the bare silicon waveguide, thereby
minimizing scattering losses at the interfaces. Figure 1b shows the
3D view of the intrinsic silicon ring integrated with these tapered
Sb2Se3 islands, while Figure 1c presents a zoomed-in view of a
single island highlighting the taper and non-tapered sections. For
a fair comparison across devices, the total PCM coverage length
(Ltotal) is kept the same as 10 µm.For deviceswithmultiple islands,
the effective length per island (Li) is given by Equation (1).

𝐿𝑖 =
𝐿total
𝑁

(1)

where N is the number of islands. Each island further consists of
a central PCM section of length Lc and two tapered ends with a
combined length Lt. Thus, for tapered island designs, the total
island length is given by Equation (2). The corresponding non-
tapered island configuration, consisting of PCM patches with
abrupt interfaces to the silicon waveguide, is shown in Section
S1 of Figure S1.

𝐿𝑖 = 𝐿𝑐 + 𝐿𝑡 =
𝐿total
𝑁

(2)

Figure 2 summarizes the structural characterization of the
fabricated Sb2Se3-integrated microring resonators. The optical
micrograph (Figure 2a) shows the integrated PIN microheater
and patterned PCM region, confirming uniform device fabrica-
tion. The scanning electron microscope (SEM) image (Figure 2b)
highlights precise alignment of Sb2Se3 islands over the par-
tially etched Si waveguide with smooth island edges and clean
lift-off, indicative of high-quality patterning. The atomic force
Advanced Materials, 2026
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FIGURE 1 A silicon microring resonator loaded with 20 nm thick and 450 nm wide Sb2Se3 layer, patterned into discrete islands. (a) Schematic
of silicon ring resonator loaded with tapered Sb2Se3 islands and actuated by optimized silicon PIN heater for low power, low loss and high endurance
programming. (b) Zoom-in view of intrinsic silicon ring integrated with tapered Sb2Se3 islands. (c) Zoom-in view of a Sb2Se3 island with and without
tapering. The non-tapered PCM has abrupt interfaces that cause sudden refractive-index discontinuities, while the tapered PCM introduces a gradual
index transition from silicon to Si–Sb2Se3 composite and back, reducing modal overlap and interfacial scattering losses. Ltotal = Lc + Lt Ltotal = Lc+ Lt,
where Ltotal is the total length of the PCM on the silicon waveguide, Lc and Lt are the length of the flat PCM region and the tapers, respectively. For
non-tapered islands Lt = 0 and Ltotal = Lc.
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icroscopy (AFM) scans of laterally taperedmultiple-island PCM
tructures. The higher-magnification AFM scan (Figure 2c,d)
urther confirms the designed taper geometry, 1-µm inter-island
pacing, and uniformPCM thickness of≈20± 1 nmwithminimal
<1 nm) variation, demonstrating excellent deposition uniformity
nd strong Sb2Se3–Si adhesion (see Figure S12).

dditional microscope, SEM and AFM characterizations of
evices with different island numbers and geometries (Figures
9–S13) validate consistent morphology and alignment across all
ntegration schemes. We restrict our quantitative analysis to 11
slands to ensure consistency among the geometry. Due to the
ixed total length of 10 µm, more islands lead to a rhomboidal
hape with zero center parts (see Figure S14 for 13 islands).

.1 Effect of Tapered PCM Ends

he schematic (Figure 3b, inset) illustrates the taper expanding
rom near-zero width to ≈450 nm while maintaining a 20 nm
hickness. This gradual index transition reduces modal overlap
ith Sb2Se3 (Figure 1c), thereby minimizing interfacial scattering
nd slightly lowering phase modulation [85–88].

igure 3a shows averaged transmission spectra over 10 pro-
ramming cycles of a device with taper length Lt = 0.8 µm for
morphous (a-Sb2Se3) and crystalline (c-Sb2Se3) states. Electrical
dvanced Materials, 2026
programming used optimized pulses: 1.5 ms at 1.28 V for crys-
tallization and 400 ns at 2.83 V for amorphization, producing a
resonance shift Δλ ≈ 0.25 nm. The programming voltages were
determined by gradually increasing the applied bias from slightly
above the diode turn-on voltage (≈0.8 V) while monitoring the
resonance spectra and selecting the minimum voltage at which
Δλ reached a repeatable saturation value. These saturation-based
criteria ensured complete crystallization and amorphization for
each geometry and avoided partial phase transitions.

It is important to note that after the initial few thousand
cycles, crystallization could be achieved using much shorter
microsecond pulses (≈80 µs) at the same applied voltage. Periodic
wavelength sweeps confirmed that the resonance shift (Δλ),
phase shift, and extinction ratio remained unchanged, indicating
that both pulse durations yield an identical saturated crystalline
optical state. This behavior reflects an early-cycle conditioning
phase—likely associated with partial structural ordering and
reduced nucleation barriers—after which the device reaches a
stabilized switching regime. The programming voltage remains
unchanged throughout extended cycling, and the shortened pulse
width enables reduced programming energy without affecting
optical performance. To quantify the effect of tapering on loss and
phase modulation, we extracted the optical parameters of single
Sb2Se3 segments from resonance spectra (details in Section 4.3).
At longer taper lengths, the Q values for the crystalline and
amorphous states were nearly identical (Qa ≈ 1.54 × 104, Qc≈
3 of 11

e C
om

m
ons L

icense



FIGURE 2 Images of the Sb2Se3 integrated silicon ring resonator. (a) Optical microscope image of a silicon microring, showing the microring,
grating couplers, and electrical contacts. (b) Scanning electron microscope (SEM) image providing a zoomed-in view of the heater section, highlighting
the precise alignment of Sb2Se3 islands atop the Si waveguide within the PIN region. The Sb2Se3 thin film, n++, and p++ doped silicon regions are
represented by false colors (violet, yellow, and green, respectively). (c) Atomic force microscope (AFM) topography image showing the array of Sb2Se3
islands with lateral tapering on the silicon ring, confirming uniform deposition and well-defined taper geometry. (d) Zoomed-in AFM image of a single
tapered Sb2Se3 island, illustrating the smooth transition profile introduced by the taper design.

FIGURE 3 Effect of tapered ends on optical loss and phase modulation in a microring resonator with a single integrated Sb2Se3 segment. (a).
Measured transmission spectra of the microring resonator in the crystalline (SET) and amorphous (RESET) states of Sb2Se3. Crystallization (orange)
was achieved with a 1.5 ms pulse at 1.28 V (≈13 mA; 24.96 µJ), while amorphization (blue) was induced using a 400 ns pulse at 2.83 V (≈29 mA; 33.87 nJ).
A resonance wavelength shift (Δλ) of ≈0.25 nm between the two states corresponds to an induced phase shift (Δ𝜙) of ≈0.16 π. Spectra are averaged over
ten programming cycles; shaded regions denote standard deviation (b). Extracted PCM round-trip optical loss (left axis) and corresponding phase shift
(right axis) as a function of tapering length for a single 10 µm-long Sb2Se3 segment. Amonotonic reduction in scattering loss—from≈1.6 to≈0.1 dB per π
phase shift—is observed with increasing taper length, attributed to smoother refractive-index transitions at the PCM–Si interfaces. However, the phase
shift decreases from 0.187π to 0.156π due to the reduced effective PCM interaction length. The dotted lines represent linear trend, and the inset shows a
3D schematic of the microring resonator with a single tapered Sb2Se3 segment.

4 of 11 Advanced Materials, 2026
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FIGURE 4 Measured PCM-induced round-trip loss (in dB per π
phase shift) versus number of Sb2Se3 islands integrated on a silicon
microring resonator, for non-tapered (blue) and tapered (orange) PCM
island configurations. In both cases, the loss increases monotonically
with island count due to additional Si/PCM interfaces, but the magnitude
is significantly smaller for the tapered design. Linear trend yield slopes
of 0.112 dB per island for non-tapered and 0.041 dB per island for
tapered configurations, corresponding to a nearly three-fold reduction
in interface-induced scattering. The effective optical phase shift (∆ϕ)
slightly decreases from ≈0.187π in non-tapered to ≈0.15π in tapered
devices, attributed to the reduced effective PCM length in the latter.
Insets illustrate the two geometries: (top) non-tapered Sb2Se3 islands with
abrupt Si/PCM junctions and (bottom) tapered Sb2Se3 islands providing
smooth adiabatic transitions that minimize mode mismatch.
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.51 × 104 for Lt = 0.8 µm; see Section S5.7 for PIN-integrated
are microring reference measurements), indicating strong sup-
ression of scattering losses, while the corresponding phase shift
≈0.156π) and normalized loss (0.064 dB perπ phase shift) further
onfirm the effectiveness of long tapers in minimizing interfacial
cattering.

igure 3b summarizes the extracted PCM-induced loss (left axis)
nd phase shift (right axis) as a function of tapering length
t (0–0.8 µm), keeping the total PCM length Ltotal = 10 µm
onstant. For each taper length, the SET and RESET voltages
ere independently optimized to reach a saturated and repeatable
λ prior to extracting optical parameters, ensuring that all
eometries were evaluated at their fully switched terminal states.
monotonic reduction in scattering loss—from ≈1.6 dB per π
hase shift (no taper) to ≈0.1 dB per π phase shift (Lt = 0.8 µm)—
s observed, consistent with smoother index transitions at the
apered interfaces. However, since longer tapers reduce not only
he effective PCM interaction length but also the total PCM area
hat overlaps the guided mode, the net phase shift decreases
rom ≈0.187 π to ≈0.156 π, consistent with an approximately
onstant phase shift per unit PCM area. The dotted lines rep-
esent linear trends, with error bars showing variations across
hree devices per taper length. Beyond Lt = 0.8 µm, additional
apering yields minimal further loss reduction but a significant
ecline in phase shift (Figure S16), emphasizing the trade-
ff between scattering-loss mitigation and phase-modulation
fficiency.

.2 Effect of PCM Islands: Tapered and
on-Tapered

hen we explore the effect of segmentation on the device
erformance. We expect to achieve higher endurance due to
educed thermal, mechanical and chemical inhomogeneity in
maller PCM islands, which not only mitigates local stress
ccumulation and interfacial degradation but also suppresses
tomic diffusion owing to the smaller volume, fewer atoms, and
horter diffusion lengths. First, we tested the segmentation with
on-tapered islands on amicroring resonator and then compared
heir performance with tapered segmentation. The islands were
istributed uniformly along the ring with 1 µm gaps separating
djacent PCM segments. We investigated four configurations—1,
, 7, and 11 islands, keeping the total PCM length fixed at 10 µm
Details in Table S1).

igure 4 compares the PCM-induced excess loss per π phase shift
𝛼
′

PCM) for tapered and non-tapered segments. For both cases, the
oss increases monotonically with the number of islands due to
he greater number of Si/PCM junctions introducing additional
cattering. However, the magnitude of loss is dramatically lower
n the tapered case and further validates our hypothesis that
apering reduces loss due to less modal mismatch. The device
ith 11 tapered Sb2Se3 islands exhibits an excess loss of only
0.53 dB per π phase shift, compared to ≈2.77 dB per π phase
hift for its non-tapered equivalent. The linear trend yields a
lope of ≈0.11 dB per island for non-tapered devices compared
o only ≈0.04 dB per island for tapered devices. We note that,
owever, the effective optical phase shift (Δ𝜙) is slightly smaller
or the tapered configuration (≈0.15π) than for the non-tapered
dvanced Materials, 2026
case (≈0.19π), since tapering reduces the PCM’s effective optical
length (see Section S5.4).

Figure 5 presents the endurance and contrast characteristics
of the segmented PCM devices, while keeping a constant total
PCM length of 10 µm. The programming conditions were first
optimized for each geometry using fixed pulse durations (1.5 ms
for crystallization and 400 ns for amorphization) while incre-
mentally adjusting the applied voltage to achieve a saturated and
repeatable resonance wavelength shift (Δλ). The optimized pro-
gramming voltage was then kept constant throughout endurance
cycling.

Minor variations were observed during the first ≈10–20
cycles, attributed to structural relaxation and interface
stabilization. These cycles are defined as an initialization
phase and are excluded from the endurance count. After
stabilization, endurance measurements are performed under
fixed programming conditions. We further observe that the
same saturated Δλ can be achieved with a shorter crystallization
pulse (≈80 µs) at the same voltage; this reduction is determined
prior to endurance testing and does not involve real-time
feedback or adaptive tuning during cycling. Owing to the high
PCM film uniformity achieved via thermal evaporation and
the thick (≈100 nm) ALD Al2O3 encapsulation, stable and
repeatable switching was established after the initiation phase
and maintained throughout extended cycling. Detailed pulse and
voltage optimization procedures are provided in Section S4.5.
5 of 11
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FIGURE 5 Comparison of endurance and optical contrast between non-tapered and tapered Sb2Se3 island configurations integrated on silicon
microring resonators. (a) Measured contrast ratio versus programming cycles for devices with 1, 2, 7, and 11 non-tapered Sb2Se3 islands (constant total
PCM length= 10 µm). Increasing the number of islands enhances endurance from≈3 × 105 cycles (1 island) to> 4 × 107 cycles (11 islands), accompanied
by a moderate rise in programming voltage from Va = 2.85 V (1 island) to 4.58 V (11 islands) and Vc = 1.30 V (1 island) to 1.95 V (11 islands). However, the
contrast ratio decreases from ≈78% to ≈20% as island count increases, due to additional Si/PCM interfaces introducing scattering losses. (b) Measured
contrast ratio versus programming cycles for devices with 1, 2, 7, and 11 tapered Sb2Se3 islands. Tapered islands exhibit substantially higher endurance
(>108 cycles for 11 islands) and improved optical contrast (≈70% for 11 islands) while requiring lower programming voltages (Va = 2.83 V, Vc = 1.28 V
→ Va = 4.15 V, Vc = 1.62 V) than their non-tapered counterparts. Va and Vc denotes the programming voltage for amorphization and crystallization
respectively. Insets show 3D schematics of the two geometries: (top) non-tapered Sb2Se3 islands with abrupt Si/PCM boundaries and (bottom) tapered
Sb2Se3 islands enabling smooth adiabatic-like optical mode transitions. (c) Absolute transmission levels of the amorphous (RESET) and crystalline
(SET) states for the 11-island tapered device corresponding to panel (b), measured at a fixed wavelength initially set near the resonance minimum. The
persistent separation between the two states over >108 cycles confirms stable and reversible switching, while fluctuations at higher cycle counts arise
from detuning between the fixed wavelength and the resonance position during cycling. The optical contrast was calculated as η = (Tc − Ta)/(Tc +
Ta), where Tc and Ta correspond to the steady-state transmission levels measured at the same fixed probe wavelength after crystallization (SET) and
amorphization (RESET), respectively (see Section S5.6 for absolute transmission levels).
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n both tapered and non-tapered devices, the programming
oltage and power increase with the number of islands because
onger heater length is used for segmented designs to accom-
odate the additional spacings between PCM islands (Table S1),
nlarging the heated volume during programming. However,
his voltage increase is much more pronounced in non-tapered
evices, reaching≈4.58 V for amorphization in the 11-island case,
ompared to only ≈4.1 V for the tapered counterpart (Table S2).
he lower voltage requirement in tapered devices is attributed
o smoother Si– Sb2Se3 transitions that improve thermal con-
inement and enable more efficient heat delivery to the PCM
of 11
region, allowing programming at reduced input voltage and
energy.

Segmentation greatly enhances endurance as we hypothesized
earlier in the paper. The improvement is evident in both geome-
tries: endurance increases from ≈3 × 105 cycles for a single
continuous PCM film to> 4× 107 cycles for 11 non-tapered islands
and exceeds ≈108 cycles for 11 tapered islands, setting a record for
electrically controlled optical PCM devices. The latter represents
more than a 2.5-fold enhancement in endurance compared with
the non-tapered case. The resonance shift for the device with
Advanced Materials, 2026
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1-tapered islands decreases slightly from ≈0.23 to ≈0.20 nm over
xtended cycling, corresponding to only a minimal reduction in
hase shift from ≈0.143π to ≈0.125π, confirming that reversible
hase modulation is preserved even at high cycle counts (Figure
18). The experiment for the device was stopped before the
evice failed only due to the interest of time. The sustained
ptical contrast, together with the stable resonance wavelength
hift (Δλ) measured at logarithmically sampled intervals, con-
irms reversible phase modulation during extended cycling up
o 108 cycles. (Figures S18–S20). The superior endurance in
apered devices possibly stems from two synergistic factors: (i)
educed stress owing to smaller active PCM volumes, which
uppresses failure due to film delamination and PCM dewetting
74]; and (ii) minimized elemental segregation due to decreased
emperature gradient and thermal diffusion. Post-cycling SEM
haracterization further demonstrates that the introduction of
apering and segmentation progressively improves structural
tability, in agreement with the measured endurance scaling
Figure S15).

e also calculated the optical modulation amplitude [86, 85] (i.e.,
he optical contrast) 𝜂 = 𝑇c−𝑇a

𝑇c+𝑇a
, with Tc and Ta being the reso-

ant transmission amplitudes in the crystalline and amorphous
tates, respectively (see Section S5.5 for measurement details).
he contrast ratio exhibits a slight decrease with increasing
sland number for both configurations, because segmentation
ntroducesmultiple Si–PCM interfaces and shorter PCM sections,
hich reduce the effective optical confinement within each
sland and increase interfacial scattering, thereby lowering the
verall contrast. Nevertheless, tapered islands consistently yield
much higher contrast ratio—for example, ≈70% for 11 tapered
slands versus≈20% for their non-tapered counterparts—because
apering suppresses interfacial scattering at the Si/PCM junc-
ions, thereby reducing PCM-induced excess loss and keeping the
esonator closer to its critical-coupling condition. This enables
igher contrast compared to the non-tapered counterpart, even
hough the PCMmode overlap per island is slightly smaller.

egmenting the PCM layer into discrete islands markedly
mproves endurance by mitigating thermal-mechanical fatigue,
nd chemical inhomogeneity—thereby mitigating local stress,
nterfacial degradation, and elemental segregation—while taper-
ng each island minimizes scattering losses and enhances optical
odulation contrast. Although both geometries show increasing
rogramming voltage with the number of islands, the rise is
ubstantially smaller in the tapered design because smoother
i–Sb2Se3 transitions improve thermal confinement and heat
elivery efficiency. Consequently, tapered PCM islands achieve a
avorable combination of endurance (>108 cycles), contrast ratio
≈70%), optical loss (≈0.5 dB per π phase shift), and programming
oltage (≈4 V), outperforming non-tapered devices across all
etrics.

ndurance in Figure 5 are measured using a laser parked
t a slightly detuned wavelength (≈1555.72 nm) to avoid self-
eating-induced drift during prolonged cycling. This results in
reduced apparent contrast (≈6 dB) compared to the extinction
atio (≈12 dB) at the resonance dip. The corresponding spectral
volution (Δλ) and absolute transmission levels are provided in
igures S18–S20.
dvanced Materials, 2026

ati
These findings establish tapered segmentation as a robust,
CMOS-compatible strategy for realizing high-endurance, low-
loss, and high-contrast non-volatile photonic phase shifters.

3 Outlook

Looking ahead, fabrication refinements such as reducing the
inter-island gap from 1 to ≈0.2 µm—feasible via precision dry
etching—could lower the overall thermal mass, thereby reducing
programming voltage and power [89]. Simulations indicate that
such scaling can recover part of the lost contrast ratio and further
reduce the normalized round-trip loss to≈0.1 dB perπ phase shift,
approaching the performance of an optimized single-tapered
segment while retaining the high endurance of multi-island
designs (see Section S2.2, Figures S3 and S4). Furthermore, imple-
menting fully automated endurancemeasurement systemswould
minimize alignment drift and manual intervention, enabling
continuous stress testing to a billion cycles and beyond.

Beyond binary modulation, partial crystallization of Sb2Se3
enables well-defined intermediate states that can support multi-
level optical tuning. While the present work focuses on binary
operation to isolate endurance and loss scaling, segmentation
may further improve state granularity by confining switching
to smaller PCM volumes. This architecture therefore presents a
promising pathway toward stable multilevel operation for high-
density optical computing and neuromorphic photonic systems.

We have systematically investigated the nanopatterning tech-
nique in Sb2Se3-based nonvolatile phase shifters in terms of
several key optical metrices, including insertion loss, optical
modulation amplitude, phase modulation, programming voltage
and endurance. These include (i) a single continuous PCM
segment with tapers at both ends, (ii) segmentation into multiple
islands in tapered and non-tapered forms. In the single-segment
design, extending the taper length effectively suppressed junction
scattering, reducing excess loss to ≈0.1 dB per π phase shift with
minimal optical phase-shift reduction (≈15%). In the non-tapered
multi-island design, we showed that segmentation enhances
endurance by reducing the PCM volume switched, but at the
cost of increased optical loss and reduced contrast ratio due
to introduction of multiple PCM/Si junctions. By introducing
tapers to each island, we achieved low optical loss and record-
high endurance in the level of billion cycles. Through such
nanoengineering, we establish a practical and manufacturable
design paradigm for PCM-based programmable silicon photonics,
bridging the gaps in endurance, insertion loss, programming
voltage and scalability. Our work thus offers a compelling route
toward next-generation reconfigurable photonic systems for AI
acceleration, optical computing, and large-scale programmable
photonic networks.

4 Experimental Section/Methods

4.1 Fabrication Methods

All device variantswere fabricated on 220 nm silicon-on-insulator
(SOI) chips with a 2 µm buried oxide, allowing quantitative
7 of 11
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omparison. The detailed fabrication steps are shown in Figure
6. The 500 nm-wide bus waveguides and microrings were pat-
erned via electron-beam lithography (EBL), followed by fluorine-
ased inductively coupled plasma etching,which left a 100 nm sil-
con slab for doping. All microrings have a bus-ring gap of 260 nm
o achieve near-critical coupling. The p++ and n++ regions of
he integrated microheater were defined by ion implantation,
ollowed by Ti/Pd metallization for electrical contacts. In an
ptimized geometry for COMS compatible voltage, the p++ and
++ doping regions are offset from thewaveguide edge by 0.2 and
.3 µm, respectively, leading to an intrinsic region of≈1 µm[48]. A
ross-sectional schematic of the optimized lateral PINheater inte-
rated with the Si waveguide is shown in Figure S7, highlighting
he asymmetric dopant placement used to balance thermal con-
inementwith low optical loss. The PINmicroheaters have a turn-
n voltage (≈0.8 V) and low series resistance (≈50Ω) in Figure S8.

b2Se3 regions were introduced in a fifth EBL step using a
ilayer lift-off process to define tapered and non-tapered islands.
bilayer resist stack comprising a copolymer of poly(methyl
ethacrylate-co-methacrylic acid) [P(MMA–MAA)] (≈200 nm,
ritten at exposure level 8 (EL8) with aperture 6 (A6, ≈200 nm
eam size)) and a top layer of poly(methyl methacrylate) (PMMA
50KA4,≈200nm)was spun sequentially to produce a controlled
ndercut profile, thereby improving lift-off quality and pattern
eproducibility. The bi-layer lithography allowed the creation
f small features, including the sharp taper ends and PCM
slands with sub-100 nm edge fidelity. Additional details on
b2Se3 deposition and thin-film characterization are provided in
ection S3.1.4. The PCM width was chosen to be 50 nm smaller
han the silicon waveguide to compensate for overlay tolerance
nd lift-off variation. Finally, the PCM was encapsulated by
100 nm of Al2O3 deposited by atomic layer deposition (ALD) at
50◦C, preventing oxidation and thermal reflow—both essential
or maintaining high endurance. Additional fabrication details
re provided in Section S3.

.2 Optical Transmission Measurements

ptical characterization was performed using a vertical fiber-
oupling setup angled at 25◦, integrated with a thermoelectric
ontroller (TEC; TE Technology TC-720) to maintain the stage
emperature at 26◦C. A tunable continuous-wave laser (Santec
SL-510) provided the input light, with its polarization optimized
sing a manual fiber polarization controller (Thorlabs FPC526)
o maximize coupling efficiency. The transmitted power was
ecorded using a low-noise power meter (Keysight 81634B). For
lectrical programming, voltage pulses from a pulse function
rbitrary generator (Keysight 81160A) were delivered to on-chip
etal contacts via microprobes (Cascade Microtech DPP105-
-AI-S). All instruments—including the laser, power meter,
EC, and pulse generator—were automated through a LabVIEW
nterface [90]. A detailed description of the optical measurement
etup can be found in Section S3.2.

.3 Extraction of Optical Parameters: Quality
actor, Loss, and Phase Shift

his section outlines the procedure used to extract the quality
actor (Q), excess round-trip loss due to the PCMs (αPCM), phase
of 11
shift (∆ϕ) induced by PCM, and normalized round-trip loss
(𝛼′PCM) for all device geometries discussed in the main text.
The analysis was applied consistently across single-segment,
non-tapered, and tapered island configurations.

The loaded quality factor (Q) was extracted by fitting Lorentzian
to the resonance dips in the transmission spectrum, using
Equation (3) [91].

𝑄 =
𝜆0

FWHM
(3)

where λ0 is the resonant wavelength and the FWHM is the full
width half maximum in nanometers.

Since the resonator operates near critical coupling, the excess
round-trip loss due to the PCMs (αPCM) was evaluated from the
Q-factors of the two states using Equation (4) [49]

𝛼𝑃CM (dB) =
2𝜋𝜆0
FSR

(
1

𝑄𝑐

− 1

𝑄𝑎

)
× 10

ln (10)
(4)

where, Qc and Qa represent the Q-factor for crystalline and
amorphous states, respectively.

The phase shift (Δ𝜙) induced by PCM was calculated using
Equation (5) [48].

Δ𝜙 = Δ𝜆

FSR
× 2𝜋 (5)

To enable a fair comparison across all taper geometries, the loss
was normalized to a per-π phase shift basis using Equation (6).

𝛼′PCM (𝑑𝐵∕𝜋) =
𝛼PCM (𝑑𝐵)

Δ𝜙∕𝜋
(6)

For example, at Lt = 0.8 µm, the phase shift was ≈0.156 π and
the normalized loss 0.064 dB per π phase shift (αPCM ≈ 0.01 dB),
confirming that long tapers effectivelyminimize Si-PCM junction
scattering.
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