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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 Sb,Se; segment on a silicon waveguide, we suppressed the insertion loss by ~94% (resulting in a loss

of ~0.1 dB per 7 phase shift). Through combining tapering and segmentation, we achieved high optical modulation amplitude
(~70%), low loss (~0.5 dB per 7 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.

1 | Introduction

The exponential growth of artificial intelligence (AI), and in-
memory computing is reshaping modern computation, placing
unprecedented demands on hardware efficiency, bandwidth, and
scalability [1-6]. As AI models scale to billions of parameters and
data-intensive workloads spread from cloud to edge, performance
is increasingly limited by data movement [7-19]. This has led
to the memory wall—where processor speed outpaces memory
bandwidth—a major barrier to throughput and energy efficiency
[20, 21]. Conventional copper interconnects further exacerbate
the problem through resistive losses and limited bandwidth [22-
26], underscoring the need for new architectures like optical
interconnects to overcome these bottlenecks [1, 27-30].

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 (Ge,Sb,Te;, GST), Ge,Sb,Se,Te; (GSST), antimony
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sulfide (Sb,S;, Sb,S;), and antimony selenide (Sb,Se;, Sb,Se;)
[41, 47, 48] enable large, non-volatile, reversible refractive
index changes (An) between micro-structural amorphous and
crystalline states, supporting strong phase and amplitude
modulation in micron-scale footprints [48, 53-55]. They can be
switched optically (ps-us laser pulses) or electrically (integrated
microheaters), with non-volatile states that persist without
static power consumption [56-60] —unlike conventional tuning
mechanisms like thermo-optic effect, free-carrier dispersion,
or the Pockels effect, that require continuous biasing [61-66].
Combined with broadband response and CMOS compatibility,
PCMs underpin reconfigurable platforms such as programmable
photonic gate arrays [35]. Yet, PCM-based photonics still faces
critical bottlenecks [35, 48, 67]. Despite its high refractive index
contrast (An ~ 2.7) and fast programming, telluride-based PCMs
exemplified by GST [35, 59, 68] suffers from strong crystalline
absorption (>~ 2.5-3 dB per 7 phase shift) due to a narrow
bandgap (E, ~ 0.5-0.7 eV), degrading signal quality and limiting
cascading [57, 69]. Endurance is also restricted (~10° cycles [70])
due to programming-induced delamination, dewetting, and
elemental segregation [48, 71, 72], while continuous PCM films
are more prone to these failure mechanisms [35, 67, 73, 74].

In response, recent research has pursued low-loss, wide-bandgap
PCMs and device-level innovations. Sb,S; (E, ~ 2.0 V), offers
less than 1 dB loss per 7 phase shift; negligible crystalline-state
absorption but smaller An (0.4-0.5) and higher programming
energy [29, 48, 70, 73-75]. In contrast, Sb,Se; (E, = 1.2 eV)
combines near-zero loss, relatively high An (~0.7-1), and good
thermal stability, balancing loss, efficiency and scalability [31,
59, 75, 77-79]. At the device level, patterned PCM patches and
advanced heaters (e.g., graphene and Si PIN) have lowered
programming energies to the nJ regime [46, 48, 70, 71, 75,
80, 81]. Recent work has also introduced segmented Sb,Se;
structures to enhance cycling endurance in non-volatile photonic
switches, demonstrating stable operation up to ~10* cycles [77].
Subwavelength PCM structuring has also been explored to reduce
insertion loss and improve switching contrast in microring-based
platforms [77, 81]. System-levl demonstrations span reconfig-
urable routing, beam steering, and neuromorphic processing,
and field-programmable microring WDM transceivers leveraging
monolithically integrated phase-change materials [82], while
platform-level integration on 300-mm silicon photonics and back-
end-of-line (BEOL) deposition further improves manufacturabil-
ity [35, 67, 76, 83, 84]. Yet no architecture simultaneously achieves
ultra-low loss, high endurance, and strong contrast—key metrics
for scaling PCM-PICs into high-performance programmable
photonic systems.

In this work, we investigate nano-patterned Sb,Se;-clad sili-
con microring resonators with optimized PIN heaters for pro-
grammable photonics at telecommunication-band (1.5-1.6 um).
We hypothesize that uniform, laterally tapered films of PCM will
enable low loss (quantified by the PCM-induced insertion loss
per 7 phase shift) by circumventing modal mismatch in a waveg-
uide and segmented islands can increase the endurance due
to reduced thermal, mechanical and chemical inhomogeneity.
We experimentally validated our hypothesis and demonstrated
a reduced insertion loss (0.5 dB per 7 phase shift) while
distributing thermal load across smaller PCM segments to simul-
taneously achieve high endurance (>10% cycles), strong optical

modulation amplitude (x70%), and small programming energies
of 33 nJ (amorphization) and 25 pJ (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 Sb,Se; integrated on silicon micror-
ing resonators. Then we combine both patterns to create tapered
Sb,Se; segments. We actuate the phase transition using PIN
microheater geometry (Figure 1a). The heater consists of a 1 um-
wide intrinsic silicon (i-Si) region, with lateral separations of 0.2
and 0.3 um 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 Sb,Se; layer
was patterned into a series of discrete islands placed along the
microring. Each island comprises a central flat region of Sb,Se;
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
Sb,Se; 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
(Lyotar) is kept the same as 10 um. For devices with multiple islands,
the effective length per island (L;) is given by Equation (1).

I, = el 0
where N is the number of islands. Each island further consists of
a central PCM section of length L. and two tapered ends with a
combined length L,. 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=L+L = L;]"‘” )
Figure 2 summarizes the structural characterization of the
fabricated Sb,Se;-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 Sb,Se; islands over the par-
tially etched Si waveguide with smooth island edges and clean
lift-off, indicative of high-quality patterning. The atomic force
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FIGURE 1 | A silicon microring resonator loaded with 20 nm thick and 450 nm wide Sb,Se; layer, patterned into discrete islands. (a) Schematic
of silicon ring resonator loaded with tapered Sb,Se; 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 Sb,Se; islands. (c) Zoom-in view of a Sb,Se; 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-Sb,Se; composite and back, reducing modal overlap and interfacial scattering losses. Ly, = Le + L¢ Ligga) = Le+ Ly,
where Ly, is the total length of the PCM on the silicon waveguide, L. and L; are the length of the flat PCM region and the tapers, respectively. For

non-tapered islands L; = 0 and Lyogy = Le.

microscopy (AFM) scans of laterally tapered multiple-island PCM
structures. The higher-magnification AFM scan (Figure 2c,d)
further confirms the designed taper geometry, 1-um inter-island
spacing, and uniform PCM thickness of ~20 + 1 nm with minimal
(<1nm)variation, demonstrating excellent deposition uniformity
and strong Sb,Se;-Si adhesion (see Figure S12).

Additional microscope, SEM and AFM characterizations of
devices with different island numbers and geometries (Figures
S9-S13) validate consistent morphology and alignment across all
integration schemes. We restrict our quantitative analysis to 11
islands to ensure consistency among the geometry. Due to the
fixed total length of 10 pm, more islands lead to a rhomboidal
shape with zero center parts (see Figure S14 for 13 islands).

2.1 | Effect of Tapered PCM Ends

The schematic (Figure 3b, inset) illustrates the taper expanding
from near-zero width to ~450 nm while maintaining a 20 nm
thickness. This gradual index transition reduces modal overlap
with Sb,Se; (Figure 1c), thereby minimizing interfacial scattering
and slightly lowering phase modulation [85-88].

Figure 3a shows averaged transmission spectra over 10 pro-
gramming cycles of a device with taper length L, = 0.8 um for
amorphous (a-Sb,Se;) and crystalline (c-Sb,Se;) states. Electrical

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 A1 ~ 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
Al 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 ps) at the same applied voltage. Periodic
wavelength sweeps confirmed that the resonance shift (A4),
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
Sb,Se; 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 (Q, ~ 1.54 x 10*, Q.~
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PCM Island

FIGURE 2 | Images of the Sb,Se; 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 Sb,Se; islands atop the Si waveguide within the PIN region. The Sb,Se; 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 Sb,Se;
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 Sb,Se; island, illustrating the smooth transition profile introduced by the taper design.
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FIGURE 3 | Effect of tapered ends on optical loss and phase modulation in a microring resonator with a single integrated Sb,Se; segment. (a).
Measured transmission spectra of the microring resonator in the crystalline (SET) and amorphous (RESET) states of Sb,Ses. Crystallization (orange)
was achieved with a 1.5 ms pulse at 1.28 V (~13 mA; 24.96 wJ), while amorphization (blue) was induced using a 400 ns pulse at 2.83 V (~29 mA; 33.87 nJ).
A resonance wavelength shift (A1) of 2#0.25 nm between the two states corresponds to an induced phase shift (A¢) of ~0.16 7. 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 pm-long Sb,Se; segment. A monotonic reduction in scattering loss—from ~1.6 to ~0.1 dB per 7
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 0.187x to 0.1567r 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 Sb,Se; segment.
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1.51 x 10* for L, = 0.8 um; see Section S5.7 for PIN-integrated
bare microring reference measurements), indicating strong sup-
pression of scattering losses, while the corresponding phase shift
(~0.1567) and normalized loss (0.064 dB per 7 phase shift) further
confirm the effectiveness of long tapers in minimizing interfacial
scattering.

Figure 3b summarizes the extracted PCM-induced loss (left axis)
and phase shift (right axis) as a function of tapering length
L, (0-0.8 um), keeping the total PCM length L, = 10 um
constant. For each taper length, the SET and RESET voltages
were independently optimized to reach a saturated and repeatable
AA prior to extracting optical parameters, ensuring that all
geometries were evaluated at their fully switched terminal states.
A monotonic reduction in scattering loss—from 1.6 dB per 7
phase shift (no taper) to ~0.1 dB per 7 phase shift (L, = 0.8 um)—
is observed, consistent with smoother index transitions at the
tapered interfaces. However, since longer tapers reduce not only
the effective PCM interaction length but also the total PCM area
that overlaps the guided mode, the net phase shift decreases
from =~0.187 7 to ~0.156 7, consistent with an approximately
constant phase shift per unit PCM area. The dotted lines rep-
resent linear trends, with error bars showing variations across
three devices per taper length. Beyond L, = 0.8 um, additional
tapering yields minimal further loss reduction but a significant
decline in phase shift (Figure S16), emphasizing the trade-
off between scattering-loss mitigation and phase-modulation
efficiency.

2.2 | Effect of PCM Islands: Tapered and
Non-Tapered

Then we explore the effect of segmentation on the device
performance. We expect to achieve higher endurance due to
reduced thermal, mechanical and chemical inhomogeneity in
smaller PCM islands, which not only mitigates local stress
accumulation and interfacial degradation but also suppresses
atomic diffusion owing to the smaller volume, fewer atoms, and
shorter diffusion lengths. First, we tested the segmentation with
non-tapered islands on a microring resonator and then compared
their performance with tapered segmentation. The islands were
distributed uniformly along the ring with 1 pm gaps separating
adjacent PCM segments. We investigated four configurations—1,
2,7, and 11 islands, keeping the total PCM length fixed at 10 pm
(Details in Table S1).

Figure 4 compares the PCM-induced excess loss per 7 phase shift
(a;CM) for tapered and non-tapered segments. For both cases, the
loss increases monotonically with the number of islands due to
the greater number of Si/PCM junctions introducing additional
scattering. However, the magnitude of loss is dramatically lower
in the tapered case and further validates our hypothesis that
tapering reduces loss due to less modal mismatch. The device
with 11 tapered Sb,Se; islands exhibits an excess loss of only
~0.53 dB per 7 phase shift, compared to ~2.77 dB per 7 phase
shift for its non-tapered equivalent. The linear trend yields a
slope of ~0.11 dB per island for non-tapered devices compared
to only ~0.04 dB per island for tapered devices. We note that,
however, the effective optical phase shift (4¢) is slightly smaller
for the tapered configuration (~0.157) than for the non-tapered
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FIGURE 4 | Measured PCM-induced round-trip loss (in dB per 7
phase shift) versus number of Sb,Se; 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 (A¢)
slightly decreases from ~0.1877 in non-tapered to ~0.157 in tapered
devices, attributed to the reduced effective PCM length in the latter.
Insets illustrate the two geometries: (top) non-tapered Sb,Se; islands with
abrupt Si/PCM junctions and (bottom) tapered Sb,Se; islands providing
smooth adiabatic transitions that minimize mode mismatch.

case (~0.197), 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 um. 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 (A1). The optimized pro-
gramming voltage was then kept constant throughout endurance
cycling.

Minor variations were observed during the first =x10-20
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 A4 can be achieved with a shorter crystallization
pulse (~80 ps) 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 Al,O; 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.

Advanced Materials, 2026

50f11

85U8017 SUOWILOD BAII1D 3[qeat|dde au Aq peusenob ae sejone O 8sn Jo s Jo} Arelq i 8UlUQO /8|1 UO (SUONIPUOD-PUR-SWB)/W0D A8 1M Aleiq 1jpuluo//Sdny) SUONIPUOD pue Swis | 841 89S *[9202/80/60] U Akeiqiauliu A8|IM ‘68225202 BWIPe/Z00T OT/I0p/W0d A3 | Aelg 1 puljuo"peaueApe//:Sdny Wolj pspeojumod ‘TE ‘9202 ‘S60VTZST



(a) 1.0
2 0.8 V,=2.85V; V.=1.30V
@
b=}
S 0.6 V,=3.33V; V.=1.50V
S Aced
G 04 V,=4.20V: V.= 1.75V v
B a 2 [
a V_=4.58V, V_=1.95V A
O 0.2+
+ 1lisland ¢ 2islands ¢ 7islands ¢ 1llislands
0.0 T T T T T T T T
10! 102 103 104 10° 10° 107 108

Number of Cycles

V,=2.83V;V.=1.28V
0.8 ‘
—————e o
V,=2.95V; V, = 1.35V
V,=3.50V; V.= 1.50V
V,=4.15V;: V, = 1.62V
+ 1lisland * 2islands + 7islands ¢ 1lislands
0.0 T T T T T T T T
10! 102 103 104 103 108 107 108
(C) Number of Cycles
-30
,32 -
E 34
[}
=
= —36-
o e i IR
3 -381
g’ 40
¢ 11 Islands
= 40
Tapered - 11 islands : Crystallization
-44 - e Tapered - 11 islands : Amorphization

T T T T T T T
10! 10? 103 10 10° 106 107 108
Number of Cycles

FIGURE 5 | Comparison of endurance and optical contrast between non-tapered and tapered Sb,Se; island configurations integrated on silicon
microring resonators. (a) Measured contrast ratio versus programming cycles for devices with 1, 2, 7, and 11 non-tapered Sb,Se; islands (constant total
PCM length = 10 um). Increasing the number of islands enhances endurance from ~3 x 10° cycles (1 island) to > 4 x 107 cycles (11 islands), accompanied
by a moderate rise in programming voltage from Va = 2.85V (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 Sb,Ses 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 =415V, 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 Sb,Se; islands with abrupt Si/PCM boundaries and (bottom) tapered
Sb,Se; 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 >10® 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 n = (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).

In both tapered and non-tapered devices, the programming
voltage and power increase with the number of islands because
longer heater length is used for segmented designs to accom-
modate the additional spacings between PCM islands (Table S1),
enlarging the heated volume during programming. However,
this voltage increase is much more pronounced in non-tapered
devices, reaching ~4.58 V for amorphization in the 11-island case,
compared to only ~4.1 V for the tapered counterpart (Table S2).
The lower voltage requirement in tapered devices is attributed
to smoother Si- Sb,Se; transitions that improve thermal con-
finement and enable more efficient heat delivery to the PCM

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 x 10° cycles for a single
continuous PCM film to > 4 x 107 cycles for 11 non-tapered islands
and exceeds ~10° 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
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11-tapered islands decreases slightly from x0.23 to 0.20 nm over
extended cycling, corresponding to only a minimal reduction in
phase shift from ~0.1437 to ~0.1257, confirming that reversible
phase modulation is preserved even at high cycle counts (Figure
S18). The experiment for the device was stopped before the
device failed only due to the interest of time. The sustained
optical contrast, together with the stable resonance wavelength
shift (A1) measured at logarithmically sampled intervals, con-
firms reversible phase modulation during extended cycling up
to 10% cycles. (Figures S18-S20). The superior endurance in
tapered devices possibly stems from two synergistic factors: (i)
reduced stress owing to smaller active PCM volumes, which
suppresses failure due to film delamination and PCM dewetting
[74]; and (ii) minimized elemental segregation due to decreased
temperature gradient and thermal diffusion. Post-cycling SEM
characterization further demonstrates that the introduction of
tapering and segmentation progressively improves structural
stability, in agreement with the measured endurance scaling
(Figure S15).

We also calculated the optical modulation amplitude [86, 85] (i.e.,

the optical contrast) n = ;“_T"‘, with T, and T, being the reso-

ctla

nant transmission amplitudes in the crystalline and amorphous
states, respectively (see Section S5.5 for measurement details).
The contrast ratio exhibits a slight decrease with increasing
island number for both configurations, because segmentation
introduces multiple Si-PCM interfaces and shorter PCM sections,
which reduce the effective optical confinement within each
island and increase interfacial scattering, thereby lowering the
overall contrast. Nevertheless, tapered islands consistently yield
a much higher contrast ratio—for example, ~70% for 11 tapered
islands versus ~20% for their non-tapered counterparts— because
tapering suppresses interfacial scattering at the Si/PCM junc-
tions, thereby reducing PCM-induced excess loss and keeping the
resonator closer to its critical-coupling condition. This enables
higher contrast compared to the non-tapered counterpart, even
though the PCM mode overlap per island is slightly smaller.

Segmenting the PCM layer into discrete islands markedly
improves endurance by mitigating thermal-mechanical fatigue,
and chemical inhomogeneity—thereby mitigating local stress,
interfacial degradation, and elemental segregation—while taper-
ing each island minimizes scattering losses and enhances optical
modulation contrast. Although both geometries show increasing
programming voltage with the number of islands, the rise is
substantially smaller in the tapered design because smoother
Si-Sb,Se; transitions improve thermal confinement and heat
delivery efficiency. Consequently, tapered PCM islands achieve a
favorable combination of endurance (>10® cycles), contrast ratio
(~70%), optical loss (~0.5 dB per 7 phase shift), and programming
voltage (~4 V), outperforming non-tapered devices across all
metrics.

Endurance in Figure 5 are measured using a laser parked
at a slightly detuned wavelength (x1555.72 nm) to avoid self-
heating-induced drift during prolonged cycling. This results in
a reduced apparent contrast (=6 dB) compared to the extinction
ratio (~12 dB) at the resonance dip. The corresponding spectral
evolution (A1) and absolute transmission levels are provided in
Figures S18-S20.

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 um—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 per 7 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 endurance measurement systems would
minimize alignment drift and manual intervention, enabling
continuous stress testing to a billion cycles and beyond.

Beyond binary modulation, partial crystallization of Sb,Se,
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 Sb,Se;-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 7 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 variants were fabricated on 220 nm silicon-on-insulator
(SOI) chips with a 2 pm buried oxide, allowing quantitative
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comparison. The detailed fabrication steps are shown in Figure
S6. The 500 nm-wide bus waveguides and microrings were pat-
terned via electron-beam lithography (EBL), followed by fluorine-
based inductively coupled plasma etching, which left a 100 nm sil-
icon slab for doping. All microrings have a bus-ring gap of 260 nm
to achieve near-critical coupling. The p++ and n++ regions of
the integrated microheater were defined by ion implantation,
followed by Ti/Pd metallization for electrical contacts. In an
optimized geometry for COMS compatible voltage, the p++ and
n++ doping regions are offset from the waveguide edge by 0.2 and
0.3 um, respectively, leading to an intrinsic region of ~#1 um [48]. A
cross-sectional schematic of the optimized lateral PIN heater inte-
grated with the Si waveguide is shown in Figure S7, highlighting
the asymmetric dopant placement used to balance thermal con-
finement with low optical loss. The PIN microheaters have a turn-
on voltage (~0.8 V) and low series resistance (=50 Q) in Figure S8.

Sb,Se; regions were introduced in a fifth EBL step using a
bilayer lift-off process to define tapered and non-tapered islands.
A bilayer resist stack comprising a copolymer of poly(methyl
methacrylate-co-methacrylic acid) [P(MMA-MAA)] (~200 nm,
written at exposure level 8 (EL8) with aperture 6 (A6, ~200 nm
beam size)) and a top layer of poly(methyl methacrylate) (PMMA
950 K A4, ~200 nm) was spun sequentially to produce a controlled
undercut profile, thereby improving lift-off quality and pattern
reproducibility. The bi-layer lithography allowed the creation
of small features, including the sharp taper ends and PCM
islands with sub-100 nm edge fidelity. Additional details on
Sb,Se; deposition and thin-film characterization are provided in
Section S3.1.4. The PCM width was chosen to be 50 nm smaller
than the silicon waveguide to compensate for overlay tolerance
and lift-off variation. Finally, the PCM was encapsulated by
~100 nm of Al,O; deposited by atomic layer deposition (ALD) at
150°C, preventing oxidation and thermal reflow—both essential
for maintaining high endurance. Additional fabrication details
are provided in Section S3.

4.2 | Optical Transmission Measurements

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

4.3 | Extraction of Optical Parameters: Quality
Factor, Loss, and Phase Shift

This section outlines the procedure used to extract the quality
factor (Q), excess round-trip loss due to the PCMs (apcy ), phase

shift (A¢) induced by PCM, and normalized round-trip loss
(atpeyy) 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].

Ao

Q= FwaM

3

where 4, 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 (apy,) was evaluated from the
Q-factors of the two states using Equation (4) [49]

oy (11 10
apey (dB) = TSR <Q_c - Q_a) X 150100 0) @

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

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

AA

Ap= — 2
$=fg X 27 ©)
To enable a fair comparison across all taper geometries, the loss

was normalized to a per-7 phase shift basis using Equation (6).

pcm (dB)

o/ ©)

dpey (dB/7) =

For example, at L, = 0.8 um, the phase shift was ~0.156 7 and
the normalized loss 0.064 dB per 7 phase shift (apcy = 0.01 dB),
confirming that long tapers effectively minimize Si-PCM junction
scattering.

Acknowledgements

Part of this work was conducted at the Washington Nanofabrication Facil-
ity/Molecular Analysis Facility, a National Nanotechnology Coordinated
Infrastructure (NNCI) site at the University of Washington. We would also
like to thank Professor M.P. Anantram for the valuable discussions.

Funding

The research was funded by the NSF-FuSe Award, UPWARDS-UW
Fellowship and NASA and DHS STTR grants. Additionally, this material
is based upon work supported by the Defense Health Agency (DHA)
Small Business Innovation Research (SBIR)/Small Business Technology
Transfer (STTR) Programs/U.S. Army Research Institute of Environmen-
tal Medicine (USARIEM) under U.S. Army Medical Research Acquisition
Activity (USAMRAA) Contract No HT942524C0068, and NSF under
Award 2329088. Any opinions, findings and conclusions or recommen-
dations expressed in this material are those of the author(s) and do
not necessarily reflect the views of the Department of Defense, DHA,
SBIR/STTR Programs, USARIEM, or USAMRAA.

8of 11

Advanced Materials, 2026

85UB017 SUOWIWOD dAIERID (ot |dde 8y Aq peutenob ae ssjole YO 8sn Jo SN 104 AriqiT 8UIIUO /8|1 UO (SUORIPUOD-PUe-SWBY /WO A8 1M ARe.q U UO//SANY) SUO HIPUOD pUe SWd | 8Y) 89S *[9202/80/60] UO Ariqi8uliuO A8|IM ‘668225202 BLIPR/Z00T OT/I0p/W0"A3 | 1m A eiq 1 puljuo"peoUeApe//sdiny wolj papeo|umod ‘TE ‘9202 ‘S607TZST



Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

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

References

1. D. V. Christensen, R. Dittmann, B. Linares-Barranco, et al., “2022
roadmap on Neuromorphic Computing and Engineering,” Neuromorphic
Computing and Engineering 2 (2022): 022501, https://doi.org/10.1088/
2634-4386/ac4a83.

2. S.S. Gill, M. Xu, C. Ottaviani, et al., “AI for next Generation Computing:
Emerging Trends and Future Directions,” Internet of Things 19 (2022):
100514, https://doi.org/10.1016/j.i0t.2022.100514.

3. A. H. Kelechi, M. H. Alsharif, O. J. Bameyi, et al., “Artificial Intel-
ligence: An Energy Efficiency Tool for Enhanced High Performance
Computing,” Symmetry 12 (2020): 1029.

4. I. L. Markov, “Limits on Fundamental Limits to Computation,” Nature
512 (2014): 147-154, https://doi.org/10.1038/naturel3570.

5. R. Mayer and H.-A. Jacobsen, “Scalable Deep Learning on Distributed
Infrastructures: Challenges, Techniques, and Tools,” ACM Computing
Surveys 53 (2020), 1, https://doi.org/10.1145/3363554.

6. S.Zhu, T. Yu, T. Xu, et al., “Intelligent Computing: The Latest Advances,
Challenges and Future,” Intelligent Computing 2 (2023): 0006.

7.Z. Liu, A. Ali, P. Kenesei, et al., “Bridging Data Center Al Systems
with Edge Computing for Actionable Information Retrieval,” in 2021 3rd
Annual Workshop on Extreme-Scale Experiment-in-the-Loop Computing
(XLOOP) (IEEE, 2021), 15-23, https://doi.org/10.1109/XLOOP54565.2021.
00008.

8. W. Woods and C. Teuscher, “Approximate Vector Matrix Multiplica-
tion Implementations for Neuromorphic Applications Using Memristive
Crossbars,” in 2017 IEEE/ACM International Symposium on Nanoscale
Architectures (NANOARCH) (IEEE, 2017), 103-108.

9. R. Urata, H. Liu, K. Yasumura, et al., “Mission Apollo,” Landing opticall
circuit switching at Datacenter Scale (2022), https://doi.org/10.48550/
arXiv.2208.10041.

10. H. Zhou, J. Dong, J. Cheng, et al., “Photonic Matrix Multiplica-
tion Lights up Photonic Accelerator and Beyond,” Light: Science &
Applications 11 (2022): 30, https://doi.org/10.1038/s41377-022-00717-8.

11. A. Amirsoleimani, F. Alibart, V. Yon, et al., “In-Memory Vector-
Matrix Multiplication in Monolithic Complementary Metal-Oxide-
Semiconductor-Memristor Integrated Circuits: Design Choices, Chal-
lenges, and Perspectives,” Advanced Intelligent Systems 2 (2020): 2000115,
https://doi.org/10.1002/aisy.202000115.

12. N. Maslej, L. Fattorini, E. Brynjolfsson, et al., “The AI Index 2023
Annual Report; Stanford Institute for Human-Centered Artificial Intel-
ligence,” Stanford University: Stanford, CA, (2023), https://doi.org/10.
48550/arXiv.2310.03715.

13. J. Dutta, P. Deshpande, and B. Rai, “Al-Based Soft-Sensor for Shelf Life
Prediction of ‘Kesar’ Mango,” SN Applied Sciences 3 (2021): 657, https://
doi.org/10.1007/s42452-021-04657-7.

14. J. Dutta, M. Patwardhan, P. Deshpande, S. Karande, and B. Rai, “Zero-
Shot Transfer Learned Generic Al Models for Prediction of Optimally
Ripe Climacteric Fruits,” Scientific Reports 13 (2023): 7347, https://doi.org/
10.1038/s41598-023-34527-8.

15. S. Harini, P. Deshpande, J. Dutta, and B. Rai, Proceedings of the
Ist International Conference on Water Energy Food and Sustainability
(ICoWEFS 2021), ed. J. R. da Costa Sanches Galvao and P. S. Duque de
Brito (Springer International Publishing, 2021), 187-192.

16.J. Dutta, M. Chennamkulam Ajith, S. Dutta, U. R. Kadhane, J.
Kochupurackal B, and B. Rai, “An Inherent Instability Study Using Ab
Initio Computational Methods and Experimental Validation of Pb(SCN),
Based Perovskites for Solar Cell Applications,” Scientific Reports 10 (2020):
15241, https://doi.org/10.1038/s41598-020-72210-4.

17. J. Dutta, M. Patwardhan, P. Deshpande, and B. Rai, “Transfer Learning
with Pairwise Comparison for Fine-Granular Fruit Shelf-Life Prediction,”
In Proceedings of the 2nd AAAI Workshop on AI for Agriculture and
Food Systems (AI4AFS), held with the AAAI Conference on Artificial
Intelligence, (2022).

18. J. Dutta, P. Deshpande, and B. Rai, System and Method for Managing
Ripening Conditions of Climacteric Fruits, US20200281220A1, 2020.

19. B. Rai, J. Dutta, P. Deshpande, et al. System and Method for Monitoring
and Quality Evaluation of Perishable Food Items, US11488017B2, 2022.

20. A. Gholami, Z. Yao, S. Kim, C. Hooper, M. W. Mahoney, and K.
Keutzer, “Al and Memory Wall,” IEEE Micro 44 (2024): 33-39.

21. S. Liu, R. M. Radway, and X. Wang, “Edge Continual Training and
Inference with RRAM-Gain Cell Memory Integrated on Si CMOS,” in
2024 IEEE International Electron Devices Meeting (IEDM) (IEEE, 2024),
1-4.

22. S. Aleksic, “The Future of Optical Interconnects for Data Centers:
A Review of Technology Trends,” in 2017 14th International Conference
on Telecommunications (Conrgy, ) (IEEE, 2017), 41-46, https://doi.org/10.
23919/ConTEL.2017.8000037.

23. C. Haffner, W. Heni, Y. Fedoryshyn, et al., “All-Plasmonic Mach-
Zehnder Modulator Enabling Optical High-Speed Communication at the
Microscale,” Nature Photonics 9 (2015): 525-528, https://doi.org/10.1038/
nphoton.2015.127.

24. C.Kachris and I. Tomkos, “A Survey on Optical Interconnects for Data
Centers,” IEEE Communications Surveys & Tutorials 14 (2012): 1021-1036,
https://doi.org/10.1109/SURV.2011.122111.00069.

25. D. Tsiokos and G. T. Kanellos, Optical Interconnects for Data Centers,
ed. T. Tekin, R. Pitwon, A. Hékansson, and N. Pleros, (Woodhead
Publishing, 2017), 43-73.

26. C. A. Thraskias, E. N. Lallas, N. Neumann, et al., “Survey of
Photonic and Plasmonic Interconnect Technologies for Intra-Datacenter
and High-Performance Computing Communications,” IEEE Communi-
cations Surveys & Tutorials 20 (2018): 2758-2783, https://doi.org/10.1109/
COMST.2018.2839672.

27.S. S. Gill, H. Wu, P. Patros, et al., “Modern Computing: Vision and
Challenges,” Telematics and Informatics Reports 13 (2024): 100116, https://
doi.org/10.1016/j.teler.2024.100116.

28. “Memory Is All You Need: an Overview of Compute-in-Memory Archi-
tectures for Accelerating Large Language Model Inference,” published 2024,
https://arxiv.org/html/2406.08413v1.

29. A. Mehonic, D. Ielmini, K. Roy, et al., “Roadmap to Neuromorphic
Computing with Emerging Technologies,” APL Materials 12 (2024):
109201, https://pubs.aip.org/aip/apm/article/12/10/109201/3317314/
Roadmap-to-neuromorphic-computing-with-emerging.

30. A. Sebastian, M. L. Gallo, R. Khaddam-Aljameh, and E. Eleftheriou,
“Memory Devices and Applications for In-Memory Computing,” Nature
Nanotechnology 15 (2020): 529-544, https://doi.org/10.1038/s41565-020-
0655-z.

31. Y. Shen, N. C. Harris, S. Skirlo, et al., “Deep Learning with Coherent
Nanophotonic Circuits,” Nature Photonics 11 (2017): 441-446, https://doi.
org/10.1038/nphoton.2017.93.

32.J. Capmany, L. Gasulla, and D. Pérez, “The Programmable Proces-
sor,” Nature Photonics 10 (2016): 6-8, https://doi.org/10.1038/nphoton.
2015.254.

33. N. C. Harris, G. R. Steinbrecher, M. Prabhu, et al., “Quantum
Transport Simulations in a Programmable Nanophotonic Processor,”
Nature Photonics 11 (2017): 447-452, https://doi.org/10.1038/nphoton.2017.
95.

Advanced Materials, 2026

9of 11

85U8017 SUOWILOD BAII1D 3[qeat|dde au Aq peusenob ae sejone O 8sn Jo s Jo} Arelq i 8UlUQO /8|1 UO (SUONIPUOD-PUR-SWB)/W0D A8 1M Aleiq 1jpuluo//Sdny) SUONIPUOD pue Swis | 841 89S *[9202/80/60] U Akeiqiauliu A8|IM ‘68225202 BWIPe/Z00T OT/I0p/W0d A3 | Aelg 1 puljuo"peaueApe//:Sdny Wolj pspeojumod ‘TE ‘9202 ‘S60VTZST


https://doi.org/10.1088/2634-4386/ac4a83
https://doi.org/10.1016/j.iot.2022.100514
https://doi.org/10.1038/nature13570
https://doi.org/10.1145/3363554
https://doi.org/10.1109/XLOOP54565.2021.00008
https://doi.org/10.48550/arXiv.2208.10041
https://doi.org/10.1038/s41377-022-00717-8
https://doi.org/10.1002/aisy.202000115
https://doi.org/10.48550/arXiv.2310.03715
https://doi.org/10.1007/s42452-021-04657-7
https://doi.org/10.1038/s41598-023-34527-8
https://doi.org/10.1038/s41598-020-72210-4
https://doi.org/10.23919/ConTEL.2017.8000037
https://doi.org/10.1038/nphoton.2015.127
https://doi.org/10.1109/SURV.2011.122111.00069
https://doi.org/10.1109/COMST.2018.2839672
https://doi.org/10.1016/j.teler.2024.100116
https://arxiv.org/html/2406.08413v1
https://pubs.aip.org/aip/apm/article/12/10/109201/3317314/Roadmap-to-neuromorphic-computing-with-emerging
https://doi.org/10.1038/s41565-020-0655-z
https://doi.org/10.1038/nphoton.2017.93
https://doi.org/10.1038/nphoton.2015.254
https://doi.org/10.1038/nphoton.2017.95

34. D. Zhu, L. Shao, M. Yu, et al., “Integrated Photonics on Thin-film
Lithium Niobate,” Advances in Optics and Photonics 13 (2021): 242-352,
https://opg.optica.org/aop/fulltext.cfm?uri=aop-13-2-242&id=450625.

35. P. Prabhathan, K. V. Sreekanth, J. Teng, et al., “Roadmap for Phase
Change Materials in Photonics and Beyond,” iScience 26 (2023): 107946,
https://doi.org/10.1016/].is¢i.2023.107946.

36. G. Moody, V. J. Sorger, D. J. Blumenthal, et al., “2022 Roadmap on
Integrated Quantum Photonics,” Journal of Physics: Photonics 4 (2022):
012501, https://doi.org/10.1088/2515-7647/aclef4.

37. W. Bogaerts, D. Pérez, J. Capmany, et al., “Programmable Photonic
Circuits,” Nature 586 (2020): 207-216, https://doi.org/10.1038/s41586-020-
2764-0.

38. M. Haselman and S. Hauck, “The Future of Integrated Circuits: A
Survey of Nanoelectronics,” Proceedings of the IEEE 98 (2010): 11-38,
https://doi.org/10.1109/JPROC.2009.2032356.

39. S. A. Schulz, R. F. Oulton, M. Kenney, et al., “Roadmap on Photonic
Metasurfaces,” Applied Physics Letters 124 (2024): 260701.

40. J. Geler-Kremer, F. Eltes, P. Stark, et al., “A Ferroelectric Multilevel
Non-Volatile Photonic Phase Shifter,” Nature Photonics 16 (2022): 491-497,
https://doi.org/10.1038/s41566-022-01003-0.

41. K. Gao, K. Du, S. Tian, et al., “Intermediate Phase-Change States with
Improved Cycling Durability of Sb,S; by Femtosecond Multi-Pulse Laser
Irradiation,” Advanced Functional Materials 31 (2021): 2103327, https://
doi.org/10.1002/adfm.202103327.

42. P. Moitra, Y. Wang, X. Liang, et al., “Programmable Wavefront Control
in the Visible Spectrum Using Low-Loss Chalcogenide Phase-Change
Metasurfaces,” Advanced Materials 35 (2023): 2205367, https://doi.org/10.
1002/adma.202205367.

43. X. Li, N. Youngblood, C. Rios, et al., “Fast and Reliable Storage Using
a 5 bit, Nonvolatile Photonic Memory Cell,” Optica 6 (2019): 1-6.

44. E. Goi, Q. Zhang, X. Chen, H. Luan, and M. Gu, “Perspective on
Photonic Memristive Neuromorphic Computing,” PhotoniX 1 (2020): 3,
https://doi.org/10.1186/s43074-020-0001-6.

45. A. Tsakyridis, M. Moralis-Pegios, G. Giamougiannis, et al., “Photonic
Neural Networks and Optics-Informed Deep Learning Fundamentals,”
APL Photonics 9 (2024): 011102, https://doi.org/10.1063/5.0169810.

46. R. Chen, A. Tang, J. Dutta, et al., “NEO-PGA: Nonvolatile electro-
optically programmable gate array,” Science Advances, 11 (2025), eaea9383,
https://doi.org/10.48550/arXiv.2506.18592.

47. R. Chen, V. Tara, J. Dutta, Z. Fang, J. Zheng, and A. Majumdar,
“Low-Loss Multilevel Operation Using Lossy Phase-Change Material-
Integrated Silicon Photonics,” Journal of the Minerals Metals and
Materials Society 4 (2024): 031202.

48.J. Dutta, R. Chen, V. Tara, and A. Majumdar, “Low-power quasi-
continuous hybrid volatile/nonvolatile tuning of ring resonators,” APL
Photonics, 10 (2025), 020803, https://doi.org/10.1063/5.0236098.

49. J. Dutta, A. Ferraro, A. Manna, et al., “Near-Visible Low-Power Tuning
of Nematic-Liquid Crystal Integrated Silicon Nitride Ring Resonator,”
ACS Photonics 12 (2025): 4967-4980, https://doi.org/10.1021/acsphotonics.
5c00715.

50. I. Chakraborty, G. Saha, and K. Roy, “Photonic in-Memory Computing
Primitive for Spiking Neural Networks Using Phase-Change Materi-
als,” Physical Review Applied 11 (2019): 014063, https://doi.org/10.1103/
PhysRevApplied.11.014063.

51. C. Lian, C. Vagionas, T. Alexoudi, N. Pleros, N. Youngblood, and
C. Rios, “Photonic (computational) Memories: Tunable Nanophotonics
for Data Storage and Computing,” Nanophotonics 11 (2022): 3823-3854,
https://doi.org/10.1515/nanoph-2022-0089.

52. Z. Zhu, G. Di Guglielmo, Q. Cheng, et al., “Photonic Switched Opti-
cally Connected Memory: An Approach to Address Memory Challenges
in Deep Learning,” Journal of Lightwave Technology 38 (2020): 2815-2825,
https://doi.org/10.1109/JLT.2020.2975976.

53. S. Abdollahramezani, O. Hemmatyar, M. Taghinejad, et al., “Electri-
cally Driven Reprogrammable Phase-Change Metasurface Reaching 80%
Efficiency,” Nature Communications 13 (2022): 1696, https://doi.org/10.
1038/s41467-022-29374-6.

54. R. Matos and N. Pala, “A Review of Phase-Change Materials and
Their Potential for Reconfigurable Intelligent Surfaces,” Micromachines
14 (2023): 1259, https://doi.org/10.3390/mil4061259.

55. E.-S. Lee, J. E. Yoo, D. S. Yoon, et al., “Quasicrystalline Phase-
Change Memory,” Scientific Reports 10 (2020): 13673, https://doi.org/10.
1038/541598-020-70662-2.

56. R. Xu, S. Taheriniya, A. P. Ovvyan, et al., “Hybrid Photonic Integrated
Circuits for Neuromorphic Computing [Invited],” Optical Materials
Express 13 (2023): 3553, https://doi.org/10.1364/OME.502179.

57. Z. Fang, R. Chen, J. Zheng, and A. Majumdar, “Non-Volatile Recon-
figurable Silicon Photonics Based on Phase-Change Materials,” IEEE
Journal of Selected Topics in Quantum Electronics 28 (2022): 1-17.

58. J. Feldmann, M. Stegmaier, N. Gruhler, et al., “Calculating with Light
Using a Chip-Scale All-Optical Abacus,” Nature Communications 8 (2017):
1256, https://doi.org/10.1038/s41467-017-01506-3.

59. S. Blundell, T. W. Radford, I. A. Ajia, et al., “Ultracompact Pro-
grammable Silicon Photonics Using Layers of Low-Loss Phase-Change
Material Sb,Se; of Increasing Thickness,” ACS Photonics 12 (2025):
1382-1391, https://doi.org/10.1021/acsphotonics.4c01789.

60. M. De Carlo, F. De Leonardis, R. Soref, and V. M. N. Passaro, “A
Novel Versatile Electrically Erasable Programmable Read-Only Grating,”
Journal of Lightwave Technology 43 (2025): 3429-3438, https://doi.org/10.
1109/JLT.2024.3521543.

61. D. Pérez, 1. Gasulla, L. Crudgington, et al., “Multipurpose Silicon
Photonics Signal Processor Core,” Nature Communications 8 (2017): 636.

62. W. Zhang and J. Yao, “Photonic Integrated Field-Programmable Disk
Array Signal Processor,” Nature Communications 11 (2020): 406, https://
doi.org/10.1038/s41467-019-14249-0.

63. G. T. Reed, G. Mashanovich, F. Y. Gardes, and D. J. Thomson, “Silicon
Optical Modulators,” Nature Photonics 4 (2010): 518-526, https://doi.org/
10.1038/nphoton.2010.179.

64. C. Wang, M. Zhang, X. Chen, et al., “Integrated Lithium Niobate
Electro-Optic Modulators Operating at CMOS-Compatible Voltages,”
Nature 562 (2018): 101-104, https://doi.org/10.1038/s41586-018-0551-y.

65. A. Melikyan, L. Alloatti, A. Muslija, et al., “High-Speed Plasmonic
Phase Modulators,” Nature Photonics 8 (2014): 229-233, https://doi.org/
10.1038/nphoton.2014.9.

66. A. Prencipe and K. Gallo, “Electro- and Thermo-Optics Response
of X-Cut Thin Film LiNbO; Waveguides,” IEEE Journal of Quantum
Electronics 59 (2023): 1-8, https://doi.org/10.1109/JQE.2023.3234986.

67. R. Chen, Z. Fang, F. Miller, H. Rarick, J. E. Froch, and A. Majumdar,
“Opportunities and Challenges for Large-Scale Phase-Change Material
Integrated Electro-Photonics,” ACS Photonics 9 (2022): 3181-3195, https://
doi.org/10.1021/acsphotonics.2c00976.

68. K. Aryana, C. C. Popescu, H. Sun, et al., “Thermal Transport in
Chalcogenide-Based Phase Change Materials: A Journey from Funda-
mental Physics to Device Engineering,” Advanced Materials 37 (2025):
2414031, https://doi.org/10.1002/adma.202414031.

69. F. M. Schenk, T. Zellweger, D. Kumaar, et al., “Phase-Change Memory
from Molecular Tellurides,” ACS Nano 18 (2023): 1063-1072, https://doi.
org/10.1021/acsnano.3c10312.

70.J. Meng, Y. Gui, B. M. Nouri, et al., “Electrical Programmable
Multilevel Nonvolatile Photonic Random-Access Memory,” Light: Science
& Applications 12 (2023): 189, https://doi.org/10.1038/s41377-023-01213-3.

71.R. Chen, Z. Fang, C. Perez, et al., “Non-Volatile Electrically
Programmable Integrated Photonics with a 5-Bit Operation,” Nature
Communications 14 (2023): 3465, https://doi.org/10.1038/s41467-023-
39180-3.

10 of 11

Advanced Materials, 2026

85U8017 SUOWILOD BAII1D 3[qeat|dde au Aq peusenob ae sejone O 8sn Jo s Jo} Arelq i 8UlUQO /8|1 UO (SUONIPUOD-PUR-SWB)/W0D A8 1M Aleiq 1jpuluo//Sdny) SUONIPUOD pue Swis | 841 89S *[9202/80/60] U Akeiqiauliu A8|IM ‘68225202 BWIPe/Z00T OT/I0p/W0d A3 | Aelg 1 puljuo"peaueApe//:Sdny Wolj pspeojumod ‘TE ‘9202 ‘S60VTZST


https://opg.optica.org/aop/fulltext.cfm?uri=aop-13-2-242&id=450625
https://doi.org/10.1016/j.isci.2023.107946
https://doi.org/10.1088/2515-7647/ac1ef4
https://doi.org/10.1038/s41586-020-2764-0
https://doi.org/10.1109/JPROC.2009.2032356
https://doi.org/10.1038/s41566-022-01003-0
https://doi.org/10.1002/adfm.202103327
https://doi.org/10.1002/adma.202205367
https://doi.org/10.1186/s43074-020-0001-6
https://doi.org/10.1063/5.0169810
https://doi.org/10.48550/arXiv.2506.18592
https://doi.org/10.1063/5.0236098
https://doi.org/10.1021/acsphotonics.5c00715
https://doi.org/10.1103/PhysRevApplied.11.014063
https://doi.org/10.1515/nanoph-2022-0089
https://doi.org/10.1109/JLT.2020.2975976
https://doi.org/10.1038/s41467-022-29374-6
https://doi.org/10.3390/mi14061259
https://doi.org/10.1038/s41598-020-70662-2
https://doi.org/10.1364/OME.502179
https://doi.org/10.1038/s41467-017-01506-3
https://doi.org/10.1021/acsphotonics.4c01789
https://doi.org/10.1109/JLT.2024.3521543
https://doi.org/10.1038/s41467-019-14249-0
https://doi.org/10.1038/nphoton.2010.179
https://doi.org/10.1038/s41586-018-0551-y
https://doi.org/10.1038/nphoton.2014.9
https://doi.org/10.1109/JQE.2023.3234986
https://doi.org/10.1021/acsphotonics.2c00976
https://doi.org/10.1002/adma.202414031
https://doi.org/10.1021/acsnano.3c10312
https://doi.org/10.1038/s41377-023-01213-3
https://doi.org/10.1038/s41467-023-39180-3

72. Z. Fang, R. Chen, J. Zheng, et al., “Ultra-Low-Energy Programmable
Non-Volatile Silicon Photonics Based on Phase-Change Materials with
Graphene Heaters,” Nature Nanotechnology 17 (2022): 842-848, https://
doi.org/10.1038/s41565-022-01153-w.

73. M. Wei, K. Xu, B. Tang, et al., “Monolithic Back-End-of-Line Inte-
gration of Phase Change Materials into Foundry-Manufactured Silicon
Photonics,” Nature Communications 15 (2024): 2786, https://doi.org/10.
1038/s41467-024-47206-7.

74. C. C. Popescu, K. Aryana, B. Mills, et al., “Understanding and Cir-
cumventing Failure Mechanisms in Chalcogenide Optical Phase Change
Material Ge,Sb,Se, Te,” Advanced Optical Materials 13 (2025): 2402751,
https://doi.org/10.1002/adom.202402751.

75. M. Delaney, 1. Zeimpekis, D. Lawson, D. W. Hewak, and O. L.
Muskens, “A New Family of Ultralow Loss Reversible Phase-Change
Materials for Photonic Integrated Circuits: Sb2S3 and Sb2Se3,” Advanced
Functional Materials 30 (2020): 2002447, https://www.researchgate.net/
publication/342814269.

76. R. Chen, V. Tara, M. Choi, et al., “Deterministic Quasi-Continuous
Tuning of Phase-Change Material Integrated on a High-Volume 300-mm
Silicon Photonics Platform,” npj Nanophotonics 1(2024): 7.

77. X. Yang, L. Lu, Y. Li, et al., “Non-Volatile Optical Switch Element
Enabled by Low-Loss Phase Change Material,” Advanced Functional
Materials 33 (2023): 2304601, https://doi.org/10.1002/adfm.202304601.

78. Z. Fang, B. Mills, R. Chen, et al., “Arbitrary Programming of Racetrack
Resonators Using Low-Loss Phase-Change Material Sb,Se3,” Nano Letters
24 (2024): 97-103, https://doi.org/10.1021/acs.nanolett.3c03353.

79. P. Xu, J. Zheng, J. K. Doylend, and A. Majumdar, “Low-Loss
and Broadband Nonvolatile Phase-Change Directional Coupler
Switches,” ACS Photonics 6 (2019): 553-557.

80. M.-K. Song, J.-H. Kang, X. Zhang, et al., “Recent Advances and Future
Prospects for Memristive Materials, Devices, and Systems,” ACS Nano 17
(2023): 11994-12039, https://doi.org/10.1021/acsnano.3c03505.

81. C. Wu, H. Yu, H. Li, X. Zhang, I. Takeuchi, and M. Li, “Low-
Loss Integrated Photonic Switch Using Subwavelength Patterned Phase
Change Material,” ACS Photonics 6 (2019): 87-92.

82. X. Yang, S. Ran, Z. Li, et al., “Field Programmable Silicon Microring
WDM Transceiver Leveraging Monolithically Integrated Phase-Change
Materials,” PhotoniX 6 (2025): 16, https://doi.org/10.1186/s43074-025-
00174-7.

83.J. Xia, T. Wang, Z. Wang, et al., “Seven Bit Nonvolatile electrically
Programmable Photonics Based on Phase-Change Materials for Image
Recognition,” ACS Photonics 11 (2024): 723, https://pubs.acs.org/doi/10.
1021/acsphotonics.

84. C. Rios, Q. Du, Y. Zhang, et al., “Ultra-compact nonvolatile phase
shifter based on electrically reprogrammable transparent phase change
materials,” PhotoniX 3 (2022): 26, https://doi.org/10.1186/s43074-022-
00070-4.

85.J. Liu, C. Zhang, J. Chen, W. Zeng, P. Hu, and Q. Liu, “Design and
Optimization of a Low-Loss Waveguide Taper for a Narrow-Band O-Band
Multiplexer,” Applied Optics 64 (2025): 100, https://doi.org/10.1364/A0.
542790.

86. R. Marchetti, C. Lacava, L. Carroll, K. Gradkowski, and P. Minzioni,
“Coupling Strategies for Silicon Photonics Integrated Chips,” Photonics
Research 7 (2019): 201-239.

87. G. Kurczveil, P. Pintus, M. J. R. Heck, J. D. Peters, and J. E. Bowers,
“Characterization of Insertion Loss and Back Reflection in Passive Hybrid
Silicon Tapers,” IEEE Photonics Journal 5 (2013): 6600410, https://doi.org/
10.1109/JPHOT.2013.2246559.

88. G. Li, A. V. Krishnamoorthy, I. Shubin, et al., “Ring Resonator
Modulators in Silicon for Interchip Photonic Links,” IEEE Journal of
Selected Topics in Quantum Electronics 19 (2013): 95-113, https://doi.org/
10.1109/JSTQE.2013.2278885.

89.D. Hall and D. Liang, High-Index-Contrast Waveguide,
US20080267239A1, 2008.

90.J. Zheng, Z. Fang, C. Wu, et al., “Nonvolatile Electrically Recon-
figurable Integrated Photonic Switch Enabled by a Silicon PIN Diode
Heater,” Advanced Materials 32 (2020): 2001218, https://doi.org/10.1002/
adma.202001218.

91. W. Bogaerts, P. De Heyn, T. Van Vaerenbergh, et al., “Silicon Microring
Resonators,” Laser & Photonics Reviews 6 (2012): 47-73, https://doi.org/10.
1002/1por.201100017.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Supporting File: adma73181-sup-0001-SuppMat.pdf.

Advanced Materials, 2026

11of11

85U8017 SUOWILOD BAII1D 3[qeat|dde au Aq peusenob ae sejone O 8sn Jo s Jo} Arelq i 8UlUQO /8|1 UO (SUONIPUOD-PUR-SWB)/W0D A8 1M Aleiq 1jpuluo//Sdny) SUONIPUOD pue Swis | 841 89S *[9202/80/60] U Akeiqiauliu A8|IM ‘68225202 BWIPe/Z00T OT/I0p/W0d A3 | Aelg 1 puljuo"peaueApe//:Sdny Wolj pspeojumod ‘TE ‘9202 ‘S60VTZST


https://doi.org/10.1038/s41565-022-01153-w
https://doi.org/10.1038/s41467-024-47206-7
https://doi.org/10.1002/adom.202402751
https://www.researchgate.net/publication/342814269
https://doi.org/10.1002/adfm.202304601
https://doi.org/10.1021/acs.nanolett.3c03353
https://doi.org/10.1021/acsnano.3c03505
https://doi.org/10.1186/s43074-025-00174-7
https://pubs.acs.org/doi/10.1021/acsphotonics
https://doi.org/10.1186/s43074-022-00070-4
https://doi.org/10.1364/AO.542790
https://doi.org/10.1109/JPHOT.2013.2246559
https://doi.org/10.1109/JSTQE.2013.2278885
https://doi.org/10.1002/adma.202001218
https://doi.org/10.1002/lpor.201100017

	Increased Endurance of Nonvolatile Photonics Enabled by Nanostructured Phase-Change Materials
	1 | Introduction
	2 | Results and Discussion
	2.1 | Effect of Tapered PCM Ends
	2.2 | Effect of PCM Islands: Tapered and Non-Tapered

	3 | Outlook
	4 | Experimental Section/Methods
	4.1 | Fabrication Methods
	4.2 | Optical Transmission Measurements
	4.3 | Extraction of Optical Parameters: Quality Factor, Loss, and Phase Shift

	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


