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ABSTRACT

Programmable and reconfigurable optics hold significant potential for transforming a broad spectrum of applications, spanning
space explorations to biomedical imaging, gas sensing, and optical cloaking. The ability to adjust the optical properties of
components like filters, lenses, and beam steering devices could result in dramatic reductions in size, weight, and power
consumption in future optoelectronic devices. Among the potential candidates for reconfigurable optics, chalcogenide-based
phase change materials (PCMs) offer great promise due to their non-volatile and analogue switching characteristics. Although
PCM have found widespread use in electronic data storage, these memory devices are deeply sub-micron-sized. To incorporate
phase change materials into free-space optical components, it is essential to scale them up to beyond several hundreds of
microns while maintaining reliable switching characteristics. This study demonstrated a non-mechanical, non-volatile
transmissive filter based on low-loss PCMs with a 200 umx200 pum switching area. The device/metafilter can be consistently
switched between low- and high-transmission states using electrical pulses with a switching contrast ratio of 5.5 dB. The device
was reversibly switched for 1250 cycles before accelerated degradation took place. The work represents an important step
toward realizing free-space reconfigurable optics based on PCMs.
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1 Introduction

Unlike traditional optics whose properties are fixed after fabrication, reconfigurable optics enable agile tuning of their functions to
dynamically adapt to different needs. The applications for reconfigurable optics span adaptive optical microscopy to data
communications® and observation of celestial bodies in space telescopes?3. Thus far, various techniques have been adopted
for real-time manipulation of electromagnetic wave properties (amplitude, phase, and polarization)? either for focusing, filtering
or steering light such as liquid crystals®, deformable mirrors®, filter wheels’, and digital mirror devices®. While each of
these methods provides advantages within their specific applications, there remains a pressing demand for a compact, non-
mechanical, non-volatile beam-shaping technology capable of continuously tuning light properties. Such a technology should
also be compatible with standard microfabrication processes to enable its rapid and cost-effective integration with other
technologies® 19,

Active metasurfaces have emerged as a new avenue for creating compact, high-performance reconfigurable optical devices
that can be electrically controlled without the need for mechanical components**2°. This innovative method for controlling
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Figure 1. Concept of the operation of a PCM-based device, showing the temperature of the device vs. time (a) along with NIR
reflection images of a PCM film after amorphization on a doped S| heater (b), types of beam manipulations highlighting the
types of meta-atoms required as a minimal basis for the individual operation (c) and potential areas of application for each
individual type of beam manipulation (d).

photon propagation within a highly compact configuration has led to the development of small form factor optical components
that were previously only achievable through sophisticated, bulky optical systems?!. By incorporating an active material,
such as a chalcogenide-based phase change alloy, into these metasurfaces architecture, a large degree of tunability can be
achieved through reversible phase transformation in comparison to phenomena such as the thermo-optic or electro-optic
effect?”2%. Initiating a phase transformation in PCMs necessitates the application of a strong thermal excitation to rapidly
heat the PCM and raise its temperature above the crystallization or melting point as depicted in Fig. 1(a). In the case of
electrothermal switching?® 27, the thermal excitation is applied through an on-chip resistive micro-heater, yielding a form factor
suited for compact chip-scale integration?®=3, For instance, an almost 400% reflectance change upon phase transformation was
demonstrated in a PCM metasurface integrated on a metal micro-heater!!. In another work, a remarkable 11-fold change in
surface reflectance was achieved in a plasmonic metasurface similarly fabricated on metal micro-heaters'2. These structures
hold the promise for reconfigurable devices that can manipulate the direction of propagation of the signal, tune its amplitude, and
focus or defocus it (Fig. 1 (c)), capabilities needed in data processing, image acquisition and analysis. Reliable, compact, tunable
non-volatile optics can aid applications with stringent requirements for size, weight, and power such as space exploration, or
communication (Fig. 1(d)).

The reconfigurable metasurfaces introduced thus far are limited to operating in the reflective mode due to the use of opaque
metal heaters. Optically transparent heaters in 2D arrays are crucial for facilitating the advancement of next-generation active
PCM metasurface devices, suitable for transmissive optics. These optics eliminate the need for beam redirection and can
easily integrate into the beam path without altering its trajectory. Doped crystalline Si features low loss in the infrared beyond its
band gap and CMOS compatibility, and thus qualifies as an ideal material for transparent heaters enabling transmissive
reconfigurable optics. Doped Si heaters have been employed to realize an array of waveguide-based PCM devices?® 2931734
and recently a spatial light modulator prototype3°. Moreover, the endurance (lifetime) of the PCM-based devices has been
limited to approximately 50 cycles in the reported literature® 3>, In this work, we unveil the potential of an on-chip PCM-based
metasurface that can reversibly change the optical transmissive behavior using an IR transparent silicon-on-insulator (SOI)
microheater. This advancement opens the door to a variety of applications, such as compact, non-volatile, and non-mechanical
tunable filters3® as is the focus of this study. Our experiments successfully demonstrate reversible switching of a non-mechanical
optical filter using electrical pulses for almost 1250 cycles over an effective switching area of 120um x 120um. This has
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been achieved via a reversed architecture of the metasurface, with a fishnet region of the PCM, and increased protective layer
thickness. To the best of our knowledge, this marks the first demonstration of a large-area PCM-based metasurface with reliable
switching across more than 1000 switching cycles. In addition, through a detailed device characterization, we identify the key
factor that contributes to device failure and propose potential solutions to extend the metafilter operational lifetime beyond
thousands of cycles.

2 Methods

2.1 Computational methods

The electromagnetic simulations were performed using the rigorous coupled wave analysis (RCWA) MATLAB® library
RETICOLO V837, The refractive indices of Ge,Sb,SesTe (GSST) for intermediate crystallization states were interpolated
based on the Maxwell-Garnett effective medium approximation3® with the amorphous state as the host material and the
crystalline phase as the inclusion using previously measured refractive indices of the two phases®®. The simulations were
performed from 0 to 16° incident angles in steps of 4° for both TE and TM-polarizations and averaged over the simulated
incident angles and TE and TM polarizations. The field profile was simulated by assuming propagation from the silicon
substrate into the meta-structure and the resulting values were multiplied by the transmittance from air into silicon averaged over
wavelength, angle and polarizations. The thicknesses assumed in the simulations were as follows: silicon substrate, 1.01 um
buried oxide (BOX), 157 nm of doped silicon, 370 nm GSST, 310 nm SiNy, and air. Metafilters with various periods and hole
sizes were fabricated for testing. For the Fourier transform infrared (FTIR) data collection and simulation, the dimensions were
estimated as 445 nm x 445 nm size hole with 700 nm period. According to scanning electron microscopy (SEM) observation, a
60 nm layer of SiNx was coated on the bottom of the hole and on the walls of GSST resulting from the incomplete covering of the
walls and the incomplete filling of the structure due to nonconformal sputtering deposition.

2.2 Fabrication Methods

The major steps in the fabrication process of the metasurface devices are illustrated in Fig. 2. Details of the SOl micro-heater
fabrication were elaborated elsewhere3*4°, The thickness of the buried oxide used was 1.01 wm and the doped Si layer thickness
was 157 nm with around 5 x 10%2° cm~3 maximum doping concentration from 80 keV phosphorous ion-implantation. The
inclusion of buried oxide may result in substantial absorption in the mid to far IR range, which is undesirable. For applications
within this spectrum, replacing the buried oxide layer with a buried nitride layer** 2, or considering a silicon-on-sapphire-based
heater, given that transient thermal requirements can be met, could offer a wider operational range.

Large squares for the initial blanket GSST deposition are defined in AZ nLOF 2020 using an MLA 150 Heidelberg at 375
nm. The prebaking and post-exposure baking were done at a nominal 112 °C for 60 s on a hot plate. An optimal dose was
observed around or slightly above 155 mJ/cm?. The development was done in AZ 300 MIF for around 70-80 s. Thin films of
GSST of 370 nm thickness were deposited via thermal evaporation at a base pressure of 1.8 x 107® Torr onto the chip. 10 nm
of SiO, were evaporated via e-beam evaporation before resist removal for protection against oxidation. The resist was removed
via overnight soaking in n-methylpyrrolidone (NMP), followed by acetone and isopropanol (IPA) rinse. 50 nm of polymethyl
methacrylate (PMMA) 495 K followed by 350 nm of ZEP 520 A e-beam resist were spin coated and pre-baked sequentially
at 180 °C on a hot plate. The PMMA layer served the purpose of aiding resist removal after reactive ion etching (RIE). The
metasurface mask was exposed at 50 kV using a current of 10 nA in an Elionix-HS50 with proximity effect correction at a dose
of 170 pC/cm?. The resist was developed in IPA: methyl isobutyl ketone (MIBK) 3:1 for 90 s and rinsed with |PA for 20 s.
The resist was allowed to dry in air to prevent mechanical damage to the metasurface mask. The PCM was etched via
RIE with CF4:Ar (43:15 standard cubic centimeter per minute, sccm) at 0.5 Pa, 100 W bias power and 50 W inductively
coupled plasma (ICP) power in a Samco-RIE 230iP for 230 s. The electron beam resist was then removed in NMP overnight,
followed by the acetone and IPA rinse. Subsequently, the PCM metasurface was encapsulated with 20 nm of Al, 03 deposited
at 150 °C in a Cambridge Nanotech Savannah 200. A further protective layer of SiNy was deposited via reactive sputtering
from a Si target and a Si3Ny4 target in N, : Ar atmosphere at 3 mTorr with 6:6 sccm flow rates using an AJA ATC Orion 5
chamber. The thickness of the deposited nitride was 310 nm. The region above the aluminum contacts was patterned and etched
via RIE with a mixture of SFg:Ar 6:20 sccm standard recipe. A 10 um buffer region from the edge of the metal contacts was left
unetched to prevent shorting in the subsequent steps of defining an aperture. Aluminum apertures are thermally evaporated
around the heaters to limit the transmitted light just to the region with metasurfaces at a base pressure of around 9x 1078 Torr.
To protect the structures during backside polishing, 5 um of PMMA 950 A were spin coated onto the substrate. The sample
backside was then mechanically polished to enable transmissive measurements with minimal roughness scattering. The sample
was secured to a support structure with CrystalBond™ wax before mechanical polishing with sequentially smaller particle
size lapping paper (SiC 15 um, 5 um, 3 um and Al 03 1 um). The samples were removed from the support structure and
rinsed in acetone and | PA to remove the wax and protective PMMA resist (2 (b,c)). Finally, the samples were mounted onto a
custom-designed printed circuit board and wire bonded with a ball bonder MEI 1204D.
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Figure 2. (a) Fabrication flow chart of the metasurface device. After encapsulation with silicon nitride and etch-back,
aluminum metal apertures are deposited, and the sample is back-side polished via mechanical lapping to remove diffuse
reflections. Afterwards, the sample is wire bonded to a printed circuit board. (b) Optical image of the chip after wirebonding.
Different devices were fabricated with different periods, resulting in the various reflected colors. (c) Visible range optical
micrograph of a fabricated metasurface device. The fringes observed in the images are Moiré artifacts from the specific
maghnification used, the camera pixel pitch and periodicity of the metasurface. (c,d) NIR image of an unpatterned PCM thin
film test structure for degradation mechanism analysis, captured with front-side illumination during the switching events (c)
100 corresponding to amorphous state and (d) 101 corresponding to crystalline state. (e) The magnitude of reflected light
from the surface of the PCM upon cycling detected by the IR camera. (f & g) TEM micrographs of the device and its
associated layers before and after cycling.
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2.3 Characterization Methods

The optical response of our PCM-based filter was evaluated using a FTIR spectrometer with an external Mercury Cadmium
Telluride (MCT) detector. The beam was focused onto the backside of the sample with a spot size of 250 um in diameter using a
reflective objective. After transmitting through the front of the sample, the beam was collected with another objective directed
towards the detector. Since the focused beam is larger than the PCM metasurface, we deposited a 200 um x 200 pum metallic
aperture to restrict the beam so it only passes through the metasurface area. The transmission spectrum through a 200 um x 200
pKm square aperture (Thorlabs, Inc.), the same size as our metafilter, was also measured on the same setup to normalize the
measured metasurface transmittance. In addition to the micro-FTIR measurement, a short-wave infrared (SWIR) camera (FLIR
A6262) equipped with a long pass filter was used for detecting light within the range of 800 nm to 1700 nm. FTIR
measurements allow us to capture the spectral transmission of the device, while the SWIR camera assists us in observing the
devices’ broadband response upon phase transformation.

3 Results and Discussion

In order to evaluate the performance of our PCM-based device upon switching between amorphous and crystalline states, we
start our experiment by depositing a continuous patch of thin film GSST on top of the micro-heater prior to metasurface
fabrication. The purpose of the test structure is to examine the contributing degradation mechanisms limiting endurance of
PCM devices and inform mitigation strategies for our final metasurface device. The PCM film test structure has a slightly
smaller coverage area (140 um x 140 um) than our subsequent metasurface device. The corresponding sheet resistance of the
micro-heater is measured to be 42 Q/0. For switching between the two states we used a 10 us, 45V pulse for amorphization
(resulting in 0.48 mJ and 1.4 x 10%° J/m?3 across the heater, GSST and protective layer), and to switch back to crystalline state, a
series of 200 ms priming pulses are sent to initiate nucleation area in the PCM and facilitate the phase transformation*> 44, These
priming pulses incrementally increase from 10 to 16 V and are applied to the sample before the crystallization pulse.
Subsequently, after 1 sec from the priming pulses a 18 V crystallization pulse lasting for 1 second is applied (resulting in a SET
energy of 7.7 J and 2.3 x 10% J/m?3). There are 30 sec pauses between amorphization and crystallization to ensure complete
thermal relaxation and that the device does not undergo electromigration. We observe slight differences in required switching
voltage between devices, independent of whether they are thin-film or metasurface PCM. This is likely due to variations in
microheater resistance and differences in wire bonding rather than changes in the structure of the PCM. For consistency, all
experiments used a constant pulse width. However, the voltage needed for crystallization and amorphization differed between
devices, ranging from 17-20 V for crystallization and 45-50 V for amorphization.

Figures 2(a,b) depict images captured by a SWIR camera upon transitioning from one phase to another, specifically at
switching events of 100 and 101, corresponding to the amorphous and crystalline states, respectively. For better clarity, in this
manuscript a “switching event” refers to a single phase transformation, while a “cycle” pertains to the process of transitioning
to a different phase and subsequently returning to the original phase. Figure 2(c) shows the changes in surface reflectivity of
the PCM upon cycling using the SWIR camera. As anticipated, the amorphous phase of GSST exhibits higher transparency
in the near-infrared spectrum compared to the crystalline phase. Consequently, the reflection from the PCM-covered area is
less pronounced in the amorphous phase compared to the crystalline phase. As can be seen in Fig. 2(c), at the initial stages
of the cycling, the device shows changes in the reflectivity. As cycling continues, the switching contrast gradually enhances
after several tens of cycles. Based on our examination through EDS microscopy line-scans (refer to Supplementary Note 3 and
Figure S5 and S6), we attribute the burn-in behavior of the device*” to the presence of Ge-rich regions in close proximity to the
heater, and Sb and Te rich regions away from the heater, which are a consequence of the thermal evaporation deposition process.
The Ge-rich area is expected to have a higher crystallization and melting temperature, which in turn gives rise to non-uniform
switching temperatures throughout the thickness of the GSST layer*®=*8, With repeated cycling, we observe the migration of
Ge away from the heater. This can be inferred also from the decrease in contrast in the dark-field TEM images between Fig. 2
(f) and (g), corresponding to a more uniform elemental distribution in comparison to the as deposited structure. As hundreds of
cycles are completed, we begin to see small areas within the PCM-covered region stay unchanged upon switching. These areas
gradually expand, leading to the gradual decrease in reflectance contrast from 20 to 400 switching events. A comprehensive set
of images documenting the switching process from start to finish has been compiled into a video. This video is available in
Supplementary Movie 1 and offers visual insight into the formation of damage on the micro-heater surface during the switching
period.

We evaluate the failure mechanism by performing transmission electron microscopy (TEM) before and after 375 cycles
(750 switching events) as well as using computational models to estimate the temperature distribution in the device. Figure 2(d)
presents the layer configuration in the device and the model used in our simulations, along with the corresponding temperature
increase at the heater. Our observations reveal that during cycling, the temperature peaks at the electrode/PCM interface and
reaches as high as 1000 K the during amorphization cycle, giving rise to maximum thermal stress at the interface. Interestingly, our
TEM result after failure, given in Fig. 2(e), indicates that the device undergoes delamination from this very interface.
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Multiple factors could contribute to the delamination of the PCM, such as volume contraction of GSST upon crystallization

(approximately 3-5%%%°C), disparate thermal expansion coefficients between the layers, inadequate adhesion between the
PCM and the electrode, and insufficient thermo-mechanical durability of the encapsulating SiNy layer. Our prior research has
demonstrated that a SiNy layer with inferior mechanical properties can significantly impair the device’s lifetime>?.
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Figure 3. Simplified device structure assumed in RCWA simulations shown in perspective, in the x-y plane, and in
cross-section (a) along with |E,| in the meta-atom in the fully amorphous (b) and crystalline (c) state at 1420 nm for normal
incidence, polarization along Y. Simulated transmission curves averaged over TE and TM and over angles up to 16°. An SEM
image of the metafilter surface. The inset shows the air holes remaining after silicon nitride deposition along with the
morphology changes at the edges, likely due to raised nitride due to a higher deposition rate at the GSST edges (e).

Evaluating the thin-film PCM on the microheater provided us with crucial insights into the switching behavior and failure
mechanisms in this specific device architecture. This understanding, derived from the performance analysis of the heater with
thin-film PCM, is vital in informing the design process for a more effective and durable filter. Since delamination constitutes the
main degradation mechanism, we hypothesize that a fishnet metasurface structure as illustrated in Fig. 3 (a,e), can alleviate the
mechanical failure and yield durable filter devices. First, the top capping layers (Al, O3 + SiNy) that encapsulate the PCM can be
in direct contact with the SiO, covered heater surface through holes in the fishnet structure. Given the excellent adhesion between
SiO, and atomic layer deposited Al,O3, we expect that the contacts between them can act as anchor points to impede
delamination of the PCM structures®?>3. Second, the large surface areas of the fishnet structures can also effectively relieve
the mechanical stress. Furthermore, compared to typical “pillar” metasurfaces, we found that the fishnet design improved
switching consistency since crystallization can efficiently propagate across the entire structure through crystalline growth
without necessitating nucleation in each individual meta-atom, which is highly stochastic in small structures exemplified by
“pillar” meta-atoms.

Based on the fishnet geometry, we deployed RCWA simulations to engineer a PCM-based metasurface specifically for
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filtering purposes. The simulated transmission spectra of the sample as a function of crystalline volume fraction are given in Fig.
3 (d). The main features are a significant decrease in transmission centered at 1.6 pm wavelength with increased crystalline
fraction, along with a red-shift of the spectral peaks observed due to an increase in the index of GSST. The transmission
envelope overall shrinks due to increased absorption in the crystalline state. Simulations of the propagating electric field through
the structure show higher field intensity in the PCM region and nitride cladding in the amorphous state for a wavelength with
higher transmission (Fig. 3 b). The increased absorption and index of the crystalline structure leads to a weaker field amplitude
in the PCM region, with most of the signal being reflected back (Fig. 3 c).

Following the fabrication of the PCM-based metasurface on the microheater, we proceeded to assess the device’s trans-
mission characteristics across a wavelength range spanning from 1.25 to 4 um using FTIR spectroscopy. Given the device’s
compact dimensions, we developed an in-house micro-FTIR setup. In Fig. 4(a), one can observe a schematic of the experimental
setup used for this purpose. As depicted in Fig. 4(a), the output from the FTIR spectrometer, which is approximately 2
inches in diameter, passes through a beam condenser comprising a pair of CaF, lenses for resizing it to fit the aperture of the
focusing objective, which focuses the beam to match the metasurface size. After the beam passes through the device, the light
is recollected with a secondary objective and directed towards an external Mercury Cadmium Telluride (MCT) detector. A flip
mirror is inserted on the path of the beam to align the beam to the specific device under test. For a more detailed explanation of
the measurement procedure, including signal strength and background collection, refer to Supplementary Note 1.
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Figure 4. (a) Schematic of the measurement setup for the FTIR spectral data collection. (b) Transmission spectra upon
switching between amorphous and crystalline states over the course of 100 cycles. (c) Transmission ratio between amorphous
and crystalline phases as a function of wavelength. The inset shows the drift of the maximum contrast to larger wavelengths
over the 100 cycles. (d) Transmission magnitude for amorphous and crystalline state at 1430 nm. The jump points were
triggered by slight adjustments to the amorphization voltage.

The experimental results presented in Fig. 4(b) show trends similar to those predicted in simulations, in particular
suppression of the transmission peak at 1.6 um wavelength as well as the overall transmission reduction at wavelengths above 2.0
um during the transition from the amorphous to the crystalline state. Peak transmission contrast exceeding 5.5 dB was
obtained near the 1.43 um wavelength (Fig. 4 d). To validate switching consistency, the measured spectra over 100 switching
cycles were overlaid in Fig. 4 (c) and (d). To provide further insight into these results, the absolute transmittance at 1430 nm as a
function of cycle number for both amorphous and crystalline states are plotted in Fig. 4 (d). The switching behavior was
observed to be relatively stable throughout the 100 cycles. The kinks at cycles 225 and 236 for the amorphous state were due
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to adjustments to the amorphization voltage as part of the switching parameter optimization process. We hypothesize that the
difference between the measured transmission and the simulated transmission may be attributed, in part, to imperfections
arising during the fabrication process. These imperfections could include surface roughness resulting from processes like RIE or
sputtering, as well as additional scattering at grain boundaries. Furthermore, deviations in input optical constants used in the
simulation from the actual deposited values, as well as the possibility of trace crystallites post-amorphization, may contribute to
this discrepancy.

To further evaluate the performance of the fabricated filters and gain insights into the switching characteristics across the
heater’s surface, we employed a SWIR camera to image the entire surface of the PCM-based metasurface upon switching. For
this, similar to FTIR measurements as depicted in Fig. 5(a), we directed the broadband IR beam onto the 200pum x 200um
device, and used the camera as the detector. After each switching event, the SWIR camera captures an image of the device
surface and monitors any potential damage during cycling. In this arrangement, the sample is backlit by a focused IR beam,
while the camera, positioned in front, records the transmitted light intensity. Figure 5(b) displays a real-time image of the
sample being tested, highlighting the focused beam as it passes through the PCM-based tunable filter. A complete video
detailing the switching cycles of this filter from start to finish can be found in Supplementary Movie 2.

A further demonstration of the metafilter’s capabilities is depicted in panels Fig. 5(f-h). In this setup, a glass slide with an
etched metal mask featuring the NASA worm logo was positioned in the beam path immediately after the light source. This
mask selectively allows light to pass only through the etched NASA logo as illustrated in Fig. 5(a). Through this arrangement,
we can turn the NASA logo on and off by changing the phase of the PCM in the metasurface using electrical pulses. As seen
in panel Fig. 5(f), in the amorphous state, the filter is in high transmission mode and thus, the NASA logo is clearly visible at
the camera, whereas in the crystalline state when the filter is in blocking mode, the intensity of the logo is significantly
suppressed. Similarly, as depicted in Fig. 5(h), applying an amorphization pulse, can effectively restore the NASA logo. This
process can be done reversibly leveraging just electrical stimuli. A video featuring the images from each cycle is available in
Supplementary Movie 3 for further reference.

It is important to highlight that while our focus in this work was on optimizing the metasurface structure for amplitude
contrast, it is entirely feasible to also optimize it for phase contrast as well. To achieve efficient phase modulation, both the
extinction coefficient of the PCM and the doped silicon should be sufficiently low to enable large quality factor resonances. This
would allow us to identify meta-atoms within the parameter space that exhibit comparable (preferably high) transmission while
also displaying a significant range in phase shift between their amorphous and crystalline states. This consideration assumes
that the phase delay is not primarily derived from treating the meta-atoms as long waveguides perpendicular to the substrate.
To achieve high Q resonances, a lower loss PCM is almost mandatory and it is possible even larger modulation volume. This
hints at a problem that the research community will need to solve. For on-demand, non-volatile PCM metasurfaces with more
complex transfer functions like beam steerers, holograms, lenses, etc., we will need to use lower loss materials that still allow
for sufficiently large modulation volume so that 2m phase shift can be achieved at a given wavelength just by changing the
phase of the material.

In this study, we designed, fabricated, and demonstrated the performance of an all solid-state, non-volatile reconfigurable
metafilter without the use of any mechanical moving parts. Our work takes advantage of a PCM-based metasurface that is
capable of switching between a high- and low-transmittance state by applying electrical pulses within a microelectronic
circuitry framework. We have also identified delamination as the leading failure mechanism in the device and implemented a
fishnet metasurface design to enhance its endurance to 1250 cycles, which represents a 25-fold improvement over previously
reported PCM-based metasurfaces of comparable aperture size. The fishnet structure provides an interconnected network that
facilitates growth of crystals uniformly through the structure and therefore it can prove advantageous for low loss PCM (such as
GSST, Sb,Sesz and Sh,S3) where growth plays a more significant role in the crystallization process. This work introduces a
reliable platform for switching PCM-based metasurfaces, opening up new possibilities in low-power reconfigurable optics and
programmable photonics across various applications.

4 Disclaimer

Specific vendor and manufacturer names are explicitly mentioned only to accurately describe the test hardware. The use of
vendor and manufacturer names does not imply an endorsement by the U.S. Government nor does it imply that the specified
equipment is the best available.
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