
Kiumars Aryana, Scott Bartram, Stephen Borg, and William Humphreys

Cosmin-Constantin Popescu, Steven Vitale, Tian Gu, and Juejun Hu

Hyung Bin Bae and Taewoo Lee

Toward high-endurance nonvolatile reconfigurable metasurfaces

Hyun Jung Kim (NASA Langley Research Center)

1



Why is NASA researching reconfigurable metasurfaces?

 “Cutting edge innovations by NASA leaderships seek to refine scientific instrument into smaller, lighter, more 
versatile tools for exploration” – Karl Hille, chief technologist at NASA’s GSFC

 “Metasurface optic technologies are important because of the precision and versatility that is offers to LiDAR” – 
Cheryl Gramling, assistant chief for technology at GSFC

 “As recently displayed by the stunning images from the JWST, we often rely on recording the intensity of light (e.g., 
with a camera) to study the universe. …Metasurfaces enable general manipulations of phase, amplitude, and 
polarization on the nanoscale, thereby providing ample opportunity ….and even enable functionality not possible 
using conventional technologies - Tobias Wenger, researcher at JPL

 … “NASA scientists are on the cusp of revolutionizing LEO Earth Observing platforms using novel optical 
metamaterials to reduce the size, weight and power (SWaP) of existing architectures." 

         – William Humphreys, chief engineer at LaRC

 Metamaterials are man-made (synthesized) composite materials whose electromagnetic, acoustic, optical, etc. 
properties are determined by their constitutive structural materials and their configurations. In the field of 

electromagnetic research and beyond, metamaterials offer excellent design flexibility with their customized 
properties and their tunability under external stimuli
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 Active wavefront control is a critical concept in a variety of optical 
systems, and the ability to on-the-fly tailor an optical wavefront has far-
reaching implications.

 Wavefront correction is currently limited to reflective technologies such 
as deformable mirrors that are bulky, expensive, and mechanically 
complex.

 Other methods of tailoring optical wavefronts have been explored, such 
as plenoptic imaging; however, these are fixed configurations that must 
be tailored for targeted applications and require computationally 
expensive image processing.

Metasurface-based optics capable of generating actively-tunable focus, arbitrary optical 
wavefronts at ultrafast speeds, with sub-wavelength resolution, and without moving parts.
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PCM-based reconfigurable metasurfaces



Exploiting the extraordinary refractive index contrast in PCMs to 
unprecedented functionalities in photonic components

An example: PCM-based Actively Tunable Filter

Phase Change Material (PCM) 
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Reshaping light using PCM-based tunable filters

Packaged PROWESS filter

6



PROWESS- tunable k-space optic

Electrical switching of PCM metasurfaces

Long live PCMs: mitigating failure mechanisms

Beware the pitfalls: thermal modeling of PCMs [EL12.08 / 10:15am talk]

Reshaping light using PCM metasurfaces
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Electrical switching of PCM metasurfaces

Nat. Nanotechnol.
16, 661 (2021)

? Lifetime: 50 cycles
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Electrical switching of PCM metasurfaces

Packaged PCM  
metasurface devices
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(1) SOI wafer

(5) Implant n+

(16) Metasurface 
patterning 

(17) SiN capping layer



Failure mechanism of electronic PCMemories

MRS Bull. 44, 710-714 (2019)

Electromigration 
induced void 
formation and 

elemental 
segregation

Not relevant to optical PCMs!
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Multimode in-situ characterization platform 

Micro-FTIR Raman spectroscopyImaging

20 µm
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H-release from SiN capping layer & Electromigration of metal contacts 
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Switching from PECVD SiN to H-free sputtered SiN Using AC bias voltage



Morphological instability & Compositional non-uniformity
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Optimize PCM structure geometry
High energy EBS



Elemental segregation during cycling
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Si/BOX

SiNx

Ge migrates to high-T region whereas Sb and Te 
moves to low-T region

Ge-rich region

Sb/Te-rich 
region

Nanocrystalline
Amorphous

Increasing liquid phase dwell time

Ge segregation prevents crystallization



Endurance improvement in large-volume optical  PCM switching
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PCM switching volume: ~ 4,000 µm3

100 million times larger than that in PCMemories!

Large-area PCM switching with endurance of over 60,000 cycles



Thermal modeling of PCM devices
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Constants?

Thermal modeling is critical 
to device optimization and 

improving endurance

Nat. Nanotechnol. 16, 661 (2021)

T
Tm

Amorphous

Crystal

H

∆Hf

∆Hc

∆Hf - ∆Hc

 Fundamental behavior studying on the effect of enthalpy of melting on solidification of PCMs as 
part of controlling phase change kinetics (Small, https://doi.org/10.1002/smll.202304145, 2023)

 Scaling up phase change material-based devices



Summary
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With their low optical loss, large index change and switching volume, PCMs 
are an ideal materials for active / reconfigurable metasurface optics

Electrically reconfigurable PCM photonic circuits and metasurfaces have 
been demonstrated leveraging Si foundry processing

Understanding and mitigating failure mechanisms enable electrical 
switching of PCM metasurfaces  over tens of thousands of cycles (and likely 
more)

Temperature dependence of heat capacity and thermal conductivity of PCMs 
must be accounted for to enable accurate thermal modeling



Application-driven trade study
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