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Background

The exponential growth of Al and data processing has created an unprecedented energy crisis. Data
centers consume over 200 TWh annually, with cooling systems alone accounting for 40% of this usage.
Conventional silicon transistors are nearing physical limits, and further miniaturization is expensive and
inefficient. Superconducting electronics offer a path to ultrafast, low-energy computation, but existing
technologies face static power dissipation, complex magnetic coupling and limited reconfigurability,
barriers critical for data centers, quantum computing and edge Al.

The Big Idea

Develop tunable superconducting electronics that achieve energy-efficient, high-performance computation
by dynamically controlling Josephson junctions (the basis of the Nobel Prize in Physics in 1973 and 2025)
and cryotrons.

Why does this matter? This work enables computing technologies that drastically reduce energy use. Al
developers, quantum researchers and data center operators gain from lower operational costs, reduced
environmental impact and scalable systems for complex problems like climate modeling and drug
discovery, supporting global energy sustainability.

What will you do? We will use ferroelectric and piezoelectric materials to dynamically control
superconducting devices via strain and carrier density modulation. This removes power-hungry bias
networks, enabling voltage-controlled tuning, reconfigurability and non-volatile operation. Devices will
integrate aluminum scandium nitride with nitride superconductors like NbTiN to create compact,
three-terminal switches with sub-picosecond speeds and energy-delay products near physical limits.

How will you do it? CMOS-compatible heterostructures, such as AIScN-gated NbTiN channels, will induce
piezoelectric strain and ferroelectric effects for non-volatile operation. Material compositions will be
optimized, and prototypes developed through materials optimization, device integration and circuit
demonstrations. Validation includes thin-film growth, characterization, fabrication and cryogenic testing
across wafer scales, targeting >50% critical current modulation and 70 GHz operation.

Impact

This research could enable reconfigurable cryotrons with zero standby power and 3D integration,
achieving up to 100x performance-per-watt improvements over CMOS. Leveraging Penn’s expertise in
materials science, nanotechnology and interdisciplinary collaboration, this work enables startups,
industrial partnerships and licensing opportunities in cryogenic Al accelerators and quantum hardware,
paving the way for scalable, energy-efficient data centers and hybrid quantum-classical computing
platforms.
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