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Figure 1 Since its invention, the laser has advanced along two complementary extremes—toward ultra-high power for energy applications, and

toward ultra-miniaturization for information technologies
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Figure 2 By introducing a fundamentally new confinement mechanism, the singular dispersion equation enabled the first demonstration of sub-
diffraction-limited nanolasers in dielectric media, achieving atomic-scale light localization
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Nanolasers with atomic-scale feature sizes and reconfigurable
optical phased arrays
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Among the most transformative inventions of the 20th century, the transistor and the laser stand as twin pillars of modern
technology. The transistor channels electrons; the laser harnesses photons. As fundamental particles, both electrons and
photons carry energy—and more importantly, information. The advent of electricity powered the Industrial Revolution,
propelling human productivity to new heights. Later, the invention of the integrated circuit—built on the manipulation of
electrons—sparked the information revolution and ushered in the digital age.

Since the first laser was demonstrated by Theodore Maiman in 1960, laser technology has rapidly advanced and
permeated nearly every aspect of science, industry, and daily life. Over the decades, this progress has pushed in two
dramatic directions. One trajectory aims for extreme power and energy—exemplified by facilities like National Ignition
Facility and Shenguang Facility, developed for controlled nuclear fusion. As Qian Xuesen once remarked, this effort is akin
to creating a “miniature sun” on Earth, potentially unlocking a future of clean and inexhaustible energy. The other direction
is the pursuit of ever-smaller lasers. Just as transistor miniaturization enables the rise of microelectronics, the downscaling
of lasers promises to reshape the future of photonics.

Yet compared to transistors, shrinking lasers presents far steeper physical hurdles. The wavelength of visible light is
roughly three orders of magnitude larger than that of electrons. As a result, the diffraction limit imposes a fundamental
bound: in theory, photonic devices such as lasers must be about a billion times larger in volume than their electronic
counterparts. To build high-performance lasers at the nanoscale, one must overcome this core constraint—finding a way to
compress light itself into volumes far smaller than its wavelength.

Cracking this problem would not only redefine the limits of light control but also unlock new applications at the frontiers
of science and technology. Imagine manipulating photons at the same scale as electrons: visualizing DNA in real time,
building ultra-dense photonic chips, or achieving light-based computing orders of magnitude faster and more efficient than
today’s systems.

It is in this context that a team led by Ren-Min Ma at Peking University achieved a breakthrough—selected as one of the
“Top Ten Scientific Advances in China for 2024 by the National Natural Science Foundation. The team introduced the
concept of the singular dispersion equation, providing the first theoretical framework to surpass the diffraction limit in
lossless dielectric materials. They also developed a novel fabrication technique that enables optical cavity with feature size
down to just 1 nanometer—realizing the smallest laser mode volume ever reported, and bringing coherent light
confinement into the atomic regime.

Beyond confinement, the team demonstrated unprecedented control. By exploiting the reconfigurability of flatband
wavefunctions, they constructed a nanolaser-based optical phased array capable of coherent beam shaping. This system
achieved phase-locked operation across multiple lasers, enabling dynamic pattern generation—including coherent laser
outputs that spell out characters such as “H” and “[E".

This article explores the fundamental challenges of laser miniaturization, reviews three decades of key progress in the
field, and highlights how these latest advances from Peking University may open a new chapter for light at the atomic scale.

singular dielectric nanolasers, singular dispersion equation, optical frequency phased arrays, reconfigurable
coherent nanolaser arrays
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