13

Japan Academy Prize to:

Yasuhiko ARAKAWA
Professor, Institute of Industrial Science,
The University of Tokyo

for “Research on Quantum Dots and their Application in
Photonic Devices”

Outline of the work:

Research on the control of electron motion using a thin film semiconductor with a thickness of about 10
nm (close to the electron quantum-mechanical wavelength) began with a proposal for superlattices and
quantum wells by Dr. Leo Esaki in 1969. This research has produced new electron and photonic devices such
as quantum-well lasers, has increased our understanding of the physics of two-dimensional electron systems
and has contributed greatly to the development of the IT society.

The quantum dot is an advanced semiconductor nanostructure that was proposed by Prof. Yasuhiko
Arakawa in 1982 as a novel development of the quantum well. Since this proposal, Prof. Arakawa has
consistently promoted research on quantum dots and their photonic-device applications and has pioneered
several outstanding research achievements. His work can be divided into four aspects: early-stage research on
quantum-dot lasers, realization and practical application of quantum-dot lasers, single-quantum-dot photonic
devices and fundamental investigations into the optical properties of quantum nanostructures.

The dawn of research into quantum-dot lasers

In 1982, in collaboration with Prof. Hiroyuki Sakaki, Prof. Arakawa proposed the concept of quantum
dots for removing the freedom of electron motion via three-dimensional quantum confinement and their
application to lasers. At the same time, he predicted a reduction in the temperature dependence of the
threshold current in quantum-dot lasers by theoretical calculations. Prof. Arakawa further advocated
theoretical studies of quantum-well and quantum-dot lasers and found that not only the threshold current but
also other characteristics, such as modulation bandwidth and quantum noise, were greatly improved. In
addition, the possibility of improving the aforementioned properties was verified by realizing the
multidimensional quantum-confinement effect of electrons by placing a quantum-well or bulk-semiconductor
laser in a strong magnetic field.

These pioneering achievements have shown that reduction in the degrees of freedom of electrons is
essential for improving various characteristics of semiconductor lasers.

Realization and practical application of quantum-dot lasers

Building upon his early research, Prof. Arakawa started to investigate the realization and
commercialization of quantum-dot lasers. He began working on the crystal growth of quantum dots, though
he himself considered it to be a monumental task. In 1994, he succeeded in fabricating self-assembled InAs-
based quantum dots using metal-organic vapor-phase epitaxy for the first time. However, to realize a high-
performance quantum-dot laser, it was necessary to form uniform and high-density quantum dots, which was
even more challenging.
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In collaboration with Fujitsu Laboratories, Prof. Arakawa aimed to establish a technology for fabricating
high-quality quantum dots and finally succeeded in realizing a temperature-independent high-speed
modulated-quantum-dot laser in 2004. Based on these achievements, a venture company was started in 20006,
mass production began in 2010 and more than 3 million quantum-dot lasers were shipped to the market by
2015. In addition, he succeeded in incorporating quantum-dot lasers into silicon photonic integrated circuits
in 2014, further opening up possible uses of quantum-dot lasers.

This academically significant achievement was the first realization of essential features of quantum
mechanics, such as complete discretization of energy levels, in a practical device.

Single-quantum-dot optical-device research

Prof. Arakawa’s research has not been limited to the development of lasers with active layers consisting
of numerous quantum dots. He noted at the importance of optical devices using a single-quantum dot at an
early stage, which has led to several remarkable results. In 2004, as part of an industrial collaboration, he
succeeded in realizing single-photon sources operating in the telecommunications-wavelength band. This led
to the world’s longest transmission distance for quantum-cryptographic communication using single-photon
sources in 2014. However, the operating temperature of single-photon sources has long been limited to
extremely low temperatures. Prof. Arakawa started researching crystal-growth technology and the physical
properties of GaN quantum dots around the end of the 1990s, and, by controlling the binding energy of the
biexcitons, he successfully achieved single-photon emission at 350 K. In addition, he has also achieved
excellent results in extremely small-laser research, including the fabrication of a single-quantum-dot laser in
2010.

Physics of quantum nanostructures

Prof. Arakawa has also achieved numerous important results in the study of the optical properties of
quantum nanostructures. For example, in 1998, he clarified by single-quantum-dot spectroscopy that InAs
quantum dots not only have state density due to discrete levels but also have continuous states. In addition, in
a 1993 study using quantum wells in a vertical microcavity, he confirmed that strong quantum coupling
(vacuum Rabi oscillation) between excitons and single photons exists even in the solid state. The paper that
first reported this result is currently regarded as the original source of research on semiconductor-cavity
quantum electrodynamics.

In summary, Prof. Arakawa is a world-leading scientist who has investigated quantum-dot lasers from
initiation to practical application and has performed outstanding research on single-photon sources and
quantum optics in semiconductor nanostructures. On account of these achievements, he has been bestowed
with numerous awards, including the Leo Esaki Prize, the Fujihara Award, the Medal with Purple Ribbon, the
C&C Prize, the IEEE David Sarnoff Award, the Welker Award and the Nick Holonyak, Jr. Award.
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