Advanced Device Laboratory
Chief Scientist: Koji Ishibashi (D.Eng.)

(0) Research field
CPR Subcommittee: Engineering, Physics
Keywords:
Quantum devices, nanofabrication, coherent manipulation of spins,
carbon nanotubes, topological insulator/superconductor hybrid structures

(1) Long-term goal of laboratory and research background

We are exploring functional nanoelectronics that is complementary to the Silicon electronics.
We try to make use of various quantum objects such as an electron charge/spin, an exciton,
Cooper pairs et al. that can be controlled in a single particle level and could be used in
quantum computing devices and other functional quantum devices. To realize these devices
in nanoscale dimensions, we not only use conventional semiconducting materials (such as
Si-MOS structures), but also use carbon nanotubes and semiconductor nanowires that have
extremely small dimensions which are difficult to realize with conventional lithography
technique. Topological insulators could be explored by combining them with superconductors,
where a unique quantum state of the Majorana zero mode is expected. We also study atom
manipulation techniques for the ultimate small structures as well as inspection techniques
for functional nanostructures. New physics or new functionalities that appear in the
nanoscale devices and new functional materials are also our interests.

(2) Current research activities (FY2020) and plan (until Mar. 2025)
Among various quantum objects we are studying, electron spin would be most fundamental.
In this year, we have carried out an interesting experiment with spin-based qubit (quantum
bit) in Si-based small-transistors where we can take full advantage of sophisticated
nanofabrication technology. Another advantage would work at higher temperatures because
extremely small qubits could be fabricated. Tunnel transistor structures were fabricated,
and single trap states were used as a qubit. With it, the quantum thermal cycle was
simulated. When a qubit that is square wave-modulated to two types of energy (large and
small) is irradiated with a microwave that is square wave-modulated to two types of
frequencies (large and small), the qubit takes the following four states. i) O state with
large qubit energy, ii) 1 state with large qubit energy, iii) 1 state with small qubit energy,
and iv) O state with small qubit energy. The cyclical transition of these four states mimics
the quantum thermal cycle. 1) — ii) — iii) — iv) — 1) is an “engine” cycle that takes
work out of heat. The reverse cyclei) — iv) — iii) — ii) — i)isa “refrigerator” cycle that
removes heat from the environment by a given work. In the experiment, the quantum
interference effect between these two cycles could be confirmed. This experimental system
does not include the heat bath essential for the heat engine. However, the observed
interference effect itself is expected for the actual quantum heat engine. We believe that the

findings obtained in this experiment can be applied to quantum heat engines including heat
baths.

Fig: Schematic image of the heat cycle process (left) and their interference (right)
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