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Strategic International Collaborative Research Program (SICORP)
Japan—V4 Joint Research Program
Executive Summary of Final Report

1. Project title : 'Band-gap engineering in unconventional semiconductors |
2. Research period : November 2021 ~ October 2024
3. Main participants :

Japan-side
Name Title Affiliation Role in the
research project
Pl Ryo Kitaura Group National Institute for | Optical
Leader Materials Science properties of
low-dimensional
systems
Collaborator | Daichi Kozawa Chief National Institute for | Quantum Light
Scientist | Materials Science Source
Total number of participants throughout the research period: 4
Czech-side
Name Title Affiliation Role in the
research
project
Pl Hidetsugu Senior J. Heyrovsky Development
Shiozawa Researcher | Institute of Physical | of Molecular
Chemistry crystals
Total number of participants throughout the research period: 1
Hungary-side
Name Title Affiliation Role in the
research project
Pl Ferenc Simon | Professor | Budapest University | Characterizations
of Technology and | of bulk crystals
Economics
Total number of participants throughout the research period: 1
Slovakia-side
Name Title Affiliation Role in the
research project
Pl Viera Senior Slovak Academy of | Doping and
Skakalova Scientist Sciences Structural
characterizations
Total number of participants throughout the research period: 1
Poland-side
Name Title Affiliation Role in the
research
project
Pl Martin Kurpas Assistant University of Silesia | Ab-initio
professor in Katowice calculations
Total number of participants throughout the research period: 1

4. Summary of the international joint research
In this international joint research project, we focused on advanced semiconductors,
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particularly low-dimensional semiconductors and heterostructures. The project aims to
develop new materials that can enhance next-generation optical and electronic devices
through material fabrication and properties exploration. Low-dimen

sional semiconductors hold great promise as channel materials for next-generation
electronic devices. In addition, they are expected to contribute to quantum light sources,
such as single-photon light sources, due to their extremely fast radiation relaxation and high
exciton binding energy, coupled with their excellent controllability. These studies are actively
pursued as part of a global trend, with related PRESTO and CREST projects currently
underway in Japan.

Our project unites researchers from diverse backgrounds to conduct exploratory
research, primarily on low-dimensional semiconductors. We emphasized the luminescence
properties of these materials and utilized vapor phase deposition techniques, such as thin
film growth, while investigating optical properties through cryogenic microspectroscopy and
mapping. Key themes include the development of new light sources by embedding color
centers in two-dimensional semiconductors and insulators, as well as examining the optical
properties of crystals using molecular mixtures. Additionally, we will conduct electronic
structure analyses using first-principles calculations to support these experimental studies.

The responsibilities of each participating country are as follows: the Japanese group
handles sample preparation and spectroscopic measurements of two-dimensional
semiconductors; the Czech group focuses on molecular crystal materials; the Slovak group
is in charge of implanting color centers through ion implantation and performing structural
analysis using transmission electron microscopy; the Hungarian group evaluates bulk
properties; and the Polish group conducts theoretical analysis based on first-principles
calculations, as well as bulk characterization.

5. Outcomes of the international joint research
5-1 Scientific outputs and implemented activities of the joint research

Through international collaborations, we have advanced the embedding of color centers
in low-dimensional semiconductors and explored their optical properties. For instance,
gallium (Ga) was successfully embedded into hexagonal boron nitride using a low-energy
ion implantation technique developed by a Slovak research group. Additionally, we observed
a series of phonon sidebands in the emission spectra, which are attributed to Ga-derived
localized states. These findings align qualitatively with the first-principles calculations a
Polish research group conducted. It is anticipated that the collaboration between
experimental and theoretical efforts will lead to the development of versatile luminescent
materials in the future.

5-2 Synergistic effects of the joint research

This project is characterized by collaboration among researchers from four countries with
diverse backgrounds. This collaboration facilitated the fabrication of gallium-doped
hexagonal boron nitride and its structural analysis through transmission electron microscopy,
as well as electronic structure analysis using first-principles calculations. The research was
conducted collectively, leveraging the strengths of each researcher, and would not have
been possible without the V4 project. To promote such collaborative research, core
members held regular online meetings once or twice a month. Additionally, specific
sub-meetings were organized to focus on particular topics and participants, ensuring
effective communication and collaboration throughout the project.

5-3 Scientific, industrial or societal impacts/effects of the outputs

Although the research results are not immediately applicable to actual optical devices,
they are fundamental and may pave the way for developing a new color center that could
potentially replace the diamond NV center in the future. Continuing research in this direction
holds promise. Additionally, graduate students participated in this collaborative research and
conducted actual experiments. They took part in regular meetings, particularly detailed
discussions, which allowed them to experience the process of international joint research.
These experiences will be invaluable for those who aspire to become internationally active
researchers in the future.
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1. Feng Zhang, Ryo Tamura, Fanyu Zeng, Daichi Kozawa, Ryo Kitaura. Bayesian
Optimization for Controlled Chemical Vapor Deposition Growth of WS,. ACS Applied
Materials & Interfaces. 16 [43] (2024) 59109-59115 10.1021/acsami.4c15275

2. Mengsong Xue, Kenji Watanabe, Takashi Taniguchi, Ryo Kitaura. Gate-modulated
reflectance spectroscopy for detecting excitonic states in two-dimensional
semiconductors. Applied Physics Letters. 123 [6] (2023) 063101 10.1063/5.0159245

3. Shaochun Zhang, Mina Maruyama, Susumu Okada, Mengsong Xue, Keniji
Watanabe, Takashi Taniguchi, Kazuki Hashimoto, Yasumitsu Miyata, Ruben
Canton-Vitoria, Ryo Kitaura. Observation of the photovoltaic effect in a van der Waals
heterostructure. Nanoscale. 15 [12] (2023) 5948-5953 10.1039/d2nr06616e

4. Sihan Zhao, Ryo Kitaura, Pilkyung Moon, Mikito Koshino, Feng Wang. Interlayer
Interactions in 1D Van der Waals Moiré Superlattices. Advanced Science. 9 [2] (2022)
2103460 10.1002/advs.202103460
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Watanabe, Takashi Taniguchi, Ryo Kitaura. Trion confinement in monolayer MoSe2
by carbon nanotube local gating. Applied Physics Express. 16 [1] (2022)
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1. Kitaura, R., Pacifichem 2021: Carbon nanotubes and related materials: Preparation,
Characterization and, Applications (#295), online, 12/21 Dec, 2021, One- and


https://samurai.nims.go.jp/profiles/tamura_ryo
https://samurai.nims.go.jp/profiles/zeng_fanyu
https://samurai.nims.go.jp/profiles/kozawa_daichi
https://samurai.nims.go.jp/profiles/kitaura_ryo
https://samurai.nims.go.jp/articles/c8bdf2b3-6b5d-40d6-b06d-fe2a4e4fae4e
https://samurai.nims.go.jp/articles/c8bdf2b3-6b5d-40d6-b06d-fe2a4e4fae4e
https://doi.org/10.1021/acsami.4c15275
https://samurai.nims.go.jp/profiles/watanabe_kenji_aml
https://samurai.nims.go.jp/profiles/taniguchi_takashi
https://samurai.nims.go.jp/profiles/kitaura_ryo
https://samurai.nims.go.jp/articles/e3c502c0-267c-4d02-9b03-fb0d8cf3b5ea
https://samurai.nims.go.jp/articles/e3c502c0-267c-4d02-9b03-fb0d8cf3b5ea
https://samurai.nims.go.jp/articles/e3c502c0-267c-4d02-9b03-fb0d8cf3b5ea
https://doi.org/10.1063/5.0159245
https://samurai.nims.go.jp/profiles/watanabe_kenji_aml
https://samurai.nims.go.jp/profiles/watanabe_kenji_aml
https://samurai.nims.go.jp/profiles/taniguchi_takashi
https://samurai.nims.go.jp/profiles/kitaura_ryo
https://samurai.nims.go.jp/articles/eaebe1d8-d7e9-4d13-9100-4ba2140e0617
https://samurai.nims.go.jp/articles/eaebe1d8-d7e9-4d13-9100-4ba2140e0617
https://doi.org/10.1039/d2nr06616e
https://samurai.nims.go.jp/profiles/kitaura_ryo
https://samurai.nims.go.jp/articles/3d61e9cf-1f49-4eac-a789-8e3512fa61d5
https://samurai.nims.go.jp/articles/3d61e9cf-1f49-4eac-a789-8e3512fa61d5
https://doi.org/10.1002/advs.202103460

SICORP #& iy & (Lifaie)

two-dimensional superlattices: Fabrication and properties

2. Kitaura Ryo., special seminar at iCeMS, 2022/3/22, Low-dimensional heterostructures -
an exploration of mix-dimensional systems —

3. R. Kitaura, “Ultrathin Lateral Heterostructures Based on Two-Dimensional
Semiconductors”, 241st ECS meeting, Vancouver, Canada, Jun. 3rd, 2022

4. KITAURA, Ryo. Heterostructures based on Two-Dimensional materials. NT23 (THE
23RD INTERNATIONAL CONFERENCE on the Science and Applications of
Nanotubes and Low-Dimensional Materials). 2023
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