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

1. Project title : [ Development of Nitride Semiconductor-based High Power Ultraviolet Laser Diodes

for Hazardous Substances Decomposition Systems |

2. Research period : Aug. 2016 ~ Mar. 2019
3. Main participants :

Japan-side
Name Title Affiliation Role in the research
project
Pl Hiroshi Amano Professor | Nagoya University Project Leader
Co-PI Hideto Miyake Professor | Mie University Crystal growth and
structural
characterization
Co-PI Yoshio Honda Associate | Nagoya University Characterization of
Professor optical and
electrical
properties
Collaborator Maki Kushimoto | Assistant Nagoya University Establishment of
Professor optical excitation
system
Collaborator Kanako Shojiki | Assistant Mie University Crystal growth by
Professor MOVPE and
characterization of
the layers
Collaborator Xiao Shiyu Assistant Mie University Crystal growth by
Professor HVPE and

characterization of
the layer

Total number of participants throughout the research period: 12 Membersr

China-side
Name Title Affiliation Role in the
research project
Pl Yuhuai Liu Professor | Zhengzhou University
Co-PI Nanjing University of Optoelectronics
Yongjin Wang Professor | Post and P S
— chip fabrication
Telecommunication
Co-PI Changchun Institute of
. . Assistant Optics an d Fine uv detector
Yuping Jia Mechanics and A
Professor . . fabrication
Physics, Chinese
Academy of Sciences
Co-PI YU Xu Endineer Suzhou Nanowin AIN  substrate
g Technology Co. Ltd. fabrication
Collaborator Shouyi Yang Professor | Zhengzhou University SCyoSrtr;rrr;unlcatlon
Collaborator Fang Wang Associate Zhengzhou University Opt_lcal device
Professor design
Total number of participants throughout the research period: 33 Members
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4. Summary of the international joint research

The range of applications of ultraviolet (UV) light sources to industry such as medical
applications is expanding. Conventional UV lamps contain mercury (Hg), which is environmentally
hazardous. Therefore, much attention has been paid to nitride-based UV light-emitting diodes
(LEDs) as Hg-free UV light sources. However, the output power of UV LEDs is at most only on the
orders of 10 mW at a wavelength of 260 nm, which is not sufficient to decompose environmentally
hazardous substances. To overcome this problem, fundamental research on substrates, devices, and
system applications to realize UV laser diodes (UV-LDs) with high output power is strongly desired.

In this project, we developed fundamental technology on high-output-power UV-LDs. Teams at
Nagoya University and Mie University focused on growing high-quality AIN substrates and the
fabrication of UV-LDs, whereas Chinese teams characterized crystalline quality of AIN, fabricated
UV detector, and integrated a UV-LED with the UV detector. As a result of this collaboration, we
succeeded in realizing a high-quality AIN template and fabricating integrated devices with new
functions. Coupling this achievement with an ICT system is expected to result in the development of
a new environment-monitoring system.

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

First, we attempted to grow a bulk AIN substrate by the sublimation method. However, during
the project, it was found that it would take too long to realize a bulk AIN substrate. Therefore, we
started to utilize thin-film AIN on a sapphire substrate by sputtering. By optimizing the annealing
conditions after deposition, we succeeded in realizing an AIN buffer layer of sufficient quality to
realize a UV laser. Then, we clarified the optical properties of AlGaN, which is necessary to design
the structure of the UV-LD. We also succeeded in fabricating the world’s first monolithic UV
coupler.

5-2 Synergistic effects of the joint research

Professor Liu from the University of Zhangzhou and Professor Wang from Nanjing University of
Posts and Telecommunications visited Nagoya University and Mie University several times and
developed the technology to grow the UV-LED and UV detector by a single MOVPE process. This
mutual cooperation led to the realization of the entirely new technology. In addition, all the team
members in Japan and China gathered once a year and discussed the overall research plan and the
progress of each area of research.

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

From the academic viewpoint, we succeeded in extracting parameters necessary to realize an
UV-LD. From the industrial viewpoint, the Suzhou Nanowin team has started an AIN template
business, National Institute of Precision Optics and Physics, Director-General of The Chinese
Science Council team has obtained a grant for a startup company from the government of Jilin
province, and the Nanjing University of Posts and Telecommunications team received a positive
response to their application for a grant for a startup company from Jiangsu province. The results
obtained in this project, especially the fabrication of an environment-monitoring chip, are easy to
apply to mass production; therefore, a huge contribution to sustainable development goals, so called
SDGs can be expected.
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X. Yang , S. Nitta , K. Nagamatsu , M. Pristovsek , Y. Liu, Y. Honda , and H.
Amano, Growth of hexagonal boron nitride on sapphire substrate by pulsed—mode
metalorganic vapor phase epitaxy, Journal of Crystal Growth, 482, 1-8, 2018.

Xu Yang, Shugo Nitta, Markus Pristovsek, Yuhuai Liu, Kentaro Nagamatsu, Maki
Kushimoto, Yoshio Honda and Hiroshi Amano, Interface amorphization in hexagonal
boron nitride films on sapphire substrate grown by metalorganic vapor phase, pitaxy,
Applied Physics Express, 11,51002, 2018

Chuan Qin, Xumin Gao, Jialei Yuan, Zheng Shi, Yuan Jiang, Yuhuai Liu, Yongjin Wang
and Hiroshi Amano, Transferrable monolithic multicomponent system for
near—ultraviolet optoelectronics. Appl. Phys. Express 11 (2018) 051201

Yongjin Wang, Xin Wang, Bingcheng Zhu, Zheng Shi, Jialei Yuan, Xumin Gao, Yuhuai
Liu, Xiaojuan Sun, Dabing Li, and Hiroshi Amano, “Full-duplex light communication
with a monolithic multicomponent system,” Light: Science & Applications 7,
83(2018)

Jialei Yuan, Yan Jiang, Zheng Shi, Xumin Gao, Yongjin Wang, Xiaojuan Sun, Dabing
Li, Yuhuai Liu, and Hiroshi Amano, “286nm monolithic multicomponent system” |,
Japanese Journal of Applied Physics 58, 010909 (2019)

Cai, Wei; Yuan, Jialei; Ni, Shuyu; Shi, Zheng;,; Zhou, Weidong; Liu, Yuhuai; Wang
Yongjin; Amano, Hiroshi “GaN-on-Si resonant-cavity light—-emitting diode
incorporating top and bottom dielectric distributed Bragg reflectors”Applied
Physics Express 12, 032004 (2019)
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H.Miyake , C.H.Lin, K.Tokoro, K.Hiramatsu, Preparation of high—quality AIN on
sapphire by high—temperature face—to—-face annealing, Joornal of Crystal Growth,
456, 155-159, 2016

Ryo Yoshizawa, Hideto Miyake, and Kazumasa Hiramatsu, Effect of thermal annealing
on AIN films grown on sputtered AIN templates by metalorganic vapor phase epitaxy,
Jon. J. Appl. Phys., 2018, 57, 01AD05/1-4
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Yusuke Hayashi, Ryuji Katayama, Toru Akiyama, Tomonori Ito, and Hideto Miyake
Polarity inversion of aluminum nitride by direct wafer bonding, Appl. Phys. Exp.,
2018, 11, 031003/1-4

Yusuke Hayashi, Ryuji Katayama, Toru Akiyama, Tomonori Ito, Hideto Miyake,
“Polarity inversion of aluminum nitride by direct wafer bonding” , Applied Physics
Express, 2018, 11(3), 031003

Hideto Miyake, Yusuke Hayashi, Shi-yu Xiao, Kazumasa Hiramatsu, “High—temperature
annealing of AIN on sapphire using face—to—face method” , Gallium Nitride Materials
and Devices XIII, 2018, 10532, 1053202

Shiyu Xiao, Ryoya Suzuki, Hideto Miyake, Shunta Harada, Toru Ujihara, “Improvement
mechanism of sputtered AIN films by high—temperature annealing” , Journal of Crystal
Growth, 2018, 502, 41-44
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Xu Yang (Speaker), Shugo Nitta, Kentaro Nagamatsu, Yuhuai Liu, Zheng Sun, Zheng Ye,
Junya Matsushita, Yoshio Honda, and Hiroshi Amano, ”“The Influence of Residual Boron
in Reactor on the Quality of GaN Crystal Grown via MOVPE”, Internationl Workshop
on Nitride semiconductors, Florida, USA, October 2-7, 2016.

X. Yang(Speaker), S. Nitta , K. Nagamatsu, M. Pristovsek , Y. Liu, Y. Honda , and
H. Amano, “Growth and Structural Characterization of Hexagonal Boron Nitride on
Sapphire”, Th-P28, The 2nd International Workshop on UV Materials and Devices
(IWUMD2017), November 14-18, 2017, Fukuoka, Japan.

X. Yang(Speaker), S. Nitta, K. Nagamatsu , M. Pristovsek , Y. Liu, Y. Honda , and

H. Amano, “The surface evolution of hexagonal boron nitride on sapphire by
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pulsed—-mode MOVPE”, The 12th International Conference on Nitride Semiconductors
(ICNS2017), July 24-28, 2017, Strasbourg, France

Y. Liu(Speaker), X. Yang , S. Nitta , K. Nagamatsu , M. Pristovsek , Y. Honda ,
and H. Amano, “Pulsed-mode MOVPE growth of hexagonal boron nitride on sapphire
substrate” , Invited Talk, 2017 International Symposium on Single Crystal Diamond
and Electronics (SCDE 2017), June 10-14, 2017, Xi’an, China.

X. Yang(Speaker) , S. Nitta , K. Nagamatsu , M. Pristovsek , Y. Liu, Y. Honda
and H. Amano, ”“Impact of temperature on pulsed-mode MOCVD hexagonal boron nitride
on sapphire”, 29 January 2018. SPIE OPTO, “2D Photonic Materials and Devices”, 27

January — 1 February 2018, San Francisco, California, United States

Maki Kushimoto(Speaker), Yang Xu, Yuhuai Liu, Yoshio Honda, and Hiroshi Amano,
“Optical properties of AlGaN based UVC laser structures on annealed AIN
template”December 11,2018, International Workshop onUV Materials and
Devices (IWUMD) December 9-12, 2018Kunming Yunan Conference Hotel, Kunming, China,
2018

X. Yang(Speaker) , S. Nitta , K. Nagamatsu , M. Pristovsek , Y. Liu, Y. Honda
and H. Amano, Impact of temperature on pulsed-mode MOCVD hexagonal boron nitride
on sapphire, Oral presentation, 29 January 2018. SPIE OPTO, ”2D Photonic Materials
and Devices”, 27 January — 1 February 2018, San Francisco, California, United
States.

Y. Liu(Speaker), X. Yang , S. Nitta , K. Nagamatsu , M. Pristovsek , Y. Honda
and H. Amano, Pulsed-mode MOVPE growth of hexagonal boron nitride on sapphire

substrate , Invited Talk, 2018 International Symposium on Single Crystal Diamond
and Electronics(SCDE 2018), June 10-14, 2018, Xi’an, China.

Y. Liu(Speaker), X. Yang , S. Nitta , K. Nagamatsu , M. Pristovsek , Y. Honda ,
and H. Amano, “Growth Mechanisms of h-BN on Sapphire Substrate by Pulsed Mode Metal
Organic Vapor Phase Epitaxy” , The 15th International Forum on Wide Bandgap
Semiconductors, Oct. 23-25, 2018, Shenzhen, China.

* MEAFER (FRFAWIIET — L 25 720 BAMBIET — L DFER)
FERMEC 718 1F (O HRFFHAEL : 16 1)

ZEZHBN 7747 EARYZAINDON2 EiRT =—/L) . AARPIERS § 161 £8
2 KBk, 2016/11/18

Hideto Miyake, Kazumasa Hiramatsu, Fabrication of High—Quality AIN Template for
Deep-Ultraviolet-Light Source, MNRG 2016, 2016412 A 6-7 H
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Ryo Yoshizawa, Shinya Tamaki, Hideto Miyake, Kazumasa Hiramatsu, Effect of
thermal annealing on AIN film grown on sputtered AIN templates, ISPlasma 2017
LR, 20174E3 H 2 H

Hideto Miyake, Shiyu Xiao, Kazumasa Hiramatsu, High—temperature Annealing of
Sputtered AIN Films on Sapphire, ICMaSS2017, 4 B A%, 2017/9/29

Hideto Miyake, Yusuke Hayashi, Kazumasa Hiramatsu, Fabrication of high—quality AIN
template by high temperature annealing for UV devices, APWS2017, ,Qingdao,
2017/9/27
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Shiyu Xiao, Hideto Miyake, Investigation of the qualitative improvement process
of sputtered AIN films by high—temperature annealing, IFWS 2017, Beijing, China,
2017/11/1
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Hideto Miyake, Shiyu Xiao, Yusuke Hayashi, Kanako Shojiki, Kazumasa Hiramatsu,
Fabrication of high—quality AIN on sapphire by face—to—face annealing, OPTIC2017,
Kaohsiung city, Taiwan, 2017/12/8

Hideto Miyake, Shiyu Xiao, Yusuke Hayashi, Kanako Shojiki, ”“Fabrication of
High—Quality AIN on Sapphire for Deep UV LED” , 2018tSSL, Taiwan, 2018/4/25

Kanako Shojiki, Xiaotong Liu, Shoya Kawai, Hideto Miyake, “Fabrication of
High—Quality AIN Template on Sapphire Using High-Temperature Annealing, CSW2018,
MIT, BOSTON, 2018/5/30

Hideto Miyake, ””Fabrication of High—quality AIN Template by High Temperature
Annealing””, CIMTEC, Padova, Italy, 2018/6/15”

Hideto Miyake, Kanako Shojiki, Xiaotong Liu, Yusuke Hayashi, Xiao Shiyu, Kenjiro
Uesugi, ””“Homoepitaxy of AIN on annealed AIN/sapphire template””, ISGN-7, Warsaw,
Poland, 2018/8/5-10
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