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

1. Project Title : [Femtosecond laser microfabrication of diamond photonic circuits for
guantum information |
2. Project Period : October 1st, 2014 ~ March 31th, 2017
3. Main Participants :
Japan-side (up to 6 people including Principal Investigator)
Name Title Affiliation Role
Pl Kiyotaka Miura Professor Graduate School of Leader of Japan
Engineering, -side
Kyoto University
Co-PI Masaaki Associate Office of Society- Management of
Sakakura professor Academia researches,
Collaboration for Laser experiment
Innovation,
Kyoto University
Co-PI Yasuhiko Associate Graduate School of Laser
Shimotsuma professor Engineering, experiment,
Kyoto University Data analysis
Collaborator Takuro Okada MS student Graduate School of Laser
Engineering, experiment
Kyoto University
Collaborator Kosuke Imawaka | MS student Graduate School of Laser
Engineering, experiment
Kyoto University
Total number of participating researchers in the project:. 5
Partner-side (up to 6 people including Principal Investigator)
Name Title Affiliation Role
Pl Robert Ramponi Director Institute for photonics Project leader
and nanotechnologies-
Italian National
Research Council
(IFN-CNR), Milano
Co-PI Shane M. Eaton Researcher IFN-CNR, Milano Project manager,
Laser experiment
Co-PI Bellen Sotillo Researcher IFN-CNR, Milano Laser

experiment,
Material
characterization

Collaborator

Vibhav
Bharadwaj

Doctor course
student

IFN-CNR, Milano

Laser experiment

Total number of participating researchers in the project: 4

Partner-side (up to 6 people including Principal Investigator)

Name Title Affiliation Role
Pl Ali Professor Kog¢ University, Project leader
Serpenguzel Turkey and management
Co-PI Ulas S. Gokay | Researcher Kog University, Characterization of
Turkey optical waveguide

Total number of participating researchers in the project: 2
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4 . Scope of the joint project

In this joint project, three research teams from IFN Milano (ltaly), Koc University
(Turkey) and Kyoto University (Japan) developed laser processing techniques to realize
direct inscribing of optical waveguide in the bulk of diamond by assembling diverse but
complementally skills of three teams; laser writing of low-loss optical waveguides (ltaly),
characterization of optical waveguides (Turkey), and ultrafast imaging of laser processing
(Japan). During the period of the project, we demonstrated laser writing of three dimensional
buried optical waveguide in diamond, which is the main goal of the project, for the first time.
In addition, we found a laser irradiation method that can induce phase transition inside
diamond with a high efficiency, and elucidated physical processes when phase change
occurs in the laser irradiated region through the observation by ultrafast imaging.

5. Outcomes of the joint project
5 — 1 Intellectual Merit

The first intellectual merit of this project is that we demonstrated laser writing of optical
waveguides buried in the bulk of diamond by producing amorphous carbon phase by
focusing femtosecond at a high repetition rate. Because diamond has been considered as
a key material for quantum computing, the technique of optical waveguide writing will be a
promising method for realization of integrated magnetometer or quantum information
devices on a diamond chip.

The second intellectual merit is that we found a laser irradiation method that can induce
phase change with a high efficiency and observed stress dynamics during phase change
in diamond. Because this method make it possible to produce amorphous carbon phase in
diamond with laser pulses of known numbers, it will realize precise laser processing in
diamond.

5 — 2 Synergy from the Collaboration

Members from three research teams conducted collaborative experiments to improve
laser processing system and develop a new optical system for evaluation of optical
waveguides by providing each other with technical and research know-how. In addition,
the collaborative experiments enabled us to find some problems that only the members in
one team could not find and to suggest possible solutions. Therefore, without the
collaboration, it would be difficult to achieve the goal of our project.

5 — 3 Potential Impacts on Society

After several decades, our society will need computers of much higher performance and
much more secure communication system. Therefore, quantum information technology will
be essential in the future. Diamond is one of promising materials for quantum information.
Therefore, it is expected that the outcome of this joint project, laser writing of waveguides
in diamond and elucidation of the mechanism, will enable fabrication of compact quantum
devices of diamond.
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Serpenglzel, U. S. Gokay, Y. Shimotsuma, and K. Miura, "Maodification and Dynamics
inside Diamond by Femtosecond Laser Double-Pulse Irradiation” Journal of Laser
Micro/Nanoengineering, Vol. 11, pp. 346-351. 2016

B. Sotillo, V. Bharadwaij, J. P. Hadden, M. Sakakura, A. Chiappini, T. T. Fernandez, S.
Longhi, O. Jedrkiewicz, Y. Shimotsuma, L. Criante, R. Osellame, G. Galzerano, M.
Ferrari, K. Miura, R. Ramponi, P. E. Barclay, and S. M. Eaton "Diamond photonics
platform enabled by femtosecond laser writing" Scientific Reports, Vol. 6, Article
number: 35566. 2016
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Masaaki Sakakura, Yasuhiko Shimotsuma, Naoaki Fukuda, Kiyotaka Miura, "Transient
strain distributions during femtosecond laser-induced deformation inside LiF and MgO
single crystals", Journal of Applied Physics, Vol. 118, Article ID: 023106, 2015

Masaaki Sakakura, Takuro Okada, Yasuhiko Shimotsuma, Naoaki Fukuda, Kiyotaka
Miura, "Fast and Slow Dynamics in Femtosecond Laser-induced Crack Propagation
inside a LiF Single Crystal"Journal of Laser Micro/Nanoengineering, Vol. 10,
pp.320-324, 2015

Yasuhiko Shimotsuma, Tomoaki Sei, Masaaki Sakakura, Kiyotaka Miura, Haruhiko
Udono, "Nanostructuring in Indirect Band-gap Semiconductor Using IR Femtosecond
Double Pulses"Journal of Laser Micro/Nanoengineering, Vol. 11, pp.35-40, 2016

Y. Shimotsuma, T. Sei, M. Mori, M. Sakakura, and K. Miura, "Self-organization of
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U. S. Gokay, M. Zakwan, A. Demir and A. Serpenguzel, “Optical Fiber Excitation of
Fano Resonances in a Silicon Microsphere” Fiber and Integrated Optics Vol. 35, pp.
38-46, 2016.

Belén Sotillo, Vibhav Bharadwaj, John Patrick Hadden, Stefano Rampini, Andrea
Chiappini, Toney T. Fernandez, Cristina Armellini, Ali Serpenglizel, Maurizio Ferrari,
Paul E. Barclay, Roberta Ramponi and Shane M. Eaton, "Visible to Infrared Diamond
Photonics Enabled by Focused Femtosecond Laser Pulses" Micromachines Vol. 8,
Article Number: 60, 2017

J. P. Hadden, V. Bharadwaj, S. Rampini, R. Osellame, J. Witmer, H. Jayakumar, T. T.
Fernandez, A. Chiappini, C. Armellini, M. Ferrari, R. Ramponi, P. E. Barclay, S. M.
Eaton, “Waveguide-coupled single NV in diamond enabled by femtosecond laser
writing.” arXiv preprint arXiv:1701.05885, 2017
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Silicon Microspheres in Amorphous and Crystalline Fluids,” Fiber and Integrated Optics
Vol. 35, pp. 60-71,2016.
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“Observation of Whispering Gallery Modes in Elastic Light Scattering from
Microdroplets Optically Trapped in a Microfluidic Channel,” J. Opt. Soc. Am. B, Vol. 33,
pp. 1349-1354, 2016

7) M. H. Humayun, F. Azeem, |. Khan, U. S. Gokay, and A. Serpenguzel, "Silicon
Microspheres in Metrology” in Proc. of Progress In Electromagnetics Research
Symposium, published by The Electromagnetic Academy, Cambridge, MA, USA, pp.
108-111, 2015. ISBN: 978-1-934142-30-1.

8) M. R. Chaudhry, Z. Rashid, Y. Uysall, A. Kurt, U. S. Gokay, and A. Serpenguzel,
"Electromagnetic Simulation of Coupled Silicon and Diamond Microdisks and Slab
Waveguides in the Mid-infrared" in Proc. of Progress In Electromagnetics Research
Symposium, published by The Electromagnetic Academy, Cambridge, MA, USA, pp.
95-98, 2015. ISBN: 978-1-934142-30-1.

9) M. Zakwan, M. S. Anwar, S. S. S. Bukhari, U. S. Gokay, and A. Serpenguzel,
"Optoelectronic Applications of Sapphire Microspheres" in Proc. of Progress In
Electromagnetics Research Symposium, published by The Electromagnetic Academy,
Cambridge, MA, USA, pp. 104-107, 2015. ISBN: 978-1-934142-30-1.
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