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Highlights of Research in FY2020
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Nano Integration

® F/EBWTNAR TR ekt - BEBX - LK)

Nano-Integration Devices and Processing (S. Sato, M. Sakuraba, and H. Yamamoto)

(1) R HE AN R =7 OB A2 B E LT, 2ROV 2 2 BHE L, WIKE /T CEIET S
ANA T = a—n RO EIT - 1o, B RtER 2 R 925 7 J 1 7 MOS [FI#EDO{EEE
TN 10aW LA F & 725 Z & 55 L 0 ez Lz,

2) X E U EUAD S fEmEEIEROIEBL A B E LT, 5Snm EOE Si B % Ge & THeA
ANTE Ge /K7 Si/ Ge ~T B HEIET O Ge A BRI ET 2 FEREIToTe, v A 7 A—X
A= DR E SO Si ERNHEBETE TV 2 & 2R L M LM Si OGRS &2 TRk
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(1) Toward the development of neuromorphic computation hardware, we developed a spiking neuron
circuit that can reproduce various neuron pulses with ultra-low power consumption. We confirmed by
numerical simulations that the power consumption of our analog MOS circuit is less than 10 nW when it
operates in the weak inversion region.

(2) Toward the realization of Si crystal structure transformation into penta-silicene, we performed selective
etching of Ge in a Ge/ultrathin Si/Ge heterostructure in which a 5 nm-thick Si film was sandwiched by Ge.
We confirmed that micrometer-scale isolated Si films were obtained, which indicates that a crosslinked
structure of Si can be formed by this method.

(3) In the fabrication of SiC Schottky barrier diode, influence of Al electrode deposition method was
investigated. We confirmed that, while the electron-beam evaporation method showed a possibility of
degradation in crystallinity and interface properties, the RF sputtering method enabled superior diode
fabrication with significant suppression of reverse bias current.

(4) We designed an analog circuit that recapitulates the function of spike-timing dependent plasticity, a
biologically plausible learning rule for artificial neural networks. The number of transistors in a circuit was
reduced by 20% for future implementation in ultralow-power edge computing devices.

(5) Modular architecture is a network structure that evolutionarily conserved in animals’ nervous system,



and Hough transformation is a model consistent with the mechanisms of information processing in the
visual cortex. We used computational simulation to show that the two biologically plausible mechanisms
help improve the computational efficiency and robustness against system damage in a reservoir computing
model for image recognition.

® VI LIAVELA—TAVIKRBEIVRTL (BREE)
Soft Computing Integrated System (Y. Horio)
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(1) We analyzed the dynamics of the chaotic neural network reservoir (CNNR) using combinations of the
measures for information theory and nonlinear dynamics such as Lyapunov spectrum, permutation entropy,
spatial mutual information, average firing rate, and Kullback-Leibler divergence. We also introduced
complexity-entropy causality plane. We found that the exponentially decaying internal state of the neuron
greatly affect the performance of speech recognition and nonlinear time-series prediction tasks. We
integrated a prototype IC chip for TSV 3D stacked integration of the CNNR; and confirmed the
functionality of the prototype chip through experiments.

(2) We implemented compact mathematical models for neuron-like and synapse-like spintronics devices
based on the temperature dynamics. We then tuned the model parameters using experimental data.

(3) We implemented small and high-speed cryptographic hardware based on the augmented Lorenz-map
using FPGA. In addition, we investigated a key-exchange method based on chaos synchronization.
Furthermore, we prepared for a long-distance communication experiment using the proposed chaotic
encryption system.
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Spintronics and Information Technology

@ REFUhO=HR (RREH)

Spintronics (S. Fukami)
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Our research activities focus on realizing low-power functional spintronic devices. The outcomes in the
last fiscal year are as follows: (1) Succeeding in fabricating three-dimensional self-assembly nanostructure
made of magnetic material and elucidating the magnetic structure by means of electron holography, (2)
putting forward an analytical and numerical scheme to derive the current distribution of metallic multilayer
based on Boltzmann transport theory, (3) investigating the spin-orbit torque generation efficiency in
heterostructures with antiferromagnetic PtMn and ferromagnetic CoFeB, and obtaining a new insight of the
spin-orbit torque generated by antiferromagnets, (4) succeeding in electric field modulation of the
properties of spin Hall nano oscillator, that is promising as an artificial synapse, (5) successfully
demonstrating the current-driven manipulation of Neel vector of polycrystalline PtMn which has a
compatibility with semiconductor processes, (6) revealing the mechanism of all optical switching in
ferrimagnet/non-magneto/ferromagnet heterostructure, and demonstrating a new energy efficient scheme of
all optical switching, (7) developing the world-smallest magnetic tunnel junction down to 2.3 nm with high
performance using ferromagnetic multilayer structure and shape anisotropy, (8) developing a new magnetic
tunnel junction device operated with both spin-transfer torque and spin-orbit torque and achieving the
world fastest magnetization switching of the pulse width of 200 ps, (9) establishing a new theoretical
framework to describe the stochastic behavior of superparamagnetic nanomagnet and achieving the world
fastest random telegraph noise of 8 ns.
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Ultra-Broadband Signal Processing (T. Otsuji and A. Satou)
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The goal of our research is to explore the terahertz frequency range by creating novel integrated electron
devices and circuit systems. III-V- and graphene-based active plasmonic heterostructures for creating new
types of terahertz lasers and ultrafast transistors are major concerns. By making full use of these
world-leading device/circuit technologies, we are developing future ultra-broadband wireless
communication systems as well as spectroscopic/imaging systems for safety and security. The followings
are the major achievements in 2020FSY.

1. Creation of graphene-based current-injection terahertz lasers

Graphene, a monolayer sheet of honeycomb carbon crystal, exhibits unique carrier transport properties
owing to the massless and gapless energy spectra, which is expected to break through the limit on
conventional device operating speed/frequency performances. Towards the creation of novel
current-injection graphene THz laser-transistors, we developed a graphene laser-transistor featured with our
original asymmetric dual-grating gates demonstrating coherent amplification of THz radiation with the
maximal gain of 9% at room temperature promoted by graphene plasmon instabilities driven by dc-channel
current flow (Press-released on July 2020).

2. Development of plasmonic THz detectors

For the realization of photonics-electronics convergence devices, we developed a novel device that
introduces a photoabsorption structure of a unitraveling-carrier photodiode into an InGaAs-channel
high-electron-mobility transistor and successfully demonstrated thea giant gain enhancement of the
frequency down-conversion from 1.5-um optical-wave data signal to millimeter-wave data signal by
onefour order of magnitude orders of magnitude by reducing the active area size of the photodiode.

® EFT/NAR (KIFHAE)

Quantum Device (T. Otsuka)
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We are exploring interesting properties of solid-state nanostructures utilizing precise and high-speed
electric measurement and control techniques. We are also developing materials and devices using
nanostructures. Our research activities in FY 2020 are the following.

(1) We developed the local electronic sensors which can directly access local electronic states in
nanostructures utilizing semiconductor quantum dots. We improved the performance by high-frequency
measurement techniques and data informatics approaches.

(2) We measured local electronic and spin states in semiconductor nanostructures utilizing sensitive
electronic sensors. We revealed the detail of local electronic states in new materials and quantum dot
devices.

(3) We studied semiconductor quantum bits for future quantum information processing. We conducted
experiments on quantum bit operations and developed techniques for scale-up of quantum systems.
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Nano-Bio Hybrid Molecular Devices

® F/ - NAABMEFFTNAR (FHER)

Nano-Bio Hybrid Molecular Devices (A. Hirano-lwata)
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Our research activities focus on development of sophisticated molecular-scale devices through the
combination of well-established microfabrication techniques and various soft materials, such as
biomaterials and organic materials.

(1) We developed a solvent-free artificial cell membrane array based on microfabricated Si chips. Parallel
recordings of the hERG channel activities in the multiple bilayer lipid membranes (BLMs) were
demonstrated, showing the potential of the present BLM system as a high-throughput screening platform
for ion-channel proteins.

(2) We developed a microfluidic device for controlling modular architecture of living neuronal networks in
dissociated culture. We showed that micropatterned neuronal networks exhibit spontaneous activity with
higher functional complexity compared to conventional, unpatterned neuronal networks.

(3) We developed piezoelectric PVDF-based pressure sensors fabricated by using a novel poling method.
We also proposed highly sensitive gas sensors using a TiO; nanotube film decorated with Pt nanoparticles
as catalysts.
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Global Activities

4—1 EERHEREFFZE COE of International Research Collaboration
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Municﬁ Technology Dresden Sciences (Russia) University University

(Germany) (Germany) (Germany) (Poland) (Russia) (Russia)

Academic Exchange Programs

The University of York, UK

The Interdisciplinary Center on Nanoscience of Marseille,CNRS, France
University of Salamanca, Spain

The University of Kaiserslautern, Germany

The Technical University Dresden, Germany
Johannes Gutenberg University Mainz, Germany
University of Regensburg, Germany

The Technical University of Munich, Germany

IHP & Berlin Institute of Technology, Germany
Polish Academy of Sciences s, Poland
IUHFSE,RAS & GPI RAS, Russia

Moscow State University, Russia

Bauman Moscow State Technical University, Russia
Singapore Spintronics Consortium, Singapore
Chinese Academy of Sciences , China

University of California, USA

Purdue University, USA

Harvard University, USA
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International Symposium Held in LNS,RIEC

RIEC Symposium on Spintronics
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%5E : 201443 85-78
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Z11E : 2021438128
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The 9th RIEC International Symposium on

Brain Functions and Brain Computer

Date: December 5th, 2020
Place: Virtual Symposium
Organizers:

Symposium Chair

Shigeo Sato, Tohoku Univ.

Program Committee

Takahiro Hanyu, Tohoku Univ., Yoshihiko Horio, Tohoku Univ.,
Ayumi Hirano-lwata, Tohoku Univ., Hideaki Yamamoto, Tohoku Univ.,
Secretary

Satoshi Moriya, Tohoku Univ.

Co-organized by

Research Institute of Electrical Communication (RIEC), Tohoku University

Tohoku Forum for Creativity Program 2020 "Designing the Human-Centric 10T Society
-Cooperative Industry-Academic Strategies for Creative Future Connection™

In cooperation with
WISE Program for AI Electronics, Tohoku University



Dec. 5

9:00-9:05

9:05-12:00

Program

Opening Remarks (On-demand Video)
A. Hirano-lwata (Tohoku Univ., Japan)
--- General Session (Invited Talks, On-demand Video) ---

[GS-1] Towards holistic brain-like neural network approach to pattern recognition:

unsupervised representation learning

P. Herman, N. B. Ravichandran, A. Lansner (KTH Royal Institute of Technology,

Sweden)

[GS-2] The error scaling of spike-timing/sequence codes

W. Nicola, C. Clopath (Univ. Calgary, Canada)

[GS-3] Spiking neural signal processing with real-time hardware execution

J. Madrenas, M. Zapata, C. Bonfanti, A. Caruso, J. A. Oltra, B. Vallejo, S. Moriya, S.
Sato (Polytechn. Univ. Catalonia, Spain)

[GS-4] CMOS analog neural circuit for edge computing

S. Sato, Y. Tamura, S. Moriya, H. Yamamoto, M. Sakuraba, Y. Horio, J. Madrenas
(RIEC, Tohoku Univ., Japan)

[GS-5] Physical reservoir computing in neural-network hardware history: Dynamics

features of spin-wave and optical reservoirs

A. Hirose, R. Nakane, J. B. Héroux, T. Yamane, H. Numata, D. Nakano, G. Tanaka

(Univ. Tokyo, Japan)

[GS-6] Reservoir computing based on pseudo-billiard dynamics in hypercube and its

applications
Y. Katori (Future Univ. Hakodate, Japan)

[GS-7] A performance evaluation of deep neural networks training with noisy labels

under the limit of the cost increases by group-teaching algorithm

T. Samura, K. Tadamura (Yamaguchi Univ., Japan)

[GS-8] Dynamic tuning of axonal excitability in the hippocampus

H. Kamiya (Hokkaido Univ., Japan)

[GS-9] Artificial cell membrane as a drug screening platform for ion channel proteins

A. Hirano-lwata (Tohoku Univ., Japan)



10:00-12:00
12:00-13:00

13:00- 13:05

13:05- 13:30

13:30- 13:55

13:55- 14:20

14:20- 14:45

15:00- 17:00

[GS-10] Two-photon calcium imaging in the motor cortex of non-human primates

during movement tasks
Y. Masamizu, T. Ebina, M. Matsuzaki (RIKEN, Japan)

[GS-11] Tuning the richness of spontaneous activity patterns in neuronal cultures

through engineering

M. Montala, E. Estévez-Priego, S. Faci-Lazaro, J. GOmez-Gardefies, A.-A. Ludl, J.

Soriano-Fradera (Univ. Barcelona, Spain)

[GS-12] Ultrasoft silicone gel as a biomimetic scaffold for culturing neuronal

networks in vitro

H. Yamamoto, T. Sumi, A. Hirano-lwata, S. Sato (Tohoku Univ., Japan)

--- Q & A Session for Invited Talks (Chat) ---

Lunch Break

--- Special Session (Invited Talks, Zoom Meeting, Chair: Y. Horio) ---

""The 2nd International Symposium on Designing the Human-Centric 10T Society"'
[TS-1] Introduction

Y. Horio (Tohoku Univ., Japan)

[TS-2] Incorporating cognitive process into computational motor control models

---Towards an understanding of cognitive factors in executing motor skills ---
Y. Sakaguchi (Univ. Electro-Commun., Japan)

[TS-3] Nanoelectronics technology for the Sustainable Planet

M. Yamaguchi (Tokyo Electron Ltd., Japan)

[TS-4] Design-centered Al Governance

Y.-H. Weng (Tohoku Univ., Japan)

[TS-5] Externalism of mind: integrated system of human and machine

Y. Murakami (Rikkyo Univ., Japan)

Break (15 min)

--- Poster Session (Interactive Discussion) ---

[ID-1] Brain-like unsupervised feature pooling using spatially jitterred samples
T. Shinozaki (NICT, Japan)

[ID-2] Digital implement of 3-layered neural networks with stochastic activation,

shunting inhibition, and a dual-rail backpropagation

Y. Sasaki, K. Nishida, M. Akai-Kasaya, T. Asai (Hokkaido Univ., Japan)



[ID-3] Application analysis to a reservoir computing scheme by assisting nonlinear

response with simple external control
S. Kan, K. Nakajima, T. Asai, M. Akai-Kasaya (Hokkaido Univ., Japan)

[ID-4] Reservoir computing properties in spiking neural network models with

modular topology

T. Sumi, H. Yamamoto, S. Moriya, T. Takemuro, S. Sato, A. Hirano-lwata (Tohoku
Univ., Japan)

[ID-5] (retracted)

[ID-6] Estimation of neural dynamics with particle Markov chain Monte Carlo

H. Inoue, K. Hukushima, T. Omori (Kobe Univ., Japan)

[ID-7] Influence of extracellular electric fields on network model of neocortical neural

circuits
N. Matsumoto, T. Omori (Kobe Univ., Japan)

[ID-8] Extracellular stimulation of a target neuron in a micropatterned neuronal circuit

using a pair of needle electrodes

K. Hattori, M. Ishida, H. Takahashi, S. Oguma, H. Yamamoto, A. Hirano-Iwata, T.

Tanii (Waseda Univ., Japan)

[ID-9] Microcontact printing of extracellular matrix proteins for neuronal patterning

on high-density multielectrode arrays

Y. Sato, H. Yamamoto, T. Takemuro, T. Sumi, T. Konno, S. Sato, A. Hirano-lwata

(Tohoku Univ., Japan)

[ID-10] Beyond the division~to reach our new steps

Y. Kikuchi, T. Takemuro, M. Ono, G. Takamim, S. Otomo, Z. Ni (Tohoku Univ.,
Japan)

[ID-11] The state of the design of a human-centered information terminal

D. Oguchi, Y. Kanke, M. Chiba, A. Saita, K. Kudou, Y. Sakamoto (Tohoku Univ.,
Japan)

[ID-12] Proposals for new Al and human concepts

A. Fujimoto, D. Choi, M. Inoue, R. Takahashi, S. Moribe, Y. Asakawa (Tohoku Univ.,
Japan)

[ID-13] A new normal lifestyle with mobile housing

T. Nara, S. Tanaka, S. Kumagai, Y. Sato, K. Fukuda (Tohoku Univ., Japan)



17:00 - 17:10 Closing Remarks
Y. Horio, S. Sato (Tohoku Univ.)
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11th International Workshop on
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Online

March 1-2, 2021

Organized by

Research Institute of Electrical Communication
Tohoku University

Co-Organized by
Nano-Spin Engineering Seminar
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Information Biotronics Seminar
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11th International Workshop on Nanostructures & Nanoelectronics

[Online]

UK  Germany China  Japan

Organizer:
Symposium Chairs
Ayumi Hirano-lwata, Tohoku Univ.

Ryugo Tero, Toyohashi Univ. of Tech.

Program Committee

Ayumi Hirano-lwata, Tohoku Univ.

Organizing Committee
Ayumi Hirano-lwata, Tohoku Univ.
Ryugo Tero, Toyohashi Univ. of Tech.
Teng Ma, Tohoku Univ.
Daisuke Tadaki, Tohoku Univ.



Program

March 1 (Monday)

Red: Local time in Japan (JST)

Blue: UTC

[ UK: UTC+0, Germany: UTC+1, China: UTC+8 ]

17:00 ~ 17:05
8:00 ~ 8:05

(Chair: Teng Ma)
17:05 ~ 17:50
8:05 ~ 8:50

17:50 ~ 18:20
8:50 ~ 9:20

18:20 ~ 18:50
9:20 ~ 9:50

18:50 ~ 19:10
9:50 ~ 10:10

Opening Remarks

Ayumi Hirano-Iwata

(Advanced Institute for Materials Research / Research Institute of Electrical
Communication, Tohoku University, Sendai, Japan)

Virus detection using graphene FET
Kazuhiko Matsumoto

(Institute of Scientific & Industrial Research, Osaka University, Ibaraki, Osaka,
Japan)

RT atomic layer deposition of aluminum silicate and its application to ion sorption
Fumihiko Hirose

(Graduate School of Science and Engineering, Yamagata University, Yonezawa,
Yamagata, Japan)

Composition of supported lipid bilayers including ionic lipids on charged substrates
Ryugo Tero, Natsumi Kobayashi, Yuu Nakagawa

(Department of applied chemistry and life sciences, Toyohashi University of
Technology, Toyohashi, Japan)

Break

(Chair: Ryugo Tero)

19:10 ~ 19:55
10:10 ~ 10:55

Electrolyte stabilization of aperture-suspended bilayers for nanopore sensing
Maurits de Planque

(School of Electronics and Computer Science & Institute for Life Sciences,
University of Southampton, Southampton, United Kingdom)



19:55 ~ 20:25
10:55 ~ 11:25

20:25 ~ 20:45
11:25 ~ 11:45

Reconstituting photosynthetic model thylakoid membrane in the polymerized

lipid bilayer scaffold

Takuro Yoneda?, Yuka Kusunoki!, Daisuke Takagi'?, Sophie A. Meredith®, Ashley
M. Hancock?, Stephen D. Evans?®, Peter G. Adams®, Kenichi Morigakil*
(!Graduate School of Agricultural Science, Kobe University, Kobe, Japan,

2Graduate School of Agricultural Science, Tohoku University, Sendai, Japan,
School of Physics and Astronomy, University of Leeds, “Biosignal Research
Center, Kobe University, Kobe, Japan)

Observation of cell-free synthesized Human ether-a-go-go related gene channels in
artificial lipid bilayer
Mervin Wei Shern Goh?, Haruka Inoue?, Yuzuru Tozawa?, Ryugo Tero*

(*Department of applied chemistry and life sciences, Toyohashi University of
Technology, Toyohashi, Japan, ?Graduate School of Science and Engineering,
Saitama University, Saitama, Japan)

March 2 (Tuesday)

Red: Local time in Japan (JST)

Blue: UTC

[ UK: UTC+0, Germany: UTC+1, China: UTC+8 ]

(Chair: Daisuke Tadaki)

17:00 ~ 17:45
8:00 ~ 8:45

17:45 ~18:15
8:45~9:15

Perfect hexagonal anodizing: (Titania)Nanotubes and Porous Alumina

Patrik Schmuki

(Department  of  Materials  Science  WW-4, LKO, University of
Erlangen-Nuremberg, Erlangen, Germany)

Electromagnetic properties and structures of molecular nanocoils composed of
organic charge transfer complexes
Yoko Tatewaki!, Sadafumi Nishihara?, Tomoyuki Akutagawa®, Takayoshi

Nakamura*

(*Tokyo University of Agriculture and Technology, Koganei, Tokyo, Japan,
2Hiroshima University, Hiroshima, Japan, 3Tohoku University, Sendai, Japan,
*Hokkaido University, Sapporo, Japan)



18:15 ~ 18:45
9:15 ~ 9:45

18:45 ~ 19:05
9:45 ~ 10:05

Artificial cell membrane as a novel platform for biosensing

Ayumi Hirano-lwata

(Advanced Institute for Materials Research / Research Institute of Electrical
Communication, Tohoku University, Sendai, Japan)

Break

(Chair: Ayumi Hirano-lwata)

19:05 ~ 19:35
10:05 ~ 10:35

19:35 ~ 20:05
10:35 ~ 11:05

20:05 ~ 20:25
11:05 ~ 11:25

Nanopore dynamic chemistry for single-molecule sensing

Yi-lun Ying, Xinyi Li, Mengying Li, Yi-Tao Long

(State Key Laboratory of Analytical Chemistry for Life Science, School of
Chemistry and Chemical Engineering, Nanjing University, Nanjing, China)

AC impedance of a free-standing bilayer lipid membrane formed over an aperture
in a nanofabricated silicon chip

Yasutaka Tomioka®, Haruka Hirata!, Shogo Takashima?!, Masataka Moriya!, Hiroshi
Shimada?', Ayumi Hirano-lwata?, Fumihiko Hirose®, Yoshinao Mizugaki*

(!The University of Electro-Communications, Chofu, Tokyo, Japan, 2Tohoku
University, Sendai, Japan, *Yamagata University, Yonezawa, Yamagata, Japan,)

Development of solvent-free lipid bilayer microarray for parallel recordings of
transmembrane hERG channel currents
Daisuke Tadaki', Ryusuke Miyata®, Daichi Yamaura?, Shun Araki*, Madoka Sato?,

Maki Komiya!, Teng Ma? Hideaki Yamamoto!, Michio Niwano? Ayumi
Hirano-lwata'?

(*Laboratory for Nanoelectronics and Spintronics, Research Institute of Electrical
Communication, Tohoku University, Sendai, Japan, 2Advanced Institute for
Materials Research, Tohoku University, Sendai, Japan, *Kansei Fukushi Research
Institute, Tohoku Fukushi University, Sendai, Japan.)
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Al F/RBETNAR - TR (Bl - BEBX - IUAZR)

Nano-Integration Devices and Processing
(S. Sato, M. Sakuraba, and H. Yamamoto)

1. BEHEN—FYI7IZEYT SR

Brain computing hardware

BRSO IEIZ I T, BRI /S A DBI%E & Z O IESERAT, KOS
MG R D 7 1 b 2 A TN TR EIT > T D,

Aiming at the implementation of a practical brain computer, we study devices for brain
computing, high-density implementation techniques, and a prototype of a brain computer.

2. MEBEFHEREFHMEET /N RIZET IR

Intelligent quantum device for brain computing

JHRGEHR & RmFE R A A LIEBOMEEL BB T D720, AV OB E LRI L
lo, Bf=a—nrHE L LTH<SHET A AL ZOFET LAY ZAITOWTHSE
ZIT> T2,

We study intelligent quantum device, which operates as quantum neuron, using nuclear spins or
superconductor devices, and its computation algorithms in order to realize ultimate intelligence
after the fusion of brain computing and quantum computing.

3. BEEIVEFEARIESIX I vIIBRROE-OOEREGEERFEMBRTS AT CVD IOt

AICHET OHRE
Low-damage plasma CVD process without substrate heating for epitaxial growth of highly
strained group IV semiconductors

T A= F—FEEOEmBEE AT afE EBT 570012, A — 4 TN
ORIRIe~T v R e AT HEER IV RFEREFEONT v 5 & 2 v VRRIZD
WTHIEL TV D,

In order to realize nanometer-order thick high-quality heterostructure, heteroepitaxial growth of
highly strained group-I1V semiconductor films with atomically flat and abrupt heterointerfaces is
being studied.

4, IVHEIERSEEEFATORENDSERBILTOERICET IHE

Large-scale integration process of group IV semiconductor quantum heterostructures

IV IRER BT RIRT A A Si EEREA~OE R Z EE 572012, IV BRERE
EEEF~TeEOEEMELT oA LB ~T a7, Z8YE - @fERg iz
WTHIEL TV 5,

In order to integrate group-IV semiconductor quantum-effect devices into Si LSI, large-scale
integration process of group-IV highly strained quantum heterostructures and farication of
high-performance quantum hetero nanodevices are being studied.

5. WMMMIREZEAV-EEHERROMEREICET MR
Bioengineering technologies for manipulating neuronal network functions
JRARR [E1 3% oD FEa £ 7 /LR ORI A1 T BR 2R R B8 O s & B 2 il 4~ 5 7=
O DR AN TEATZ DV THIZEZAT > T D,
We leverage surface microfabrication technologies to engineer the structure and function of

cultured neuronal networks towards the goal of establishing an in vitro model for neuronal
networks in the brain.

6. MEMERY FT—JDHEETILICET PR

Computational modeling of neuronal networks

ZHIfT > N U — 7 EOERLE O L TS A A2 B L, MRMaERE o B 5805 H)



AN TERALPR % 50k 3 5 A BIHE R e B E T M DWW TR Z 1T > T D,

We study biologically plausible models of spontaneous activity, input response, and information
processing in neuronal networks to better understand and promote engineering applications of
computation in multicellular networks.

EEARED Y

1. S. Moriya, H. Yamamoto, A. Hirano-Iwata, S. Kubota, S. Sato, “Modular networks of spiking
neurons for applications in time-series information processing”, Nonlinear Theory and Its
Applications, IEICE, 11, 590-600, 2020.

2. T. Ma, Y. Kimura, H. Yamamoto, X. Feng, A. Hirano-Iwata, M. Niwano, “Characterization of
bulk nanobubbles formed by using a porous alumina film with ordered nanopores”, J. Phys.
Chem. B, 124, 5067-5072, 2020.

3. T. Takemuro, H. Yamamoto, S. Sato, A. Hirano-Iwata, “Polydimethylsiloxane microfluidic
films for in vitro engineering of small-scale neuronal networks”, Jpn. J. Appl. Phys., 59, 117001
2020.

4. K. Hattori, T. Hayakawa, A. Nakanishi, M. Ishida, H. Yamamoto, A. Hirano-Iwata, T. Tanii,
“Contribution of AMPA and NMDA receptors in the spontaneous firing patterns of single
neurons in autaptic culture”, BioSystems, 198, 104278, 2020.

5. Y. Osakabe, S. Sato, H. Akima, M. Kinjo, M. Sakuraba, “Learning rule for a quantum neural
network inspired by Hebbian learning”, IEICE Trans. Inf. Syst., E104-D, 237-245, 2020.

6. Y. Dai, H. Yamamoto, M. Sakuraba, S. Sato, “Computational efficiency of a modular reservoir
network for image recognition.”, Front. Comput. Neurosci. 15, 594337, 2021.

7. R. Miyata, D. Tadaki, D. Yamaura, S. Araki, M. Sato, M. Komiya, T. Ma, H. Yamamoto, M.
Niwano, A. Hirano-Iwata, “Parallel recordings of transmembrane hERG channel currents based
on solvent-free lipid bilayer microarray”, Micromachines, 12, 98, 2021.

8. K. Hattori, H. Kurakake, J. Imai, T. Hashimoto, M. Ishida, K. Sato, H. Takahashi, S. Oguma, H.
Yamamoto, A. Hirano-Iwata, T. Tanii, “Selective stimulation of a target neuron in
micropatterned neuronal circuits using a pair of needle electrodes”, Electrochemistry, in press.

(EfRsERR]

1. S. Sato, Y. Tamura, S. Moriya, H. Yamamoto, M. Sakuraba, Y. Horio, J. Madrenas, “Analog
CMOS implementation of a spiking neuron circuit for edge computing”, in Proc. of International
Symposium on Nonlinear Theory and Its Applications (NOLTA 2020, Virtual, Nov. 16-19, 2020),
p. 76, 2020.

2. J. Madrenas, M. Zapata, J. A. Oltra, B. Vallejo, S. Moriya, S. Sato, “Efficient digital spike
processing of frequency-encoded sensor signals for edge computing”, in Proc. of International
Symposium on Nonlinear Theory and Its Applications (NOLTA 2020, Virtual, Nov. 16-19, 2020),
pp- 93-96, 2020.

3. S. Sato, Y. Tamura, S. Moriya, H. Yamamoto, M. Sakuraba, Y. Horio, J. Madrenas, “CMOS
analog neural circuit for edge computing”, The 9th RIEC International Symposium on Brain
Functions and Brain Computer (Virtual, Dec. 5, 2020), GS-4, 2020.

4. H. Yamamoto, T. Sumi, A. Hirano-Iwata, S. Sato, “Ultrasoft silicone gel as a biomimetic
scaffold for culturing neuronal networks in vitro”, The 9th RIEC International Symposium on
Brain Functions and Brain Computer (Virtual, Dec. 5, 2020), GS-12, 2020.

5. J. Madrenas, M. Zapata, C. Bonfanti, A. Caruso, J. A. Oltra, B. Vallejo, S. Moriya, S. Sato,
“Spiking neural signal processing with real-time hardware execution”, The 9th RIEC
International Symposium on Brain Functions and Brain Computer (Virtual, Dec. 5, 2020), GS-2,
2020.

6. T. Sumi, H. Yamamoto, S. Moriya, T. Takemuro, S. Sato, A. Hirano-Iwata, “Reservoir
computing properties in spiking neural network models with modular topology”, The 9th RIEC



10.

11.

12.

A2

International Symposium on Brain Functions and Brain Computer (Virtual, Dec. 5, 2020), ID-4,
2020.

Y. Sato, H. Yamamoto, T. Takemuro, T. Sumi, T. Konno, S. Sato, A. Hirano-Iwata,
“Microcontact printing of extracellular matrix proteins for neuronal patterning on high-density
multielectrode arrays”, The 9th RIEC International Symposium on Brain Functions and Brain
Computer (Virtual, Dec. 5, 2020), ID-9, 2020.

K. Hattori, M. Ishida, H. Takahashi, S. Oguma, H. Yamamoto, A. Hirano-Iwata, T. Tanii,
“Extracellular stimulation of a target neuron in a micropatterned neuronal circuit using a pair of
needle electrodes”, The 9th RIEC International Symposium on Brain Functions and Brain
Computer (Virtual, Dec. 5, 2020), ID-8, 2020.

H. Yamamoto, A. Hirano-Iwata, S. Sato, “Designing functional neuronal networks with living
cells”, 26th Asia South Pacific Design Automation Conference (ASP-DAC 2021, Virtual, Jan.
18-21, 2021), 5A-4, 2021.

S. Moriya, H. Yamamoto, S. Sato, “Modeling of cultured neuronal networks for analog
hardware”, The 4th Tohoku-NTU Symposium on Interdisciplinary Al and Human Studies
(Virtual, Mar. 12-13, 2021), 2021.

D. Tadaki, R. Miyata, D. Yamaura, S. Araki, M. Sato, M. Komiya, T. Ma, H. Yamamoto, M.
Niwano, A. Hirano-Iwata, “Development of solvent-free lipid bilayer microarray for parallel
recordings of transmembrane hERG channel currents”, 11th International Workshop on
Nanostructures & Nanoelectronics (Virtual, Mar. 2, 2021), 2021.

S. Sato, S. Moriya, Y. Tamura, T. Kato, Y. Kanke, H. Yamamoto, M. Sakuraba, Y. Horio, Y.
Yuminaka, J. Madrenas, “Analog CMOS neural network for edge computing”, The 7th
International Symposium on Brainware LSI (Virtual, Mar. 31, 2021), 2021.

VYI2bAVEL—TAVTEHEVARATL (BREE)
Soft Computing Integrated System (Y. Horio)

AARZ2—=F I3y bT—=9 ) HFN—DHFE

Chaotic neural network reservoir

FaDRBLIEAA A= =TV Ry NT =T U =% FRFITHl, BHEm L
I L, ZORMEEZHERT DL, Ry NTV—=I FAFI T AZ YT T ) T AN
7 by, P> b u E— fRETESE, Kullback-Leibler divergence, Fisher &
. Complexity-entropy causality plane 72 & o, E#HIimE L OFERIEE) /12
DEFEEZMAEDOE T Lz, SHIC, WA A=2—FLxy hT—27 U HFR—
., TSV Z Wz 3k cHEEEMBIRICEET 57007 u N2 A4 7F v 7 & Fil
L., EBRIZE D ZOEMELZHR LT,

We analyzed the dynamics of the chaotic neural network reservoir (CNNR) using
combinations of the measures for information theory and nonlinear dynamics such
as Lyapunov spectrum, permutation entropy, spatial mutual information, average
firing rate, and Kullback-Leibler divergence. We also introduced complexity-entropy
causality plane. We found that the exponentially decaying internal state of the
neuron greatly affect the performance of speech recognition and nonlinear
time-series prediction tasks. We integrated a prototype IC chip for TSV 3D stacked
integration of the CNNR; and confirmed the functionality of the prototype chip
through experiments.

AEYMAZIRZa—AVEIVVTTRTNA ZAOBEBEETIILORFE
Matematical models of neuron-like and synapse-like spintronics devices
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We implemented compact mathematical models for neuron-like and synapse-like
spintronics devices based on the temperature dynamics. We then tuned the model
parameters using experimental data.
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High-dimensional chaotic stream cryptography
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We implemented small and high-speed cryptographic hardware based on the
augmented Lorenz-map using FPGA. In addition, we investigated a key-exchange
method based on chaos synchronization. Furthermore, we prepared for a
long-distance communication experiment using the proposed chaotic encryption
system.
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Spintronics
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We are working on spin-related phenomena in magnetic metals and new-functional matererials
as well as in novel functional nanostructures, in order to realize low-power functional spintronic
devices. To realize high-performance low-power integrated circuit and computing hardware, we
are developing technological basis to realize advanced spin memories and unconventional
computers based on magnetic nanostructures such as magnetic tunnel junctions.

) RAEY FOZH RIZET HHRE
Spintronics
ARy BV TR EERNWTEAY Y ha =g ARPEROREEOERL, A B U HREY
PEOFHM & B,
Development of functional spin materials and structures using sputtering, understanding and
characterization of spin-related phenomena are being carried out.

2) ERMHMEKR L TORERFLAICEHT MR
Magnetic metal functional devices and their application
20 nm U FDORAE Y b r =2 AF RS LOR N TEM ORI, 1ER L 730
AV bR =7 AFTOREF, T LAY hr=s AFZTFEFIALEEA O
EREREIFAEZED TV D,
Development of spintronic devices with the size of less than 20 nm and their processing

technology, characterization of the fabricated spintronic devices, and fabrication of various
prototype integrated circuits employing spintronic devices are being carried out.

3) FBAMEMBRVZDS / ATOBEOYELIGAICEYT R
Properties and application of new-class magnetic materials and their nanoheterostructures
SREEMEIR & BRSO RR IR 72 & B DR T B LWVE T /31 A DA %
IT>TW5,
Exploration of novel electron devices based on new magnetic structures is being carried out.

4) BHEA M ORIVESERRFORE
Magnetic tunnel junctions with high output voltage

s N RNEEEMTHFE O EERERZTT> T 5,
Development of high-performance magnetic tunnel junctions (MTJs) consisting of
ferromagnetic metal electrodes is being carried out.

5) EBRAEY FOZH X T/INA ADRS

Metal-based spintronics devices

W72 & /AR A Y b =2 A7 AOMERE Z ORpERIET, A AFY Yy



v 7 AR EELTT > TV D,
Fabrication of metal-based spintronic devices with small dimension and characterization of
their properties and making basic spintronics-based circuits experimentally are carried out.

6) REViF AL REERF DR

Spin transfer torque memory and logic devices

FHF ZIABE T ANT T2 A E AL ARALRERIZ B 208 21T > T\ 5,
Characterizing spin transfer torque switching toward reduction of writing power is being
carried out.
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Novel millimeter-wave and terahertz-wave integrated microelectronic devices
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We are developing novel, integrated electron devices and circuit systems operating in the
millimeter-wave and terahertz regions. One example is the frequency-tunable plasmon-resonant
terahertz emitters, detectors, and modulators. Another example is unique electromagnetic
metamaterial circuit systems based on optoelectronic dispersion control of low-dimensional
plasmons. We are also pursuing graphene-based new materials to create new types of terahertz
lasers and ultrafast transistors, breaking through the limit on conventional transistor/laser
operation. By making full use of these world-leading device/circuit technologies, we are
exploring future ultra-broadband wireless communication systems as well as
spectroscopic/imaging systems for safety and security.
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Electronic properties of nanostructures and device applications
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We are working on probing electronic properties of solid-state nanostructures and device
applications. In solid-state nanostructures, exotic phenomena like quantum effects occur. We are
exploring interesting properties of artificial nanostructures utilizing precise and high-speed
electric measurement and control techniques. We are also developing materials and devices using
nanostructures. We will contribute to new information processing and communication
technologies through quantum and nanoelectronics.
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1. AIMREBEICEDSCTNA RORKLICAICET 2%
Development of artificial cell membrane sensors and their medical applications
N LA IS 2 858 U IR EDERA 7 ) —= 71EL LTO
JCHZBRL TV,
We are aiming to reconstitute artificial cell membrane structures as a platform for
high-throughput screening of new drug candidates.

2. NAF - BEHMBEIZEDICEF 14T /1 ADRIKIZET 5%

Construction of electronic and ionic devices based on bio and organic materials

K« A TIE DT BT 2 79 25 7 /3 A 2 DRSS 2 OB EAE O FEAT 2 18
LT, FRARET - A AT A ADRABAERHE LTS,

We are developing bio and organic devices with novel functions. Through the evaluation of their
working principles, we are aiming to create new electronic and ionic devices.

3. HEEwAEMEETAVAISERERAICEYT 2HRE
Construction of artificial neuronal networks based on cultured neurons
FERON THM 2 JF 721 U AR & 7o 2 IR B 38 F- & L2 DET Vv AT
LDRIKZ BHE L TV 5,
We are investigating construction of a brain model system by utilizing living neuronal cells as
fundamental elements.
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