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Society 5.0

Internet of Things (IoT) Artificial Intelligence (AI)

. conne_cting allipeople and _things . analyzing huge amount of big data
sharing various knowledge and mformatqi' providing necessary information when needed

creating new values never seen befeﬁ&}\l‘\(’ iy
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https://www.apple.com/jp/iphone-13

https:/www.tesla.com/autoiIot

https://guide-images.cdn.ifixit.com/igi/IE5S x\\\\A 5.iarge

15 billion

New display engine

+'50% faster” : ! 30/ faster
system cache

Dra'

15.8

trillion

operations
per second

ecure Enclave
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Single layer perceptron Biological neural network

Nucleus ;- Cell bod
W y

Input > P
Node Igllg’lcja : o<~
Synaptic 'IAnp_ut '|
Weight ction potentia
Synapse
Presynaptic |

",1,, 4
VZpANS
Summation neuron TS
& N T4
_______ Dendrite
N Neurotrang
Activation s 8 Wk
g Output . B
Output §y Signal
data Postsynaptic

neuron
v euro



BIEE (MAC : Multiply-Accumulate operation)

Single layer perceptron Deep neural network
Input Data fo1 2 M
Node ot P Wi Wi wy
1 .2 M

Synaptic [xl X2 xL] i

weight

Y, = W%x1 T W%xz o+ wixg |

Y2 = W%x1 + W%xz et W%XL

Summation
& _______
Activation

Output
data

Ym = W11V1x1 + lewxz et WLMxL_

\4
e.g.

For 1,000 inputs and 1,000 nodes

Input data : a vector of 1000 elements
Results : a vector of 1000 elements
Weight : a matrix of 1,000,000 elements!

Y1 = WiX1+tWyX; + W3X3

Output Data
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°:"\:° Google DeepMind

Challenge Match

b Google
DeepMind

e Ceo

*9,s AlphaGo

Power consumption

250,000 W < > 20W
(1,202 CPU + 176 GPU)

Multiply—Accumulate (MAC) operation is
mostly power and time consuming !

https://image.itmedia.co.jp/news/articles/1911/28/mm_algoai_02.jpg
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http://www.lanl.gov/history/atomicbomb/images/NeumannL.GIF

Von-Neumann computing

Input Data

1

Input Data
X: =f(x)
Control Central Processing Unit
Data Bus I
Fetch Arithmetic &
Logic Unit
Store f

X: =f(x)

Central Processing Unit

I

Arithmetic &
Logic Unit
f

Control

Data Bus
Fetch

Output Data

Von-Neumann Bottleneck

Output Data
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Von-Neumann computing In-Memory computing
Input Data Input Data
, 1 o 1 \
X:=f(X) X:=f(X)

Central Processing Unit

I

Arithmetic &
Logic Unit
f

Central Processing Unit

I

Arithmetic &

Control Control

Data Bus
Fetch

Logic Unit
—---(f)

Von-Neumann Bottleneck l

Output Data Output Data
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Top electrode bar

Q@; D 0 0 0 0 0 0 AN
QQA\Q -'2 IIIIII.T Synaptic weight Lx M matrix
A% I T T T T I lConductagnce of material
& IIIIIIIO& )
\QQ . III’III ‘6

WLl o

J’1 )’z Y M
Output data - Reading Current

wi wiewlll [y, =wixg + wixg -+ wix;, |

1 wsewll Y, = Wixg + Wixgy -+ wixg

1 22 - 2] *

_"4,% w? WILW | yy= whlx, + v;1’2”x2 o WMy | The material that_can vary the
conductance (resistance) as an
Voltage x Conductance = Current artificial synapse is needed !

MAC can be perform in a hardware with cross-bars and cross-points !
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CONCEPTUAL SYMMETRY Four fundamental circuit variables

CAPACITOR i : electric current
v :voltage
V4 o~ q :charge

¢ : magnetic flux

RESISTOR

Fundamental passive circuit elements
R : resistance(dv/di) - Resistor
C : capacitance (dg/dv) -> Capacitor
L :inductance (d¢/di) - Inductor

JOISIHNIIN

INDUCTOR

dp = M d = d¢—qu = = Mi
¢ = 1 dt  dt V=

if M = const,M = R, being simple resistance
butif M = M(q), a nonlinear element,no combination of R,C,L can duplicate M

L. Chua, IEEE Transactions of circuit theory, CT-18, 507(1971).



]y — D. Strukov et al., Nature 453, 80 (2008).
X:E U Zg " T} ‘4Z%E:ETJL r“l:ll'hevmissing men:lrristor found”

Doped | Undoped
Low resistance region : High resistance 9ion
: : Mobility of dopant
Roff with D Hd 1 v P
e € : Electric field
|
I i(t) & Electron
‘ Dopant (donor)
D
Similar to a variable resistor - e
_ow® L ~ D —w(t)
- -
< D > < D >

. . t t
Time-dependent total resistance : R(t) = Ron# T ROff{l - #}



AEURXAFD MARE (State) [

Doped i Undoped
Low resistance region | High resistance region
AN e“ eﬂ € . M bI fd t
Ry With D #q : Tobility of dopan
e € : Electric field
|
I i(t) @ Electron
Dopant (donor
oy () posant conon
w(t) w(t) wit . .
R(t) = RO“T + Roff{ — T} When x(t) = % (non-dimensional)

x(t) can represent a “state” of memristor at time t

dx(t) 1 dw(t) _ UgqRon
dt D dt D2

- i(t)

.udRon HdXon
Voltage applied to the doped region x(t) = f i(t)dt=—p5 "4 ®)

The “'state” is proportional to charge g at t
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Input : v(t) = vysinwt 15 v/v, o w/D
0.5
t/to 0.5
0.5 0 100 200 t/to
. 0.0
Lo . 0 100 200
Output: i(t) = VoSInwt 1.56-02 (i/lo
Rofr\” R Vvocoswt 1.0E-02
Ron (R"ff + 2 RLff—l (gg 2 5 +Const)
o0 o0 5.0E-03
- /1 v/v
20802 1/ko 0.0E+60 /Yo
1.0E-02 15 -10 -057 00 05 10 15
-5.0E-03
0.0E+00 t/to
g 50 100 150 _-"200
-1.0E-02
-2.0E-02

t[s]  Rot/Ron Vo [V] io[A]l DI[m] p [m?/Vs] tols] w  we/D t0=D2/V0M
Vv

2.0000 160 1.00 0.010 1.0E-08 1.00E-14 0.010 3.1416 0.10
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n-type Si
@ -6
.éi:é s. S|:.Si‘

.Si:S Sl S|:Si’

.sns.@snsr
.6):6):6): 6: 60
.i):(60): 601 Si: S+

As atom, a donor, never drift
when applying voltage bias

Reduced metal-oxide, e.g., TiO,_,

OOQ
QO O

O O O °:0
o o O Ti

S\t
O Oxygen vacancy

Oxygen vacancy, a donor, can drift
when applying voltage bias

1
nTiO, - Ti,05,_1 + =0, + V¥ 4+ 2e~
2 4 D
Oxygen Carrier
vacancy electron
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Current (mA)

Current-Voltage characteristic

— Incremental set
— Incremental reset
---Single sweep

Pt electrode (100 nm)
a-GaO, memristor (200 nm)

- ITO electrode (140 nm)
Glass

15 -1.0 05 0 0.5 1.0 1.5
Voltage (V)

Conductance (uS)

Conductance variation by voltage pulses

(0]
o
o

(®)]
o
o

D
o
o

200 1

- Voltage application protcol

VA Increase resistance
5ms

Decrease resistance

0O 25 50 75

100 125
Pulse number

150

175

Multilevel conductance can be effectively used for synaptic weight change

200
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Top electrode bar

5 3‘1—> y
%on . IIIIII.T
S
QQ\*\ - JIIII.'.T
A% IIIIIII
2> -
,\&5” IIIIIIIO&
\°Qx ' & D W W S J (S
L=
””” The material that can vary the
y1 y2 conductance (resistance) as an
ifici 1 |
Output data = Reading Current artificial synapse is needed !
wi wiewll [yi=wixg + wixg -+ wixg | @
1 2 M — w2 2 2
[0q 25 g ] | W2 W2 Wi | = | Y2 = WiXg+ WoXpee Wi, -
R = Memristor !
-W% W% Wiw L YmM= W11V1x1 + W12v1x2 e wLMxL_

Voltage x Conductance = Current

MAC can be perform in a hardware with cross-bars and cross-points !



AI (* ﬁuﬁb) Fﬂ%@%Eﬁ hidden layer 1 hidden layer 2 hidden layer 3
I G . =

input layer

"4 output layer

s 2 s sl
NLEZa—JI)L=Rwy NJ—2 HHSEISES Sl

(Artificial Neural Network: ANN) I S Y =S5Y
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ANN & #HERF

Information Science
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Neuroscience
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Convolutional Neural Network
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Cx/Th

Timing is not everything: Cx/Th

neuromodulation opens the STDP gate
V. Pawlak et al.
Front. Syn. Neurosci. 2, 146 (2010).
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= Ti0, (Tio, ) f&5AmA - HiE
B )LF)LETIO, BiE RO EE T B )LFILELERTIO T ESF vILEBERE

BZEEJNIE Pulsed Laser Deposition
before after

Thickness: 50~100 nm
i-TiO, Resistivity: ~10-3 Qcm

700°C

6 hour -
103 103

M 15%x106Pa

202 002 202

301 101 . 101 301

TiO, > TiO,, +0+V_ tt+e

In situ RHEED pattern

B 41 F P

N+ umAT—)LZFEF
EaBIIRICKDEZFRZTZFL MmO RIRAL
Ti3*color center

Optical microscope imége
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Voltage application protocol for measuring conductance G5 between T1 and T3
[V]

Pulse width : 100 s/pulse

gate

Yo D3 ! 4 P‘?’”" 2
- o..‘o

gate
0 Measurement sequence GND Oxygen vacancy

Variation of G;_; and oxygen vacancy distribution depending on 1,
o L e e e e e

Optical microscope images
Initial @ Vjpre= +8 V

‘ |/gate= -8V

Gy3 [MS]

Electrocoloring clearly reveals V,.-modulated oxygen
vacancy distribution, consistent with G;_; modulation
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. o q
RV HER V2¢:_E(p_n+Nd_Na)

T+ U 7@, V- (qpup,Ve + qD,Vp) =0 V- (qnu,Vp — qD,Vn) =0

dN,
RF—A AEHEDOR  q— = V(qnuVe — qD7N,) €0 RUT | - JEEGRAL

VA f’?&ﬁ%jj Vg = ka/e
! /\ fme THEA Ny = 5 X 1026
0 \/ > PHME Nj =5 x 102
Potential distribution ¢ /v, Donor density distribution N; /N,
1.2 x 102 | ) 771 5%5:0D 2 %1071
GND H \‘:‘:'\7 ) Z\LTJL :l::_llc GND "
RI—A A 2@ DI
v v — v v
GND io IRV 2 HAER GND |5><10-2



TiO,_,(100)3%&F & (001)F=FODLL : fammidEiE

HAADF-STEM observations
(100) Oriented device (001) Oriented device

[010]

[100] [010] [001] [100]

Crystal structure in colored region

HAR R figtdis (ﬁﬁUKHHZI/ |\77\ ~) LA | AN PAN A
EFRis T R big P — I8 FI8E

S. Takeuchi, AS et al., Sci. Reports 9, 2601 (2019). Z. Nagata, AS et al., Sci. Reports 9, 10013 (2019).



STEM-EELS 2>tk
Spectrum of TiO,

*EELS : Electron Energy Loss Spectroscopy

L; 2
/
=
0p)}
=
(D) W
IS _
: Loss energy [eV]
Eon
tERkEEROML: Energy splitting of e, and t,;: AE [} 2 Gaussian function
Energy onset of Ti-L, ; edges : E,, straight ine /" v
AE ” B Ti-L; edge ]
E Smaller Resistivity, o
TiOZ_X (Magneli phaSE)j ' Energ;/ onset ' £ SMQ AE

Loss energy[eV]

[1] A. Moballegh et al., Acta Materialia 86, 352 (2015). [2] E. Stoyanov et al., American Mineralogist 92, 577 (2007).



STEM-EELS %4 : Colorlessfais

/ Observation reglon

P

5

HAADF-STEM Image

EELS Spectrum

Intensity

A

Energy onset: E_,

3.0 457
456
B i [

20 f) { Ew«v,rx’ lusa

. | | | | | | 1 4 3
1.3 0 10 20 30 40 50 60 )

Distance [nm]

AE [eV]
E., [eV]

K. Yamaguchi, AS et al., Jpn. J. Appl. Phys. 57, 05KB02 (2018).



STEM-EELS 724 : Colored iz,

) . S YA MR ~ —
» Observation region | EELS Spectrum \’23\3693 FYABAI> RS A S
’ W AEB LU EonDBPIBYE
= Magneli phase-like
: 0p)]
_ Y 3
HAADF-STEM Image = L
: _ A <
L
Energy onset: E,,, S 0 18
460 469 Ke\'\
450 45i o5 &%
B o)
. 3.0 457
g g |
\ \Z %IZ.S* Lf’\.mw'\o/ﬂ}w»w‘mm*\h . ..,,fg__456|%1
1: —4‘35'—:‘
4 N /y’%‘**"'*"'&"'\.w .ot mny
20 \ S“" / \\\\_’_’H,‘/ H454
1575 10 20 30 40 50

Distance [nm]

K. Yamaguchi, AS et al., Jpn. 1. Appl. Phys. 57, 05KB02 (2018).
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STEM-EELS measurements

T Y T v T Y T T 2.5 T T T

L — Colored
T L, (fo(c))r)e - ' -0~ AE
|_3 —— Colored 24r -O- Eon 1456.5
1 ©01) | .-
9 — As-reduced \\\‘\.
= (001) e 2.3 I & —
= " > _ %
e 9, , \ 1456 —
O f W 2.2F \ 5
< \
Q I . \ \‘\ -
wn N
- 2ol L
) o h
§ | _ \A.. 455.5
2r m
% 1 " 1 & 1 g 1 p 19 1 1 1 455
450 455 460 465 470 475 As-reduced Colored Colored
Energy loss (eV) (001) (001) (100)

Ti MEFIARE(CEAFEISEL
BEOfERE R Z DRV \moderate/REBFIRREZEAL,
Z. Nagata, AS et al., Sci. Reports 9, 10013 (2019).
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Gating: f3~
...Constant voltage to 2 and 4
> GND

GND o

Gating

9) Nen)

Write with Gating:

...Voltage pulse trainto 1, 2 and 4

Read:

...Current1-3 @ 0.1V

» 0.1V

GND GND o
Applied voltage protocol
50s
10s 10s 10s 10s
h = hirs Ih = hrs
HEE ﬂ to SET HEE ﬂ to SET
- - - - 10s  10s - - m I
10s 10s
wum md 0 RESET
Read pulse: 100mV, 100ms L
Ih=lrs



Depletion/Potentiation ¥¥1%D5'— MR

110
108

° 5
106 ;
102

GND

Gate voltage

100
110

5V
108 | 3V
106
104 | 3V
102 3V
] ] | GND
5V
- | , | 5V

Resistance 1-3 [Q2] Resistance 1-3 [Q]

100
110

108
106
104 |
102
100

5V

Resistance 1-3 [Q]

0 50 100 150 200
Pulse number

U — hERICK B FTTRDFE / SHMEDHIHINEI4E
Z. Nagata, AS et al., Sci. Reports 9, 10013 (2019).



Hebb®iZERI

[The Organization of Behaviorl D. O. Hebb 1949

"When an axon of cell A is near enough to excite a cell B A

and repeatedly or persistently takes part in firing it, some

growth process or metabolic change takes place in one or

both cells such that A's efficiency, as one of the cells firing \
B, is increased.” iy 23
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Spike-timing-dependent plasticity (STDP)
EEANBRIE(CIKEFET BT T IEHEAL pes s i s
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Spike Timing-Dependent Plasticity e A T I,
. D. E. Shulz_and D. E. Feldman 008080 40.20 0 20 40 00 B0 10 | ——— Exc - Cho
From Comprehensive Developmental Neuroscience Neural Circuit s e Inh > Exc

Development and Function in the Healthy and Diseased Brain  m)
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= 25ms
7V §
= At o Pre-spike Spike 1 Spike 1 Spike 2 Spike 2
— Vv
0 Vv VA .
o " gate
% Post-spike Vi A A A A A A A A : w @
S | | | V
— GND Voate
V, spike 12V 50s Spike 1 Spike 2’
(pre - post)
. ; 1l I
Vgate SPike Pulse gate V V
—= 25ms
% V=1~7V
L At Gate-spike
=, = fesRZEfL 00
)
o)
O .
% Post-spike W
> tl
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J— MEREIC X S STDPHFEDZE:A
e P PE e e

Vjaein/a 1V 4V 5V 6V 7V

cC
Anti-Hebbia

[EEN
o
T

(]

o

Aw (synaptic weight) [%]

-5|0 - 0 — 5|O
At [ms] At
_f—_' Pre-spike

Gafter - Gbefore 81 —
Aw = G X 100 [%] S Post-spike
before g I _I_L
217 E— RTOSTDPHHA Silent synapse®3R3}
g — NEE(CUF I DSTDPHFE Hebbianh* 5 Anti-HebbianE— R

R. Miyake, AS et al., ACS Appl. Electron. Mater. 4, 2326 (2022).
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Cartoon drawn by ChatGPT
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A Gill Withdrawal Reflex

Mantle
shelf

Tactile
stimulus

Tactile
stimulus

Sensitization

W

—

[=

S

S
]

Duration of withdrawal (% of control)

Eric Kandel

https://jp.weforum.org/people/eric-kandel/

4 trains / day
for 4 days

500
4 single shocks
Single
-~ tail shock

100 T °

T ™ Control

0 T T T T T T |
0 1 4 7

Days after training

The Molecular Biology of Memory Storage: A Dialog Between Genes and Synapses

E. Kandel, Bioscience Reports, Published 10 August 2004

DOI:10.1007/510540-005-2742-7
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Current Biology 31, 4163 (2021).
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