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Abstract

Abstract

Inspired by the human brain, constructing a high-efficient neuromorphic machine has
always been the pursuit of scientists. Especially, with the data boosting in the big data era,
the conventional von Neumann computer with separated computation and memory units is
limited to efficiently process data in real-time. Thus, emulating the brain architecture to build
a neuromorphic machine is promising to alleviate this challenge. We know the neurons and
the synapses are the basic units in the human brain, thus, implementing neuron circuits and
synaptic circuits is the basic task for constructing neuromorphic machines. However, due to
the conventional CMOS devices lack of inherent dynamics, the constructed neurons and
synaptic circuits are complex, which makes it difficult to reach the size of the human brain.
Moreover, CMOS devices are about to reach its physical bottleneck. Therefore, developing
new principle devices with inherent dynamics and high scalability to construct efficient
neuromorphic machines has attracted great attention of industry and academia. Memristor,
is considered to be an ideal hardware unit to realize high-efficient and high-dense
neuromorphic machines, because of its simple structure, rich intrinsic dynamics, low power
consumption, good scalability, friendly three-dimensional integration, and compatibility
with CMOS technology et al. In this thesis, we focus on using the resistive switching
dynamics of memristors to implement spiking neurons and plastic synapses for buildihg an
efficient neuromorphic machine. In details, we carried out the study about the device
optimization, circuit design, behavior emulation, and system demonstration. The following
achievements have been implemented:

(1) Multi-level switching memristors and synaptic functions demonstration

a. In the Cu/a-Si/Pt memristor, we found that the device exhibits both the volatile and non-
volatile switching behavior by controlling the amount of Cu ions injected into the a-Si
layer. Using this unique feature, we vividly emulated the short-term and long-term

plasticity features of biological synapses. In addition, under repeated stimuli, the device
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could switch from short-term memory to long-term memory mechanisms, which
corresponds to the training process of organisms.

b. To implement the controllable multi-levels and linear cohductance modulation of synaptic
devices, we further designed a Pd/HfO,/WO,/W synaptic device with excellent analog
switching behavior by stack technology. Under the pulse programming, a wide
conductance range (> 300) and a high endurance period (> 10%) are achieved. Using both
the amplitude-modulation and the width-modulation programming schemes, we achieved
a sub-linear conductance updating curve of the device. Based on the updating curve, 95.3%
accuracy is achieved on MNIST handwritten datasets through system simulation.

(2) Neuron circuits and system demonstration based on volatile memristors

a. For the first time, the spontancous breaking process of the ion filament in the memristor
is introduced into the neuron circuit realization. A Ag/SiO>/Au memristor is used as the
threshold switch of the leaky integration-and-fire neuron. This neuron displays four
critical features- of biological neurons: the all-or-nothing spiking of an action potential,
threshold-driven spiking, a refractory period, and a strength-modulated frequency
response. As post-neurons, the designed neuron is demonstrated to be applicable to digit
recognition.

b. To improve the integration and solve the problem that the single-memristor neurons
cannot continuously fire decently under pulse train stimuli as well as lacking the ability
for on-line training of memristor synapse. By combining Ag/SiO2:Ag/Au memristor with
simple digital circuits, we build a hybrid spiking neuron and specially design a lateral
inhibition memristor array. Then, we further demonstrate an entire hardware multi-layer
spiking neural network consists of the hybrid neurons and memristive synapses for the
first time, and implement the online training.

c. Given the training algorithms of spiking neural network (SNN) is immature, the
conversion based SNN features a higher recognition accuracy. For implementing the
conversion based SNN and matching the rectified linear unit (ReLU) activation function

in analog neural network (ANN), a Mott neuron with a 1T1R structure is proposed. Using



Abstract

the 1TIR Mott neurons and mcmristive synapses, we experimentally demonstrated a one-
layer (320%10) conversion-based SNN for the first time. The recognition accuracy on the
MNIST database is equal to that of ANN.
(3) A spiking afferent nerve and spiking mechanoreceptor system based on NbOyx device
For the first time, an artificial spiking afferent nerve based on highly reliable NbOx Mott
memristors is proposed as a compact interface between sensor and spiking neural networks.
We demonstrated the switching mechanisms of the NbOx by TEM and systematically studied
the relationship between the afferent nerve spiking rate and the external stimulation intensity.
Using this afferent nerve, we further build a power-free spiking mechanoreceptor system
with a passive piezoelectric device as the tactile sensor. The results show that the proposed
afferent nerve is promising for constructing a high-level neuromorphic machine with self-
awareness.
Key Words: memristor, artificial synapse, spiking neuron, spiking neural network, artificial

afferent nerve
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1.1 RIS

YMAN TR GEREDH, QIEG ALK —H LIRS —ERB AR KBS
MR A aEE RN EER, BRI, KEWRARE S S BRI AW R A
BRI, SR ENER G2 BERE. BRIETLE. £FRFK. Bied
WEAUE T R B 23, EEREER TEEEL T ALER L flin, 2016
FEHENFERF AlphaGo B YXTE BRI Wk H T 0 7 A KT T, X —H 45
THEEE LR ERE, FRETALERWHLIC. MG, 2019 4F, AlphaStar II X7E
SEE RS WA AT T B ERRIn R, R T AT AT & =K PP B ERH
F2—REBLAERFHERINANRA, £ 40 24E, BEERERIEM
WIrEARKHED, EEAHRAM T EERRA T TZ/F9,

RETH MR MIRTH BT R AVIF AL & NETRIRZ], (BAEER ERYE, BB HHER
g5 5 ANRitE LA E B 5 MEERMEED, W7 AlghaGo 5 AZIEF ST+, 37
fli AlphaGo IThFEIX 2 IR L, THAMHITHAEI Y 20 FL. SFEXFERNEZRFEZ
—RUE L IE KB MR AT ES EE s B e (B 11 (@), HHATEF#E R
TE B KRR R T KB AR, ER T OB AR BRI WA, A,
TP 5T E B I0 2 A M e /R DT & B T R S ORI A0 T A2 Hh A 24 R B SE (FR A
“TEREIE D, XA A R AR R KRR T v EALE BB AR, AT R&H
BEAERIRER, AMIRE T S5t EoR. g, MAEFZEZNEEELENE
AbEEE: (GPU) fRmiTHIATHDPL /T, 25 GPU HTHEMETTER, R
TETRTEE N S TCH, BN SR ES (SRAMD, TIEN FEXIX L AT
SME s [ LRBUCEE, AR B U F#ER. KELESE (TPU) A —FE
FISE R, B KA E TEAEEE T ERETHESE, BIEE W EREE,
R TEEIR BB a0 00, R, S NI 2 A1ME SAC B B S A
BT E RG R LAEH.

BRI RIS BB R A WA RRIBE R, EARE LI ER O/ TR

1



ETIZEBNMARSTERRABATA

R, BATREATELE KRR AR T =070 : BFE— it EE=, &
H BRI TRt Ihait, AR B TAMR B R 2 o AR A Do gEM . 78 NS RBN hE H+
CAMETT, S AT BLRT BN RS R EMETRE, MRERGHEW
gl Moo B BB E R AL (BB S) F B HEE T R RAST e s B (5
B, RERWTHERIT; ESMNHMERRBT, ERRAMMER A HE, MME
A S RACAZ BB REN s 2T S04 s AL RO P2 5 AL T 5 2 2 O G 5 T I e 1Y
5 R ERMNERREDL MARSTEESE T ARNERNE, SEMEU R
12 1A B R ke, G 2% ST 8 RN &, S HE B S A vk B, BLR AT
BT EMF ARSI, B 11 (b)) ST —HMEESITHERSNEME,
BHERMAZZRIRER, HETNRMERERE, SELIERE. KEN. 2F
i 25 (5 B AL BE BE 1 B = AR s LR

Neurons L Neurons o

Neurons 7 Neurons

Von Neumann Memory wall

“Bottleneck”

B 1.1 (a) 75« EREZEMFT (b) MELASLEMIRT LS

1.2 42 4% F P 45 15 B

“MATER” KIS &Y 20 4 90 FEAX i b 3] T2 B2 2045 Carver Mead
B, HBARTEH R F B A M 2 ST M R AR A SE T RS, TR 240
T RGBS RS ERE, HEESTHESARBERAED. v, BRs
HL B A SR RS AR W A B SE B o RTTEISR B, AR DA 22 100 4 1) 6 A4 4]l B2 70 A2 o
Zyohspt, B 1.2 () ST — MR E TSN, BEARES IR, X
MR — BRGNS RMANE S, MET=ENES BT MR AHRE



B1E 41

REOA R A4 F e 5 2 70 BTSSR L5 F S A 2 TE R R B AR A2 b S
A, SRR B T R M T LA R B MBS TR S BN, A T4
R IR, B 12 (b) 4 T — R g% BB E, BFEHAR Gnputlayer),
BUZ (hidden layer) FUIHE Coutputlayer) =/2. HAEBUEIER A\ IS Eik
R S AR UG (EA BT A (5 Wy XD, FEiR M X
AR RIAT IR AR SR (y = F(S Wy X))o Hb, BRET LS RE LS.
B 2 0 5 0 S B S 347 TR A B St R BTN (5 W, + Y,
HHh R A LA RIS (y = F(E W, + X)) BRI,
B, 4 o ST BB B Y A )

(a) A Dendrite

N

(b) Neuron Synapse

7

(eZ-Axosomati

>® synapse

-Axodentriti¢
synapse

Axon

\ N
\ P A
Axen collaterat (N
b Input layer Output layer
Axoaxonic 7 [ & . z=f (Z WO * y)
synapse / /NS /\ Hidden layer
e A | y=f(ZWy*x)

12 (a) EYHEMERERN; (b) BRENZEWEMEEER, AFEHAE. BR
itk

J7CERGE, RIEFTAMETEA AR, A ME BRI ASE S A
TAHZ % (artificial neural network, ANN) Flfk 482 48 (spiking neural network,
SNN) PO, Her, ANN 2 H iR B 2 348 F ) 2 BRI 81, Ast Al 3 B 7 44y
AP RN, IR RBREMNE I, E—ERRE Ll sy
22 PR AIA R DI RE o K EE T ANN, SN SR P ik i #6145 0 R o 0 43581 i 3 s B e 21,
HAEHEIREFTIANTRASE, BGE4R RGBS T
R HIThee, BAEERMTEER. TSt U LR BT 8



ETZHSNHERSHE R RGN B

1.3 WEMEHEEEE
1.3.1 NTHHEMLE

7E ANN 1, WZTERaEHMN, WHRNRRMEITEL R AL A 3L, W
1.3 (@) firm. fEXE, FEEMHAR R BN E A EFE sigmoid BREL. tanh MELAK
ReLU E#(%& (F 1.3 (b)), XSRS RER] LA fy A\ B IME BEAT 3 el AR
RORERL S 8, 5 A& e NG ST A SE R AE S B A E . IER L,
R IX SR LR 1 SR B E A o AT AR AR M AR e B 8 B FR N ANN. R T X o 2% 3
TSR ML LA AT, HRiEREHR B AR EERE Rumelmat AT
1985 “E3R H i & A3 E: (BP &%) P2, RIH BP HikW MK HIGEEEER
FAERE: AR R AR RE. B 13 (o) Sl TGS RERE, £
AHFEE RS, FAEEEIMARLREZE, ZETHAIMLENSER. ik
HESREIABEEMER K, N0 S8 2 2 1777 FfEJy B AR R 80T R A%
#, ZERHBFRETHAAE N R T, ARG -EMNNNENSZEE,
B R B E R ETE I R . ISR TERE, MEERE T —EREDIAFRE

Backward
(a) Input real value (C) Backpropagation
JE
AW2= W
Output 2
real value w, JE _ oE 2y aZz
2 s J’/—’ aw, aY az,aw,
oE |, oz
- =— f'Z,) =2
Post-neuron Y 2 awz

Output fis a non-linear funtion, could be
sigmoid, tanh, or ReLU

Pre-neurons

Hidden
(b) Input Forward
A=f(Z) Z,=WTX
Forwardpropagation Y=f(@Z,) Z,=WJA

sigmoid tanh RelLU E=(Y-T)?

B 1.3 (a) ANN TIEREE; (b) FHAEEMEEEREG (o &1 BP HEMIZGEEN

1.3.2 BkiHpFLZ 4%

HMIRIH, SNN KR T Bk & o/E N EA KT H BT, B—FEHERMETY
DUEER, R 20 ey 90 AR BRI 3 R K2 #Z Wolfgang Maass 3 H!
[, SNN 5 ANN Z A& EZK X HETEBEAHEM TR, WAk, ANN {#H
LA B SEAR AT T (A0, (5 5 AR/, T SNIN L2 f FH ik (5 5 R AL RS B



F1E ik

Bkt 5 R REA T ER TR, WTLLR 0, ATLLE 1. WE 1.4 (a) fF
7~ SNN F B4 T R FEEUR S oM 5 S B A S, 54EH& T —%,

RS EREA RSN, XEREERINRBEAMELET ANN G EEREENE.
BARMHKRE S WA A EATHEBRE, FeadRewmana ks,
X5 ANN AF. 7£ ANN 1, REMETRARAEMARG ML, L Tihga
TITAERE . B4h, SNN P& c A AR E SARER, HEM% S5 RK
HARBBELViXW: KTt REEEER, NmPRHEE, fERER. Xt T ke
MATTHISEIL, BIHETCAH RS A TIRE YR R ARSI AL g7 A 72,
U0 leaky integrate-and-fire (LIF) #£ niEAI%] (B 1.4 (b)), Hodgkin - Huxley %!
41, Izhikevich HEAIRM% 7ESeprp A2, HREFTHHEE 2, LIF # Izhikevich
NHE R E TIPS, AT ANN, fikohid B4R BT 28 1% (spike-timing-dependent
plasticity, STDP) s& SNN FEEH)ZIEEZ — (E 1.4 () 127, ZEEZER
TEYHENL, BREEYME BRI, FEZEET, FARE K% Bk
TRABIEFRE Tk KBRS [E], R —F RG0SR e B,

(a) Input spike train

»@
W,
Output spike train

- @ﬁ_'_‘;
vlhresh
(C) 100 @Depression ‘

Post-neuron ®Potentiation Aw ={
°

a, exp ('Tm)ifAt> (]
-a_exp (%) ifAt< 0

Pre-neurons

(b) Post-neuron spikes (..}

YA N A
v '\f\lﬁ A
................. 60
Refractory period -100 0 100
At {ms)
1 Pre spike
1 Post spike
At= toost = tore Time

1.4 (a) SNN T/EEHE; (b) LIF TR, (¢) STDP ZEAlAUE T 4

1.3.3 ANN FA SNN BIxfEE
NEEW B RPAMMEERKIX R, F 1.1 88 7R G E%tkh. BT



ETIZHEBFNRERSTER RGN AT

ANN K, B SNN HFNGEIEIE AN, TR E] ANN e scBlivisE, Hil
T SNN R R PFIA T I EZ 81 H A 54 o A R EAE R
ZItEBUt AR, FREEEREY SRS, H5h, BT SNN#ETi =
B kR TR, BAEFAAEa s S0, Fb Aa Empaeron B EE S =5
B LE. EFR BN SNN 2 —ME G MRS SRR, 2SIl s
SRS EBARNE LR —, BERLATEARFAMP LT T E R

% 1.1 ANN FI SNN 157 b

Rt | AT HZMEE (ANN) Bkt 4% (SNN)
Sy e AR . BEESYEHME
WA | BEIRSE CGEAEEAED | Bobs (BEMHEENERES)
BiER ZAF e M EE R iU 2N
T2 {5 B AL
ﬁg; - NEEBTEE B A KR FiEERTS{E B A
THEEE B8, HATRBIE AR, HTRBHE
. AHELET ANN, SNN fEHHEISREFSIATHIEZSE, Bit LA
TWHEEES s
B o NHITHE e
XA, FH4ER STDP,
SR, LR TR :
s | DRy BEETREIEN [ o st
R E .
fEHE%
ThEE i & J0s, hEEsE FHHIRE, THEEBIK
ANN LB AR, E—sLfr{FS, WwEME. M. ESS8E N
S F; SNN H&&Ta5E 5L 42, BiIBE. M. FlesA
Pt

1.4 BRohAHEE LB RE 1 Scil

BT, MERSHEREAFSLIEE S NETEG CMOS HORKIHZ P RE 1
SEIUAIEE T8 B 2R B A 2 P 8RB ST, FL B R R A R R AR (P 22 7 o B AT
MERAEE . £5% CMOS SRR AN LA R, JFCLWE T MR .
B HHPORBE M LTE ST ERAREATEIH B, B R 2 IE K 77 1125
FMZFHER M TR P L b, IR AT Fr hARp X T kA 22 W 2% 11
REAFSEEL, T TR 3 8 TR T PR A A Ik e 22 X 2% A A A S 0



1.4.1 CMOS E Bk ML

TEfE4E CMOS TET, BAREMEEARNWE TR MER, RIFHE LKW
MIEBREH, SKOUERME T LB RAER . FREMBEKHZNE T, (12
—MRE T LIEE BB AR E A — NS AT, 3 BB E R 1 ol
TR R AR ANFEF RS E . AT EUERMWER, ARS8
W BEMPRZ FERE (X-bar) LM (Network on Chip, NoC). ZZHEEHEEH
TTSREYL, W 1.5 FrRBOBl, FERERERE XA E B S BENLE A (SRAM) BRHE
RAUF AR pEBUE R R A&, BT R R E K/, 28l 88 7o 47 T AT
JEHE TR .

| Neuromorphic core gengire;  Synaptic
] | e — N
Neuromorphic core @
AL VT
z Yulticore netwdrk 5
Spike route r
T ;
% e PRNG |- }neurons
\ Yy

A 1.5 CMOS ZEAHZ LA A B 3 K51 33)

ETWRWER, B&F BRI 7= mASR i rEE T . BB s
5 S AE . NJGIR B R A4 AU R I i ¥ /7. 5140 IBM ) TrueNorth®4, Intel
i) LoihiP%, #71H48 K2/ Neurogrid®), PA KAk £8 K () BrainScaleSP64, Hrh,
IBM HJ TrueNorth &4 5 7 # B # SR G HFZ BB RERE, S TNRE TS
HRES, EEXNTRINAMEBATHER, 7 DA FRNEGFRIT N EWmgyik, B
AMIEHITIFE (65 mW). BEHRATHTFIES . BBIEEEIRHSES, HIEERD
T CNN (convolutional neural network, ZHFUHERILE) INEESE Ao (B4 %S 68/
THARSE R EGRNERLE TN, HRF/RE Loihi ZF 14 nm FinFET £k, &
LT L], B 128 MIRTEAZ, XRZIE 12.8 FMHEITTA 1.28 244



ETICHBHNNATR ST E LRGN A

Ko 5HTHEN SNN & FHEL, Loihi &5 F ZEFR MNIST 5 4R 51 i) &4
FREIRE T 100 JIEP Neurogrid /& —FEl - HHUR & WA RIEHATEAT F,
RAL T — B MG T0 R H R Ao 10 2 R KRR AL S2B B4 o 1% R G AL 04
LA HN, BAH 10 A 256 X256 KRk A TTHERE . AR B R F K BrainScaleS it
SRR T EBMB ARG B, TEEE A SRR 1000 2 10000 . 28
— X} BrainScaleS B2 H % T Al H R F %2587, Saclsem 0 A
FEER . R, ZRIGBEEGHFAREINLIMATEA T ET R AMRAR,
TR Z N TE AR TR SR AR R ) 308 B R 2% I PR SRR SR T 2 0 A 2R ik A O
ThEeB” 38, XIRMH| T AT MR . T H AR =4S A, LR AL
NI = et et . Bk, BB REE RS CEEaYERR, 3H CMOS TE
EREAE G — R, SBHEHAKTERE LBERUEB AL, SEDEER
Zirh 10 pm? AZ TR 0.001 pm? §FRARMEAAR~ 267 PR AMERIEREFEAHLL . 20T
CMOS EHATEARRG 37 Z AT 1 20 £ 400 A1 2000 £504, % 1.2 frs. &
b, KRR BB S E S M A TE AT H R AR R R RN eI AR 7R

b

R 1.2 EYRGM CMOS A AETEA RGN LR
Types Biological system Silicon Ratio
Neuron density 100 k/mm? 5 k/mm? 20 x
Synaptic area 0.001pum? 0.4pum? 400 x
Synaptic Op energy ~2 1] ~4 pl 2000 x
Max firing rate 100 Hz 1 GHz 10,000,000 x
Synaptic error rate 75% 0% o0

1.4.2 1ZFEBEEROPME L

E TN ETEATH R — R B T EMB T ERNFIGTER AR O, 5
UH CMOS RiAEMEL, ZHBAFEME A, FEIK. I E . 3050
FE HTZFEREMR SIS, HIZ 885 E YL TR 5 A E XU E 750
IEALRE, W] DA D SEH S B AR 2 TT A R Th R TR S, RANE
H1Z B3 SRR, A 1L SRS AT A, AT SCBA A ) 28 fil R0 2R AN 5 Ak AT 28
PEIX A B B EARAE AR o AR TR KA E AN AL /R R e 8, HPEF s UrT Ll B4R s



F1E %0

P M2 I S ARERAE (ZiviX W) M, i 1.6 R, JF BRI R &R,
FTHHE. FRTERRS, SN THEESTENSHATEER . FIAiHE
i%%#%%ﬁkﬁ%ﬂ$J%i%m%%@%#%%ﬁﬁﬁ%ﬂﬁ%ﬁﬁﬁﬁ%ﬁ
KNSR RN AT 2 T 2 R Ze L 2 RS, ) 30 S A0 I B s IR 317 PR 3R 14
W1, HEARELAZRE AR 50-521 Bk e FEAZ H 2053 SRR BEL Bk 27 SR AZ BELEE 055004, B Tl
AT RA S HAMET STDP #M AR k2> . 1ZBE 388932 X HEF 7T LA A
CMOS & HSRM LSRR 77 &R, UMERF R EME)
BERI R . KB IEAS R Fr o BEAh, AZBEES Py 7E it BME B 28 AN AR 43 ekt 7T
TS LT HAERTIRE, B LIRS FIZPEBELTCIREE] TIHIE, X8, 1
ZITREAN A CMOS HiRRLI, MARIZHEE-CMOS IRE AL e,
ETHAREMEHLEESSF EREBERS, BUARMERIE. % EMEH

SO FEBEARIT, HRC5E TR RE.
- re-neuron

[

threshold

Chip architecture

Number of metaliic sites Input

o metallic site (h E
phibit

o Mott site

g ]
NOC routering
VF t

Post-neuron spike Post-neurons

& 1.6 1ZFEEFAR LTS R GAEHF R 0 o1

L5 REREXFMARAS

BEEWEM .. ATHGE. S ESHMNEARNEKRE, NEHSIEhRE R
1hiG# . EPrLE, Google. Facebook. Microsoft. IBM 2 EHrE LA R EEAHAT
BReRAR. RRATLERBATYTFRERELS . 2FNEHESHENELEER
K, BIEMEGTE AR R (“T=H” EREHAIFHR) SERXBERER
B A



HTZHBNM AT ER RSB AT A

ANTHEBEBARRKZ RS, 8T, BELIELZamWERE, BERE
DS, ETIHCMOSEARK T ES IR FEE AR 2 IR Re it &
PSS RBIEMEE K AZ AR B R R A TR R TH RS R4 T R R R R B4R,
fEEPR LB TR HRE

FAXSF E A AR, FEE A% O B0 U805 TH KB FU S 5 B
—HREAT LRI R o ARTTZ RS E Sy — R e, 7 BB AR 2 T s s
FEORNZ R . R TZHERNH —AME BB R IEA TH RN, MR
BRI ARI, HARTEREBWN S, X AR ETEE G RIS A g
RIESRG T HHLE . (BB IERAM T FENIRIE S, 1B ¥ 2 R RHA IR 6 47y
ARffoe, HpadE: (1D ZHEBRMSARERANLSER: (2) LHBEMEITTH
HIRERRENEE;: 3) —EMERANMESKIE.

AV BRI A AZ B A SE LA 2 T R 2 SR AR T B, AT EE = AP & T
SRGITR T RGMRANBT, W33t 75, SENAFTWNT:

BB, MHEARXHPTAERINIARE . EALERIAER FWERES
TEBORHET TR, BT T AR SEA LI MEELT R, &EHRHT A
WICHIB AL

B, SHLESERER T EERIAT TR NSFRIEEAS . TR
fill. MEITRAKOIERE. METHEBIEA. S RALUE T EIT T HR.

F=F, TR TIZH AR A RANT RS2 I T T IR 7. 03E T A4 % fab ) K B
FERTEEYE . JE R AT B DL R I Roe i o J P R P B8 A B B AT BB AR
FHIRYE RGN A#H — DA T 8450, ST AR MR RAFROSRARERE, /T T
AR gRAE T R T R S E R AE R X R AR .

BT, ETZHEBE T2 HHITTR T L e a. §5FH SR
WA SR AR S B TP 5 S2BL T — i LIF 442 70 LB, BTE T 4428 7 HL B A /35
BINRE: SFRALMRETE. REWRBIE . AR R S AR . A
b, BB REMATTERE, FEHETHENIIR, BRITSSEEITT TS
PLAFFHRH T IZF4-CMOS B A BITHIMETTRE T R, RESEETTTRITNFE
MRS XL | — DA 2 BRI E M 4% R IFLI T IELIIZ.
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E1E %t

78, FFRETHHe SNN W2 IT AR HIBFAT, DU Y SNN SRS R LB 0 1
B, R s SR IO 2, HUEE T NbO, BERY 1TIR W4TE, Hil i
HORE 55\ L E 5 R AT LTTRE ANN #180 ReLU S BIM. 452 iz ot i i
HIET 320 x 10 FIM4E, SZBLT ANN Z SNN (%54, ##% T ANN & ADC ff#
FI, 75 MNIST #04E - 5290 7 55 ANN 24 H0 1%

BAE, HUETLEBIFETE B NTIR. NI LA h 2 55
52 BT NEEED, T —FET NoO. LI R g . % A
o BT LIS B B A S IR 2 . R T e A BTE R RS B
FR R TR, A A2 5 o BRI, M T — TR AR 51
RAIRA A TR S R

BLE, AT AT TR, HR R0 TR T R,
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52 B ZHSEMERA T EEANR

F2E [ZHBEMEHSHERRERR

2.1 |ZBE SBHEA

fCREAS, AR RBEIFSC, HE PR EELE T, RETRT PS8 AT T i F i Bk
SMERETHEANAI R K T SRS, BV RBREERE ., A, dRZ S EE TR A
Touff. RTZRERHEW A LUB IR B4 70 R, AR T R FEMB TR B
HIZD 5 (Leon Chua) #HRBENBBENRMAELRE, HSH TIZHBIEE,
F BAER TIZE AR BEE R 4 B B AT Z (AN o6 R U, RS AR — B[R]y, 1ZFH
A S LIRS . EF] 2008 4, BHEFSLIEN D. B. Strukov £ AFIHB 44
AAEB R FIXUE TiOr MR VG2 PSS L RISL IO I S BE R B 7 — 22,

2.1.1 ZFEZEH S

L PR AR H N = B8 7451, B &8/ M) /4 )8 (metal/dielectric/metal, MIM),
SRR FEERGFHFEMEL, BEART LR ERBENYME . HEAE. 25
ML BB . BN FUSMEIARR, BRI 2885 B AR R
HP, il 2.1 fras. Bl (1) SR R BFLE] (redox): ERARFR EARL ol # £k
BAERETERAETI®SI U ABI TR ENER KR (2) N (phase
change): XN H BT RHE 2D T AR & B AT, MRSSMIESSA
BEARBHEIRES; (3) SR F LM (ferroelectric tunnel junction (FTT) effect):
I FELJE AR R AR T B e S B BR 2 FEL BRI AR AL s (4) BEPR K (magnetoresistive effect):
AR 7 B S BN B B B 5 B B A AR Ak, o IX SRR AR Lk BT S B FE PR A AN o B
SRR, BT A TS KRR, FIanfEAS A28, AHAr
FAERRD), Bkl fr A ORI i 23715 . X S A 4 28 B (R TOFE . (CIRIE B,
R RIRIEEE, MRS RIS S, SRR T RS
HMWEBRF TS0, Whoh, XF R s B0 745 M A28 44F 7T LLE T R 7E 0 B AL A
SEEME IR, RORI/D TR IR RGRERE, Bl & & T EORRE 1 2 410
%, A IZ BB AT A THE 7 TH i B R A5 18 SCRF B S
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HTZEBHHERSHTEA RGN AT

Redox

Phase change Ferroelectric

Magnetoresistive
B 2.1 ARFEAHISSBZIE AR 1 2R 454 JR 2 & 6]

212 |ZHEZEMESHENAER

BARVRN [F AR LA R A L2 T RS ) 28 B 7, SEL 28, 8L 3 JE R A 1 5 X e 2R L
A — g, IR REEE M (retention) « i A 14 Cendurance ) 553838 & (switching speed)
#ASREHE (switching energy). FI4EME (scalability). BEHLIE (stochasticity). FI4M#%
FIRA S (distinguishable states). R (yield) %. Z. Wang & ANTERIERISFA L E
45 T 2 BT TR IE R [ 28 AU BE 28 2 [l AR A B O LB (3R 2,100 W T AR
RLFASRUE, HAFHER TR e F AR 5 & I HLARYE B AR A T s A AR

& 2.1 AFEEBIZIE A KRR

MiS MiSE MaSS MaE MaR@RT MiS
Types MaDS
(%) (fD) (ps) (eycles) (years) (nm)
Redox ~9.65 | 64levels | <1001 85 10*2 >1000 ~2
Phase change ~9.62 | 16 levels 1000 700 101 >1000 ~5
~32
FTJ ~24.5 100 6000121 4x108 >10012) ~20
levels!!?]
~20
Magnetoresistive | ~0.29 10 200 10'2 10 ~10
levels(t3l

MiS: minimum stochasticity; MaDS: maximum number of distinguishable states; MiSE: minimum
switching energy; MaSS: maximum switching speed; MaE: maximum endurance; MaR@RT: maximum

retention at room temperature; MiS: minimum scalability

TR X e 2 R R L B N 7 SR AT R B B A A

(1) PR¥FFRE (retention): SCATBARKNEMFRIRGSTRENE, BESFRHIERIE—1
RGNS LS E AR BB (A AR o 0T 75 AR (AL 1 LA SR F 81 e A7
fi % B I G HERE R SR A IE 51, — B ESR AR AT LAFE 85°C trFF 4R LA L 2R,
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52 B ZHSENERS I EEARR

TR MIZ TR A SR G i R RIS , Sof 280 1) R FFAF I IR X 4 i Y
R, HE, MASMAOTEREL LBIRME (<ms), AU RIS T A B
2 Tl B L B AR AT AL

(2) T AME (endurance): XHRPUIE T RFtE, FEMFTT LLBEAT AN R FEAS 2 18] 5K (6] #5 #
HIE % FIRAER . X TILTPATE T BRI PR AR Y, H At m T .
PEIRIE, redox ZEIIZBAEEMAN magnetoresistive 17 B SEU4HITR A3 T LAETIE 1012 %Kk
LA b BRI S, SR 7E 58 B 2 OB BT 75 B AT A B T AR AR Gl i B ot
PRI S ST A — TRk e R T X N — AN AR JE B, T 2878 P VE A7 A B S i 3
FRGRMTRERERSESHESE., _

(3) #AHE (switching speed): FEHF|HN—MRERER D —MRSHIEENR
IR, AERFEEM. (TECRMETMSI, — BRI A a i . b
PRy A 52 388 ot R B PR T R FE BRI BN (], AT DA K K PR 3R VR I E I
PEIRIE, redox 1ZPHES M BRI R HEE DL AT LA E] ~85 psthsl,

(4) ¥AZBERE (switchingenergy): ##4F A — MRS R 7 —AMRAEFT TR ZIHFEM
BEE. MIMAME—RE, JUFEXTATE IR KAk, ARG . B R RER
X T RGN ARV BT REMBER D, X8 M 5T R EE i AN TR hEE # & i
iR U N EE . JER1E magnetresistive 23 I AR RERE DA A LMK T 10 £106), #Eim
PR A BB R ERAEBERE (~2 D).

(5] i 1 (scalability ) - 75 884725 DR 7 A BHAS AR HE AU T3 T BESE IR BRI R~
WFRIZIEBE R B T8 ER B B, X T BT BLF SR T, 38 B AT A4 MR N AR
L HT7E redox {ZBHERH B4 T LASEHL 2 nm X 2 nm B84 R~ 117, L1 B A 4 5 fa
AR (~0.001 pm?) f) 1/250, XK T 1727 FEM A AN BA B R INEH
g

(6) BEFLPE (stochasticity): NP LAFRNIESNME (variation). £ E#IRIER/EH,
AR SRE T MR B ERE PR EHSE AR — 8T~ R — 84 R
5 & BRI B RS [ B8 2 (AT e Bh it o S T A28 S SR, i sh /N iR,
PR T BB M 2 T R, MBS UL E . Fiin, R IZ RS g e
AL I RER , & 4 1R BT R AR RT3 s MEX B & R R R
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ETIZEBORELSTER RGN AR

B W FAETIEERYE, sl B INEREF . AR, X rokt, BT
FEYHETCEEAMERRENLE, 125 ERMIDR &M EREIRIFRIN A, BHIka R
A — % PIBENL R T 22 TR 07 48 SEBL R L/« 2480 O A TRIER HIZFH 4% R BE
WUPEREAT 1R G PR R 22 e 22 I 2% 4 SE LS 191
(7) AT #RAPIRA S (distinguishable states): A ARSI S EFERES . 15
A2 B AN SR T AR AR B BPIRSEE - W T — BB, RS E A2 ar, w]
PAEAR SN AR BS54 TR KRR BT % AN B RE 7T . HHTTE redox 1ZFR AR PHRIE
WA LM RZ RS E BRI LILE] 64 (29 AP,
(8) R (yield): FEFERHBIFES G &N, 7T LAER TERESIE G S8R
ZEHIR NSRRGSR RGN AEEMA R SHEATILKR & —FF, &0
A R R R R T

B 2.2 45 H T AFEBAAAREERIXTE, AT LR B AYE B RSB SR A 2400
T TR RIRIIERE . SR EF BRI SRR UL 12, BATERRT
redox 1ZBHARJRIT T HHRHIBT I AR, JoTH B4 3 E e XHZ B S BB MERT A S
GV E T E TR,

Structure Resistive switching mechanisms

Applications: M PUF :_ SNN neuron B ANN synapse and analogue computing
B 2.2 ANEEEASHLHIZBE 28 e X ELB), PUF: physical unclonable function

2.1.3 Redox 1ZBEZERIEETTHET
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%2 % LEBENRERSITESEARR

Redox IZFHARZHTEF (FHETHAET) TH I ESFSWRE AR T
ﬁ%mﬁiﬁ%%—%ﬁﬁmﬁﬁwﬁﬁ%&%mﬁﬂﬁ%%%Mﬂmﬁwﬁﬁﬁm
BEFH AR, BIERAEMIAR, TR RE/ LTSRN RS
FHIRH S B, ] R BRI R A E A E YIS REENNBEN,
H AT DUBHZ P KB AP RS S HM2A (filament) FIEFHEIHZE! (non-
filament) . 7 5 A 22 B X 0] DAARHE A 22 il 53 o3 NSRS ALl 42 B 7 B AR A <5 R 4 22
RUZPRAS . TSN IX LA BA N REZNHIE) Redox 1ZFHES HIAE 70 Al ZEAT
I¢8:

(1) EEMMLENLIAEE: ZRBPIZFHIER redox ZFHAR 1 — 0 IR, 1
FEL Il T 3R 7R 7 AR R A B R A S BT R AL M AR AL (B TiY AR T 3
B AR R A SR TR R, B4 BT BT AR ) 5 R, i 2.3 (a) Fis.
2010 £, D.-H. Kwon £ APV % 5 7 B8t (TEMD 7E AR IR R PYTiO/Pt #&
P I B HEFLAIR I TiaOr 122 SR iB G, A T ERAISERAER (B 2.3 (1)) .
REHINBEEH—ESEZBAGHAMRIAR (Fln, SFEEMY AlOx, TaOx,
TiOx, ZrOx, WOy, TaOx, EREEALY ANy, CuNu%) , FilM&EBla3fEN L
AR RS X 2. TR ] % Bl forming IR, NEEMESENE
FIST A R R B AR (30 Tis TiN. Ta %) Z RIS E LR ARME, BREATMERERT
fLo A—AEBAR—RAE MR, TR AL i 2 B e B A T AL T i — N LB =
B (Plan, HREHL) o TR, FEEMRMER KR4I KA BIRE ML,
TaOx Fl HEOx MR ELZET N IR AT 1 ERARN, — 75T 2 B X bt k) &
g B ERM RS, B—AHEERAXHEHNMEERE CMOS HEKMNE.
BREMVIGHEE ARMES, NERGEENTIE, FE— forming RN 2843
PRI T BT B S, Bl 5 7E 1B R PR R BURh T (5 88 E SR FEAS A R (Bl ) e,
UL AR, B 23 (o) AT —MNEREDEAML, EIEMEEEHE
T, 24353 forming LR, Jiid 88 HLI 22 RARIE B R U (compliance current, CC),
B HEASTAKES. ZHBMH forming 7 FSRHFEREARSES, RIAES
SRHIEE . BB AEIS, TEXREHTRAN reset #1F, HiAF
reset HUE S5, VI R BWIR/N, A8 KSR E B = EA o S O
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HETHBNHAE ST E LRGN A

T set #-AF, B ESZNIRERS, X B set 5B forming F K%
Z -3

B T IX AR 5 R RS F AR R LA SR, — LR FFE forming 2 f5 TLIERFHKFETS,
HEFHABEKT R REEN, S#$F5BKHMNRESZEES, ATERIE 5
SRR AT 9, W 2.3 (d) B KPP FRr % LT NbOx B VO #4
BHER T, forming #1EG, SFSENFRENEMK NbO, i VO, FHIEE, %l
ERRLEE-¢REHER (M) FE, fHERSH, @ELATHEES. s
T EM BB BERE (Va) B, BIESHSEMESZSZRERKERS, N
TESMHEASZNCHES. A4 EREENT—ERNRFFBE (Via) B, 5
EEENGEEACUAFRERES, XMNEEERNERIAEE, 2 HRBIEHA
ZAEMEE. BT ZEEATNREOAERSIN, B LS E 5 i E T RIS R
BEFEZAT AN,

10nm

@ Inert metal atom © Active anion (e.g. 0O%)

. ) -
O Metal atom (e.g. Ti) © Cation (e.g. Ti**) © Partially reduced cation (e.g. Ti*")

(C) | A cC (d) Ky cc
“Vioti | Yhold
Reset .
\ Seﬂl Forming ~Vtn ] ‘ I Vi, |FOrming
Non-volatile v Volatile v

B 23 (a) EEMMLEIZESBESRESTHREHER: (b) PUTIO/Pt B4R T
[ TisO; FEHIBIED (o) FFHIARS RWAHRRAMLL: (O 8B40 5 R REEEH
U £%

(2) RMLAILHE: SRMLMIZHBERAE T FENIZHES . SRS
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%2 ILHEBEMEESTERARER

LR EEML, ZEEANSFEERE MRS SERR (Pl Ag 3 Cu
) M—MEMEEEW (Flin W, Pd. PtEH Auss) . AERZ BE— 284k
W BRI SUMBERN TR . BRI AR AT AR 2 f A B T AT
R SB0, X R B B iE S8 Ak (0 Ag X Cw) EXAFEEF (Ag'
B Cu*) , MEXEE FEBRGIMER TENFZE T B HEEE R, %R
BROAWHRT, NEETEREESEER (H24 () . EXE, MAEFET
T RMEME TR RN E R4 BT BB I BIZ AL B A, T A KA R R 2]
(B 24 (b)) . Hlan, EEENTEFEEZNSETTRENTEF WHRHy. w
W W), MU= TRANEYERFEFRE) . &RA2—RAEES
W7 BB E M AR T ALK MEREMERERMEETFEIRRNFEF (WA
W B ERE 7 54O B E FBUSHE S BB hiE Bk A e ik 24
B A KR N TREFIBRENEEAEFEERINRE, ML BN TN
ML, RN KRR FRRRERFZARM, SBURERERIEE; 5
H, X TEEFIERAREMEFEEREN, SR REEBERR—N, E5HE
B B R R R SR R B R AR TR e R R AL 2%, AT 5 BUR 8 BB T 1 B AR T
M 2N EIRAEK . Y. Hirose F1 H. Hirose B {RTEFTHE 11 Ag/As2Ss:Ag/Ag B4+
RS BMLIIFIERY, X Guo AWM BN Z AR £ B 4022 FI 2 R,
B FIBIER Y B AE 153 25 4 = PR AS AR 9 R BEL A JF BT BUE IR RRAF MR v 7 3844
AR T .

SRS A 22 BUZPEAR AR, T EAFIZ BB A 3 5 R AN 5 SR P R AR AR
K24 (o) T ZEBMAEISREN FREALMLE, BEVGESLT=EES, N
BRI LUIE® TAE, @%b EE— forming FAEXT S EEHEITHIMEAL . WIHEAL G55
BT EE R RPL A Z AT VI #e . X TR, U BEERRE, MR
B ELE BB A 2R, &8 T R A B A R 208 5 R R ML EE
Thomson-Gibbs ZUR ] T-(£45 T FL BB B R BUK, MRS A-RILH 5 R K4,
Bl 2.4 (d) M T804 S RBBRIK LBRE A LR, 2016 4E, Z. Wang %5
NiBid B BETE Aw/SiOx:Ag/Au 234 FH B RN IS Ag 22 KA B R I RGE R

(28]
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OFF
CcC
Set[
Formming
® Inert metal atom o Electrolyte e Active metal atom (e.g. Ag, Cu) Non-volatile
High g, high I Low g, low I/
(b) e e
(d) (4
CC
Low uéhigh r B Highfg_oflﬂ Set ‘ J ‘ [ Set
e w i i e Forming
7

Volatile

B 24 (a) ERMLBZESESKHES THEMER, (b TR FERENENTRE
RN ETEERERERD), (o) S$4NIES RN AR EERML: (4 B[S RIERE
FEAR A 2L

(3) JEMLBUZIHS: W FALBZMEEE, EESENBENERALIRN S hiE
B, B BT R, FERF AR RIS . X TR R, A
R HFAS LI Z 0 S EERK, FMYARNIEL 25 (non-filament) {ZFH2%. AN
ML AMZ AR OL ML B M EFE—ERE BN BZ, B LT BER:.
R RZEMRNEHE A PrCaMnO; (PCMO) , LagsSrooMnOs Bt SrTiOs 25 B A £54k5
RN e BB EL. £ BN B R RFE & TiOw TaOx. HfOx NbO, %%
TRERENNNBENAE . M TMLTULINEE set TREFIRTEE, FEHL R
ZFEZ ) set TR AR B3 — M LT . RIEN REMRIMBRSEH, JE40
22 RS IF R T R X A R AR AR AR 75 A SRR X 3, i & /0 R KR4y
B, MARMLMBABE T RS A5, WFTFIRAMLTBMRE, —BAE
forming iEFE, I H set T2 P AT ZES 0 AR BRI ER1E « S RUZ IS TR Il
2 AR R I B A5 2 R B 2510 7T DL B AE ST B I B 4 2 T IR B 2 DRSS T A
T B A 2 T R 25 AR RE B A SRR I R/ o TER RO b, e 22 A2 FH

X

=
th
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%2 E LHESEMERSTEEARAME

BRI B SEA LA L EF R RIS, R0, E40L2E17,FAS A f7
FER AR A IR 5 R B A 22 ZUZ B 2R DR MO, X R R R E WA FIY™
HEE G |

JE4H 22 74 17, BEL 2% 1) B BEL % AR I 2 FT DA IR Dy B35 IR Bl T B AR A A B2 SR T A AR
FAH I, XFEE KL BN E R I E MR ENE R R B, il S35
THAb B F R R (B, SRR RSB T R HE SRR 2R E R
M2, BT RIS R E R 5 BRI, FILER R set A0 reset EH
MR B G RRAIELR M, ERZRBRFFTLLSEIE R R4S AT A 7 ZE RS MY
B IT. 2015 4F, D. Lee % AR TIN/PCMO/Pt S5 M 28 -4 T 8 k M4l R [F
FIFEE TEM BRI E] T 3450 FE R E M), 2017 4E, D. Cooper %
AFE Pt/SrTiOs/Nb:SrTiOs #8441 5% A JR AL B AR R AR B, S B 2814 7E R AR /T 5 SrTiOs
B Ti* R T LL B AEAL, IERE T #8HE7E set Al reset IR A48 28 A 1 T3 A FF 45 HH
TH— PR EARE, W 2.5 fin. 78 Pt AR BN IE MR BB 7 Nb:SrTiO;
AR BRI, SrTiOs /M BT WA R FEBRSIER THE Pt HikE31, S5
S EAE MG E IFTE PR =R ER, RN TV BEERR T, T E8E
W%, B SHN, 230F B EK . 2RO R LU T E M H A RLA KRR

0% = Vg +2€" +20; oo 2.1)

2Ti% 4+ 2e™ = 2Ti3% .o (2.2)

LFE Nb:SrTiOs Bk EiEiniEARESETE Pt _EHEINA A RER, PYSITiOs FH A
AERFRBERE, FREARESEEK, SFEEEmMn.

bR T BERARENER AN EN G SEN RERR, AT MNRNESARES RS

MEI R ERIE, W0 Ta/TaOx/TiOx/Tilll-31321 TiN/a-Si/TiOo/TINP3351%% . 4k, %}

TR R, A Lot i 2 A AT B B IL G S 30, 40 Pt/Tay0s/HEO,./TINPE!

A TIN/NbOy/TiOy/NbOL/PIP5E . (HF—IEMIZ, ML RGRHBIEATE

FRIERIE B R R ER A, RTTE R BA EREERAE i, & TREREEIE

BN 3 R RERF I R R = SR 1355
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-
<
=
=
3
@
=
5
(8]

Voltage V (V)

()

B 2.5 dE£2 A P/SrTiOs/Nb:SrTiOs 2 AEF AR ITREH SITio; N EN AT H M 1E

7301

2.1.4 |ZFEZRHIPET SR

FERGN A, 12 EE AL XE IR BTN, XA LR IZ B R 5
L SR B 4F (F BRFFERND . 5i4h, RA=4EEREAR T At — PR i =
= 4F/N (N R=4ERMNEL0. A, T8 R WEFRE, Hg5idEa
EAEMAIRBEE, E 2.6 () Fin. HTIZHEIFR—FIESM, ATRERMX
H RS R AT B SRR, LB e 4 R A B 23 7= A FRIBR M AR SR AT T 1 55 B I . »
BRI AR MER HinE, B BIREZE A RENR. 75, ERITE
BRAERS, A2 WA RES NS 55 B BT AT R ERAE . AT HEXMIR, BEF
FYL B R B NEIESE (S), WK 2.6 (b) FIR. IBEEMGI AT LA MES IR H
TR R, ARSI h B 0 A SR T R B 1R IE B AR A R (3R 2.2):
— PR A (transistor) EAEIEAS, M 1ITIR FIZ5H; 55 —Fo= {5 v
R PERR (selector) 1ERIEIEES, AL 1SIR L.
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(b) Desired current path

S
Targe
device
}

(a) Desired current path

l

R IE:
‘*2! | %

T‘%J

Di§ruptive current sneak paths

T Bias

S
|
&

S

Wi

Bl2.6 (a) AUZREAFMEFIPHIREAE; (b) HALESH1ZEE 25 5 22 E s

2.2 ITIR Al 1SIR S 805 KXt L

Architecture 1TIR 1S1R
Gate!
Cell diagram W—
Source Drain
Cell area > 8F? 4F?
Scalability and Limited by transistor size; Scalable at 2D and stackable
3D stackability difficult for 3D stacking for 3D

Role of the series

Mitigate sneak path current and
half-selected issue. Control

Mitigate sneak path current and

devices current to the memristor for half-select issue
precise resistance tuning
Vv
oot g% Veof2 Vel2 -V /2
Ad a3
S PR ENE AR RN Y AR NENE NN
Array R FARTANTA R Vo2 5
programming Sy B B P S se ol Bl Bl Bl B
TR B4 B ] 8] ML U U
L PARFAN AR FA Y o] b b Rl
Array operation ) ) .
Pulse amplitude/width Pulse width

(reading) schemes

SHF 1TIR B MR, 12 28 5 SR & IR R (drain ) FHIE, SRS Rtk (gate)
VE NI . 24 S FMAR i IN A 638 BB R B, 7R 8 m B iR AR B — i B 7 dn A
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B IR (source) fNHLENTAHMFHTIR S HME. HERAEENRRE LT RHANR
A, KKREMTHHIRER. RAMENERE L, 1TIR FMAATEREEZRT
ERERRS (G8FD), XE—ERE FRE TS ESEEEAITmAINS. 7
Ah, BIEEN=HSEARMARA, FH 1TIR FERTRARTH#IT =458
{ERHF CMOS FA B M, BT L HT SEULK PRI R UL R % R A 1TIR KT,
7l 4n 55 B Do 28 KA B2 IR 41 & 1 8 kB FEFIZO JEHRRFM 128 X8 [F
BN K o [ 2 e Al oL - BF 70 BT X B IR R AE T 28 nm T2 1MB [ 414014247 2
KA ITIR MERTE.

5 1TIR SR R, 1SIR SRR A b SRR S E R IEE AR,
1SIR B LRFFEWmMILEH, Fik, EEME L 1SIR G IH ARG IZBLRERE
FE RS, JFAEA 4L . 122 AEE A R BT, AR S B R AL
VEREME, EHMTIEBRMER, BERA 12 WME” PIESHE. HPEMETESR
LALME BT L EARBRAEAT (BB W 12 R, €T EARFTIES (BT Min-1/2
fiw i, Hoeom O A et . IR AR 1 A B AL T A i R R TR A T H 2 R e il
R B 40T AR FPIRZS, AT SEIRT 12638 384 IR S B R i 0 e R BB R
A FEmE B E , e IB RS R AR 2R I BT, JECRTAG RCAT B 22 SR B RS K
B0, 21V R AR 10° B, BRI EEEN 10%, W LLXREEAA @B 101
ANBLIEHIAE RSO, BAR L@ B A forming #E, EATM%. THES. &
LRtk BT AME, FPOCHEBETR. BREAIR. BEREIC. VRIS R A @A
BEZLROE F HLAZ PR AR UM R SR B2, 040 SR R 2 TR A B8R AN TR A AL P 2 G 72
B TAE, T BB E AR AR TAE. B b, 55 R U RHBL 1S1R
FEFIFRA T ZRiE . ST RREFIG A HR M, IASUCH R I e T ik i 28 1 et
U, Rth, FHESEIARIEMEZIRS A, $& LI R EEES R DER . FAIZER
T4 2 FI 40 2 B B 2% BB 5 00 BY BB e A0 e M RO 28 A (58 1] DAFE X AR ik il
A

FAh, BRTEILMEAR R EGEERR L, HI& BA BIEE R A EGE 1V 3E
LML R SR T4 R St R — RO I IkEE, IXPT R AT 4R FFIZIH
REIL FWRA. BET, REMFPHEB T KEEIEEE R 2 D. B. Strukov % A
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52 B ZIESEMERS T EEANR

T PYALO/TiOa/Ti/Pt £5H4 1 HIEIBARAFH % T 4 kB HIZE R FEFIIFSEBL T /M T 4%
MgmFRRZEN, BHRAZ S HEAET AWWO/Pt ZHKIERIEIZHRZILT 54
X 108 HIFESERLIFIAE T REFIHAT AN ERAE AT AT M), o B RSB i s TR
Jr X B R REZH 25 T~ TiN/TiOx/HfOx/Rul*F1 TIN/HFO/CuGeS/ WML &5 4y () B 156 18 22 14
fl% 7 1 kB BIZE R FEFIFFEAT 7 =440

2.2 1ZPEBFEMET M

METTEIN AT UF 2], IZBAS R EHR R BT E R, MRME REE B 1ESH
KA FEH & R A R R R . EEYHAETLSRAT, HEARMENER
ZHEME (~10) U, R TMAE T M E RmER:, EEDERISIRLZESF
BEEXREENEM. YAERNBIZESZLUHEESTERN TS, LR R
FHASSE B AV RALFIAE R TN R o AN MDA K, EENRIZIE 7
SEINAE A, 5 fih (4K B R AT 9 DA% S A R A B S SR A T BB B A SR | Sz
T3 BB R IR

2.2.1 RIS

BREVRATEMRMOBEEEER, BAERE, EYRMAT L AP K
RKe —RKEHRRA, H—RERLERM. METARERM, BERMOHELRD, &
SHFENIE AL B AR S T A — MR T B B A — M2 . B/ 2.7(2)
2T SR A A M5 K SRR I, T LA B5R T A 0 Y SRS I B Bl B Tl
B 5 EMHETT i R RTIRARE, TR — A EBUERSEH (gap junction). Gap junction
TERT ARG Ak AP T2 B HEF K B @8, 5B I R — M B FLIR (L3
TRHAL KI5 . SEhERALAISS R B F (130 Na* A0 K*) B DL B AR AT 2 T AT
WEITTZ Y B RFNEES A E S RS RE, SRR MR TEREN
P2 T e P AR SR RALAE 5 o H SRR 53— FRRR TR M B2 AT LAS IS 1E s AL
WIPRIEREE, XREAG SRR LGS L PR ERD N, ReRAENSER M E
TR RE T RIIER . IEFDRIXFRFIE, B SRR fREME T MBMEE SRS £
EEEENEM.

EEYHZRGET, REHHRMBZE TS, FAEITREM ARSI AL
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fZRIEAL, B 2.7 (b) @l T HWERMPEM SRR, A, et
AN 128 70 2 18] T R A (R B 5 Eb PR SR AR EE R 2, FE2E M b SORE 1 8] BRAR D9 5% i
[B]2 (synaptic cleft). 427 SR A= 5 118 2 A B AR LR 0 5% fi i HEE e 5 fish 1B BEURE T
MEIHBR (neurotransmitter) MIMTAE R B EHZ T AR AR KR, ZdRE &
BETEIANZESMUEGESHE O OVRES N ERE. Zarta n EASER
AL A I Al AR L B SRR IR R, SR ETAR BRI E TEE R TTT A Ca™
MRS B B SR ARARAS P IS AR AR A P Ca® RIVR B (8] T+ i 2 — 2 FfEL. Ca™*
IR R & 13 K fil M (synaptic vesicle) SRARTIERNS, SAVNON WS E
SRR SRR (R BR o S8 5 1038 SR 7E SR Ak () B N 3 BOF 5 Rl R TR E RO R AR 5 .
MR EZENEE 2 IFERMER LB TEEITIT (8ocHD, NMSEET

(40 Na™Af1 K™ SN (B ) JERMELITRIRE S, S8R R 2 TahfE b
RIF=AE B XA, FEBMATME TiEiE e T EHET. SHRACRE, %R
f A5 B AR U RCR W URIE M 2 T KITE sh AT Sh A%, 544 Ca® IIREEFIR
i IR _E S AR RS AN D B S 5% o IER R 9 22 AR T4 38 30 2 v] AZh S TR 22
FIFIEER A MR BEUS N IRE NSNS, R IANCIZ TRl (bFR
o (A% 32 S R FT B A TR B AT 9 SRR 9 SR Ak T 2B, AR X o P B PR S T )
AL AT LO3 K e R 5 Ak ] 28 PE AN JE B R 5 Ak P 2B 1% % o T 22 T 12 BEL & S T K i
PRI AR R A R XAk 22 R A X T M AL A1 B SEEBL, 76 5 T PR/ 59 b FRAT T A
F RN — R T AR IS HH S T BN R AZ SE 25 S2 BRI N 4
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(a) ELECTRONIC SYNAPSE (b) CHEMICA.LVS-YNAPSE

gMicrotubule

Presynaptic 1))

Presynaptic /", %Cytoplasm neuron X\ Synaptic vesicle
neuron \\\\ 3
rMitochondrion
. % Y F(_
Postsynaptic """ Postsynaptic
Gap” neuron neuron
junction s T . .
Presynaptic ;‘":jug:’ﬁ O e Synaptic Neurotransmitter released

membrane vesicle fusn\ g
.

lons flow through
postsynaptic channels

L] ..
ostsynaptic
memt}'ran’; Gap junctionh channels

¥ P
receptor membrane

B 2.7 R SR AmAN Ak 2 5 Ak ) 2B W 5 g TR 2R PR 461

222 FERIEAEAM

S A S SRR AT IR P — AR B AU Ak P CaZt IR I S8 R M E S e 1,
FA G T AR B FE S A mT B 1, 5% Mo 1) A% 328 S8 2 P A4 455 A B[] BB RE (B 3 7 B B0,
FEMRGRTESRPREEZNERY. RIERAMEEBE SR RRE X AT EL
4y R A28 58 (short-term potentiation, STP), FEHTFEHHI (short-term depression,
STD) FIIRE J5H45% (post-tetanic potentiation, PTP) 2161, |8 2.8 44 T AW R A7
R B pE S AR AT BB AL T B AL A B SR ER I X TR I ARG SRR U, S ET R AR
WEhAE AL RIS, (198 Ca® BT EE ST, MM Ca® RS SR ARAR N N HI
CaZ" ¥R JE 1N, Al S fiBE sk 5 k17 R 73] F5 SRAMBE A 2238 5T, 368 SR A iR e (o 4
. RUSAMTE B BISNEEALSE Ca IREMIKE LS, FE LR, mRi—4
ENAE AL BRI S BN Ca? Wk B I BRI Tk B B IE H R3S B R E— 130
TEBRALE S BIiE, ATSRMA Co? MIRESTERIR Ca® IUEEA R4k &8N, A543 RARK
P Ca? IR LL BT — RIS O &, R S WA R RN . XE, J5RAE
S FL A A 7 b 35— IR BE K, XL STP B%: . MR, 1R i 5 ful 4k S Bl s 4R FR ARl
W, T EHEN, S5O AL S gk s N . T, Y RARK) STP ILRAT
DA 36 BRI ABEHE AT Sl Y Ca VR AR S A AT BB AT o 340, AT SRARPEH A
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2 57 A Sl AR AR S8 U UG B MR E I R T R AR B — & & 13
YEFALRIBUS , oIS Sl MBI ECERD, BHEWEE BRAIR R BB i
BB, 43 il S fki BLAE 5 B IR, XTRL STD 1T8. Hfi, A=Ak STD
PG AT DATA] B8 1) MEHE A i 5 ik P R 2008 0 1 B OB T BB AT D9 BR T B AR STP 1
STD Z4b, HATRAB S m IR ZNVE AL RIBES , FIIERATRACRAE A Ca® VR E
HRrEE T &, SR — M R R AR R AR B, FRN PTP. 3@ ¥ PTP 7EFFLART &
A RIER, £ R AN f ALRIBEE SR L1 5 St SR 2008 IR RIS T LAE 3,
5 STP #LL, PTP HURFLERAIZEK—2 (J14%0). Fik, PTP tr] LUE HL2 B ATER
FUORAE N Ca® IR EEMHR A SR Al PT BB 1R AT g, WT BB A0 FE A0 SR Ak 9 2B MR O B0, Xt
BEHORUG ISR T Ca® HE N FAl/INE I 5 RAFTIERLE 88, TGN 7 #4234 R

KRR, (645 )5 S ma g .

~-80
Stimulus
ceases

Membrane potential (mV)
&
o

-100
0 10 20 30 40 50 60 70 80 90 100 110
Time (ms)

B 2.8 AW SR A0SR ARG AR L AN AR AR R 5 L 18 SR A P A R 2 PR e

TEIZFRARF, X SR I A2 T 2B R 7 RIEH 7 WA, —FMRF A EES

J& FBARAE B AR A T SRR SR S R A RS I AR SR s — PR A R R

(MEXENE) KRB IR . FEBHR, ERAXBEMIT AT R

P RE A PP D RE AR, BB E R EEL—ER 5 KA R RA TR 2

Ty RNEBMERAALIHER ) o FEREAT RANFYIE I AR AT BRI, KL B ST

(Flan Ag'el Cu*™) BUEEMLAES R FRIEANE BRE R AR Ca® [ AR A
AR LR, R RA RO RME T e, mE 2.9 B,
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Extraceliular Ca2* Ag nanoclustering

L)
VoWV

Intracellular Ca2* Ag filament between
nanoclusters

B 2.9 M5 Ca? BOPEA I HAMZ PSS B iE M B T (M3E 3l FEnof o2 ] e

HEl, ERAN KR¥FECEZMEIRE T KREN %A T/, 2011 4, T Ohno %
NBSHEF I Ag/AgS/Pt FEFHRHET B ST SRR ATURE T B0 E i
FERT RS AAT Sy, T BB R RS T N R R B K R T B A8, (]
F, BHRKZENSHREHRAE PAWO/W 2B4F &S A TR R T 55l
PRI A2 T SR AL, 038 S SR RS R T SR A 1 R B R A7 B K R AR
2RI, ST, FEIXUET e, RSZPlT 95t STP 4T AL, RIRIEXT T
STD 17 HISHL. EHE 2016 4F, Z. Wang S N RABR T ZH]% T AwSiON,:Ag/Au
ZB2%, KM STP T ASNBEN Ag HFRIERI R IEE Ag BT EABEIH
RS STD BR &Rk, FESZHLTY STP A STD RAAT RS, 5 &, Z. Wang
& N\ STP #1 STD B4k N PPF (pair-pulse facilitation, XF/ikvhZ4k) F1 PPD (pair-
pulse depression, XEkMkIS) KFTHR, WE 2.10 Fork. BIBRINIE, FIAET
(I Bh 25 20 B SE B S i 4 el 7 AT 28 R4 26 ) TAE AR KB M RMA R B BI540E, 4
AR RYEESSS, Z468 (h-BND BA, FH&REAEH. &BELHSY
%, X T/EF, Y Park AT Awlignin/ITO/PET G+ K17 FH 280347 7 PTP
R b J5 I FE AL AT A SE B0 540, BAVERTTR R, £ 5= b iy 45 e 72 /] B AL
HIEE AR (TR R R iR B EE AR A R P 12 B8 5 frk ) 48 P RE S5 B SE B T4 Th B
HIBHIEIE B i — PR R .
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5 - : 2.0
G PPFPPDI PPD N
10 Hz' N' 5,000 Hz! 196 Hz "
4 e Y | V | 15
S 3 ‘ e
% ] 108
2 27 3
. 0.5
0 4 L 0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Time (s)

& 2.10 & TZ.FH28(¥) PPF F1 PPD 45 B F2 1] %8 14 5 fih i 25 28)

223 KETIEFTZE1E

a0 b BT, % i 1) AR AT S 0 R I R R AR B T LB (=R B B0,
A DAE TS R AT AR F o SRT , 1K PR BT BB ML) S BB SR AR AR K B TR0 1247
R FE LA SN A SE JLER R R . R, anRE R —BAR K AR A Py
HRRIER, EYTRANE LI RF—F KB RIS, NIRRT M. K
B A2 AT R AL v S 2 AP R L. — PR B FE 18 55 T 484 (long-term potentiation,
LTP), BRI RMAIESHEERFE CUHRE) AR ETTIEsIER T 53R+
YERFIRK — BRI [); 53— PR KIS AR 35 7] 214 (long-term depression, LTD), 55 LTP
FRE, B4R 2 R Ak A AEAE SR T U858 IR K B (R (R R o AR MDAy LTP F1 LTD
T AL RIE D A2 T R I, 2T Al B — AN I 8] U S
AU E FIIGSRBUR SR LA/, W 2,11 (@) fim. 5238, L5z
KBRS (PRI 1 Hz, B 10 580 DUE), RS ERESZH
HHE LA, B 2.11 (b)) Fias.

2.12 4 T AR AR A KK R R I R E, YIEEER T A5kt
JEBERIA IR (NMDA) 282 — MU F 1 T, 24 Y5 fih 5% 26 i 18] (4 = 3
RIS, J5 R A B AL IR AL £ 1535 2 NMDA 2451 M2 i, SRV 3Rk B Al 28 it
MBREBMHEIEF S NMDA Zh&4, Ca25BIEITIT. #MMEERMbE Ca?ik
FESEAN, R, Bob, CaZ IR RIS B0E 5 9 -h 45 B TR M 10
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2 E CHBEGSESTERERER

EEBEEE (CaMKID FEE HEEE C (PKC), #7585 3= 4 31 ) AMPA §21$ (—
AR, MGG M AMPA ZARIBE, 10T /5 58 Al #0458 7 1
U . ﬁﬁ%ﬁﬁ’:aﬁ%ﬁﬁ%ﬁ@%ﬁﬁ)ﬁDlﬂ%&ﬁ#l‘ﬁ]E@1&Eﬁﬁﬂ?&1ﬁ?§f}ﬁ%ﬁm Ca?"if
FERRAR, SRR E OB BRSNS, K AMPA AR, AMPA ZARKHKE
VLD 5 ST R AR G o BRI, RN SRR R A AT SR L5 AT DA
FLIRRIE N S AP CaZ IR AR AMPA S24R%1 B AR M S Al AT 3B AT o

@) High frequency
300 stimulation (b)
8
— ()]
28 - S . g _ 150
E_,E . - . ..-.'b.,' ":'..‘b' IR = ‘_9 .
[u] 8 200 o - '. ‘ R ¢ . s e g- E
Y . . Lo Q 100
o.°s | LTP]: e S o )
2 . &%
w> aff R e :
100‘@5'9%‘ i*?.’:“"" +4%: '*4"'%1;?. ﬁ,ww-' & ) 50
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B 211 (a) AEP)TARE RN (B @ARIBCF A LTP; (b) A4 A K A TR AR R 4
LTD!46]

During postsynaptic depolarization Insert new AMPA receptors
Presynaptic resynaptic

terminal lutamate }armmal

@,Mg 2* expelled
from channel

At resting potential
Presynaptic

terminal

Glutamate ~>g's Mg2* blocks
Na* NMDA receptor Nap Ga 2*.

Dendritic
spine of

postsynaptic
neuron ~—__

K] 2.12 YRR E KRR T EEMPEE, 3% NMDA EEITHREY AMPA &%

fa= Al

- BAERTRE TR RIS [F, 78 A7 RE 28 SE I S Al K B R AT B AR B R
PR & — BRI RERRE, R RATATE FTIR BRI 5 R A P2 . BT KRS FER
Ml P Y G SEDURT , IZ PSR T AR M UM B — B I 2 (AR B L T
EHRMERIZEARELI LR R B . 2010 F, FEIRK S M S B IR LE E P
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FETIEROMLTESITER RGN AR

EERFIFH W/SI/Si: Ag/Cr/Pt 45 (117, 5 25 %ot A= 40 5 i (4 AR 55 A Bl 2 7T 38 1k ok A7 A 40
553, i 2.13 (@) fiome B 2.13 (b) A T ZEBMEE= AR T IV frik, ™
PLE B R, 3 B — RN &t E i —kafnih&ain, 3
SR BHIES R, XREF AN SiAg BAMKME, Si ENEMHAE, AEME
FEE#R, Ag EFam Si ZBENER Ag FEF T ERZEEHBS), S0 HSZE
. BAERABERN, Ag FHNBITT MR, SRR i,
F8 1 B I ol EL S 04 P 7E R TS T DA FH SRAS S AR M 5% i ) TT BB AT O o 45 RS AR TN £ 1
[l kIR, FT DAAS BRI AR 0 B BTG N, X RLAE M) SR Ak LTP AT 8. FEIEM
Pk RTINS 5 45 25 A0 e 52 v P Pk b SR, S 284 1Y B IR T A, X R SR A ¥ LTD
T, WA 2.13 (o) FiR. ZLAEUL IR FIZ B AT LA AV R Ad R A SR F2 AT
BEVEAT TSR, PR T R A IZ B 2 e 42 SR A Y S R

(a) é; -f/ //Memristor \
Xd $ \\\
e

Synapse P \
& To pre-neuron D,
Topost-neuron

0.0 (c)A

(b) 1-0

-12 04} "'g
s ) .--'-l.;
< bod Z03 3
3 5 15 °
—Calculated | & o [
€ 05H e L e D
~— extracted = )
£ ) .e N 02 £ 021 ‘!‘F \
o 2 3 45 g
no. of sweeps 3 L
— Calculated o’
— Data o1&
a
0.0 . . . N . 0.4 _'
0o 1 2 3 2 A ' 00L ' : ‘ :

0 0 40 80 120 160 200
Voitage (V) Puse#

B 2.13 (a) EWTAMAN W/SUSiAg/Cr/Pt IZFH#R M (b) SFMEREHE; (o) &k
ik ph#R4E T 1 LTP F0 LTD #54: dh 22055

RN AEp R TR TR B AR FEAL A AT, FEAR P Z 2% SE P A SR A G AR
T EE PR A A A I T e ) PR I B Kb o] S R B R BEATIE SR, B — AR
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Rkt B Je R ERBE A — AR Rk, RAETT DK 330 H S AR AL Se BE L, e fikanexet LAY
FE B B R AR A X LA OC A R L LTP/LTD Bk, /& 2.14 (a) friR.

I FH BAMZ B AR REAT FA A AR ES 43 TAEHSE R HX PP aRAE 5 22, X th 2 2840 ]
CASE I 5% A B P ) R SRR P R AT, ST RSBk UL, SRR FhmiE T 15
Ff LTP A0 LTD #hZRI@F RYLH JELHMAERTRME, &S BGER T RSEME
LE VI ZRI AN BB 6 2 A B SR AR R B B E A &, TS0 R G R R0R
AT AL LTP/LTD MR ZR I BERIXS FREE , BRI R AR A £ B3R 1 T PR AL 7 22,

— M RARKIERIE; MRS . BT IR FEE R LTP/LTD WilFid
PR INRAEIK T R, WM — @R LIRE LTP/LTD 4R M2tk B At 7R
B, i 2.14 (b) frm. B 214 (o) A TN SMIET R, N STHS
LSRG AR, B BRI 0 (B8 . BT AR KR A AR K R A 0T R T A
SREIGI AR R EI Bk R e B, BRITIE —E R B LA iR B R R A . 1
b WA TR, B INERBAECOIE 3 B F IR H1E 7SS e — e R B 7T LR
= LTP/LTD BHERRIERMEERIXFRE . BT R A K TR T R M AT ST &
PUSEBLZE SIS IZ A, B VERERIMEE TR T Z0 A TE, T8RN
AR AR EE T —,

I I V. I V, I | | V, I
Vread TP Vread LTP Vread LTP
Vread Vread Vread '

VLTD VLTD VLTD

NANRANNAN

K214 (a) EEfkE LTP/LTD LI F RE ML, (b) ZIKIBMRIEH R K& LTP/LTD
MiZk; (o) kT ImFE T &M LTP/LTD Hh4:

2.2.4 SIHREESIA
HEEY RS, LU FT YA S ) AR FEEE — S RN, ARk
DAL R S A SE LA R AT A MR AT DO, i S Ad RN 5 SR i 2 T BN B AL R I TR I 2%
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R. MI\EMKRR, EAEYEL 0 NE FHKB AT ZE % (spike-timing-dependent
plasticity, STDP) FZRAKEHAT 2 (spike-rate-dependent plasticity, SRDP). FHIE,
AT 530 3o 33X 19 o = 0 R U o 2 ) B A A B84 S AT 4

2.2.4.1 B FRBIAIZEE

T ERATT U 3] 2 B 5% Al 52 B J8 ) 8] B0 s SRRV 22 R A LTP ATy, i 8] BO1IR
BRI N B 15 /5 S Ak PH 28 NMDA 2488 MgZ B JF, MMAL KA LTP K. 4R
M, ARET R AR BN RAURIB R FRS, 5 R A a7 RIS S, B4 FfilE i
HIRE A S RAERAGK Mg R TT, XI5 S s 2 R BT SR A 3R J P 8 S R o 22368
RAEBREGIEHMLERE Ca @B, RAMIREEME, X2 AT KA 5 > 5
(Hebbian learning rule) P9, BFFLHE—B K I, BT T ARERORBEUE = 108 (8] 515 52 fil
WSS IR A) 2 22 £ S BT AR A A EE 556 1 (8] 1 07 1R e 3 000, iy SR i g SO
5 S & AT T /5 S UE 5 BB (RIS, 2238 RSl 1 K B FE 185, infE 2.15(a)
FivRe #RR, AUARR RAREE S BN 1R) 56 T AT RARER IS S AT (B, SR AUE
SRAEKNTZRES (B 2.15 (b)), FF B RAME I SCE S A Sl a1 5 IR 8 = &
AR, WIRAIZRVN, RENBEEEBR, AR, MWD AMIREX AR T
R AAL 3 BN S A AT 5 (A = 2 AT OR &R, Xt R0 s 4 A (1) STDP
FRM, B 2.15 (o) FivR. Kk, B 5488 T DR A a1 5 3h 1 s ARt
(R ARG ) — b S i P BB AL

HHT, AR IZ RS ST A R A A STDP 22 RN, EEEWRTE. —H
FE R JE kit B G B N 77 22 Coverlap) , 75— MU Al & Bk A E 4 #9757 % (non-overlap ).
B 2.16 73 alge T IR GRAE T BN Bk, SRR — AN R AE A S Ak AT IR BRI
K BRI ITTHREIE S, 55— D RRIE RS A ROk B F M & MslfERALE
To KT overlap KU, INEMSMFENRIBESEERFEABEE, BNKAF
H R AA S B SRIESS, a0 E kit &2 e R4 L= AR R IE R ER
FE, M ERGRESEENRE (B 216 (a)). B4, WELEORERIT, 77
S Jikar 22 18] 1) (B K S [ 7= AR R A8 Ak R R MR R R S 8O0 234 i S A B B R ], T
B EI G805 Bk P AR B S %) . T non-overlap BISZEL T BANE BT ja ik
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HHEm (B 2.16 (b)), EXFSEI T AFIIN T R/ERAENSEE, —FEZ
e M iz FE 28 A sz 3.

)y 20ms
.2 ] Z Jl 2 20ms
33300 150
T2o00l 000000 bl 100 he®ieee e e e
§£?§g soeessarostttottithiee 100 9%es——-
é’g 0""" """ n=13 % h=11)
-15 0 15 30 45 -15 0 156 30 45
Time (min) Time (min)
S "
(C); T
8'200
k7 l‘A
a 150
4 e
L 100 b mLirpze oo o e = o -
ko) A Al @
o] W |1
N 50
©
E i
c O 1
Z -100 -50 O 50 100

Pre/post synaptic spike interval (ms)

B 2.15 (a) B FRAEKISE TG RARAKAT=E LTP; (b) J& Sl 56T 5 Sl ik e 4

LTD; (¢) AR STDP h4£26%

(a) Pre-before post-synaptic spike () Pre-before post-synaptic spike
L AV>0
Post s;}ike Top Post spike| —|
Pre spike | electrode At>0
§’ . < T
Voltage Memristor Pre spike I el?a%tro de
Bottom 'ssrfllemristor
- electrode
Time Bottom electrode
Post-before pre-synaptic spike Post-before pre-synaptic spike
AV<(0
Top At<Q Top
Pre spike l electrode Pre spike < electrode
Post spike F\‘»‘ {
i
Post spike —| |
Bottom Bottom
electrode electrode

B 2.16 (a) {ZFH#85CH STDP [ overlap 4uf2 7 £6U; (b) {ZFH2ESZHL STDP KJ non-

overlap W2 &

HT U EFMmETRE, EUER, ERAMIRARTRT REMNIIE. fl,
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S. Yu 2 A6, Y. Li £ AP K M. Prezioso % NS5 J5 % overlap FIJ5 2 AEA I
fZBAES 4RSIl T STDP. B 2.17 4T Y. Li A8 TAE A At A 2Rk T 20
TR IE STDP #hk. 554, Y. Li % ALK M. Prezioso & Nkl it % vt ik L 7E
ARSI T 2R Y STDP #i4R, #E—HFE T 1ZBHARTE LI OGS Atk = ST

HIRTRETE .
15l 2 e
10}
st
ol f
“10f N*\}“
st

= 5 50 60 40 20
Time (us) Spike tlmlng At (pS)

| —Prespike At
(a) 05 ———Postspike q—ﬂ
00 \\l\l
05t

Total voltage on memristor

QS5F
0.0
05[
-1.0F
0.4 = V0ltage trace in oscilloscope

Voltage (V)

0.0

Synaptic weight change Aw (%)
[=]

04E

B 2.17 (a) 3K STDP WIRTE KRR (b) 1ZBH2SSCHLAY STDP Hli£5163]

FEET overlap HITE I, non-overlap 4i#2 77 £ B A B & 542 & - F B non-overlap
SEE STDP 77 22 3R] A4y Ak : — Rl R A o (BB ) 17, FEL2% I 3h AR5 1,
#ln C. DuZE AR TAES) (B 2.18 (a)); H—FRW 5 LR EEIZHBRMES
SRAEAZPARS BB B, b B2 BB At [ FE i 2200, G Z. Wang 25 A () T 46128

(/g 2.18 (b))
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1‘1-—-—-I+pdsepailr 10
—W

0.0 X 05 Pre MDifrusive | Lot
S 11 Potentiation s
o -1.74
g 1.4, ———18 g = | Driff =
o Dep/r&ssmn =~ Synapse

0.0 r 05 (b)

s +{- DUISE PaT 2 6
S N E .
r 0.0
@ 0 10 20 30
Time (ms) 0

60 =
2 404 . g —2|—— Depression %
g ©° —— Potentiation a
% 204 > %
§ -20- {_ Pre-spikel

i 6 e N
40 Simulation | © 0 1 5 3 4
50 100 Time (ms)

At (ms)

B 2.18 (a) ET -H{ZBA28A non-overlap FER K STDP®S); (b) 5 5% 7.0 3L /E Kyt [a]

241 B2 G A non-overlap STDP SZHIFE 28

BT LR STDP 2 B B J& #4248 70 Bk 5 BB (8] 22 sk 2 19, DRI AR o ok ik ke
STDP (pair-STDP). & 7 XK LLSh, H =Rk STDP (triple-STDP) [0,
W7E N2 BE 28 5 1 S fok T4 A B A e R 166 7],

2242 SRERERATEEM
SRR AT % (SRDP) A2 53 /b —F0 i F B SSAbT B8 e 22 STHN, e iR
R SR ik 7 5 B0 A AL R B 2 (8] B ok R SR A E AT R B I — R . BCM
(Bienenstock, Cooper, and Muntro) ¥ 182 SRDP 2 > #1 ] i) #L B (£ 367681 BCM
WM T LTP B¢ LTD MBRMEEBR IS, F48 H A E T LURYE G+ 2 Toah /e s fir
RIH TR FEATHR R EE, BFF KSR, WE2.19 (a) Fis. 1RYE BCM
R, BRMATHETCHURE, (R RAEHE TR R RE1E B (S S e s E R
fi P Ca® i BE LB, T 28 At 10 T S0 TP SR 5 fu 5 408 22 T A0 TR AU B IR
BEFE G RAA R Ca? WK LLEMR, WZAimF &£ LTD it7E.
FEAZRBE AR, SRDP 2% > HU U i SEHLIE 85 45 F 2340 R B4R (o o b 38, 0
MR FSERBCT WA, WE 2.19 (b) Fin. AILEER, #4—FFE
BRI (200 Hz) MEWLR, WRLERGEIEIN, TR LTP iffE. fEssuiige
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JERENRAURI (10 Hz 5% 1 Hz), SAFIWR RIRREAR, YR LTD 78, #AT, 7
| Hz BRARIE, FAS0HRn 10 He BRI, 840 Hm 7 F I S o 1 B4
M, RELTP A7, Bk, RAWSSFIESEA P LEBURE. B 2.19 (o) HlT
AR T SRR T, R RS RO X B B S R R . WA S, )
SRS AR, LTD A LTP A7 AR R IR LM . B35 17 S RS 1) 3
0, EEFREREAE R, RAEBREERNIIS . SRDP % SJHN 272 MESMAN T
TERBRIRIE, Bl PR B A K R A PN Z IR AR I S i e K i
RIS, i, FETIZBHES LI BOM MM NE T Bt E, Z. Wang %%
AFIH PUWO3/W ZHGIIZBEZRIAE T BCM 2% S H I HA4 22 P J= 1o 40 o 45 7 L S
BT Fl s R T R

@, CRel NREENT
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< ~ S
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B 219 (a) £V EERREREBIROE; (b) 1ZMHSRTEA RSB K IR
N2 RR IS B P SEARIARR I s () {2 BEL A S A28 2 O T 2844 ) (B VR A L)

2.3 |ZPH S E LR JTHE B
ARG P LA S ThRERT, TR AR ZARA 40, FENLAHLER
Ero M TR Aok B A a1 2 TSR B ALE B -1 IA B R &4 ) 7= A2 5h 1k
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%2 F WZHEBEMEES T AR

R R LA AR L T A o R (S S AR B 1R R AL AT e R SRR AT S
EERR. FEkPE, $ETHZOREMARESHETRS H LR ai(E
B FERIE/N TR RATSR T RAMH ST REAMZ R ARSI, AN NED LT
M TAENLSIH &, IR 24 BT 4 JO AR SRR 2 BEL AR FE A 22 7o L B 1A SEEL

2.3.1 EMETFIRE

2.3.1.1 FERRAIRY =S ANE

WA 2.20 FiR, LA THENE BRI LSRR LG AT HEAS R

(1) L ab T EARER, HE L RXZH0 Natf KE FiEE T AR
A, Nafl KREERA TR AIHE, WAt AL RIFEAAE,

(2)  HBWREEE SR, BEBARA, MAREKE RN, Na BT EEE LT
o SRIEMIESM Na TEWR ERERER T IR, EEHERELE—P iR, BL
B Na" B FBIEHF, Na'BTFREN.

(3) Na"BFHRKENREEEBEMEM, —EEREME, B A REETRA
Na B FHE S . ShE AR IX AP Bl fig B

(4) 1% Na"BFEEEITHAAASE KRG, ik Na 4 gem . I BE EFBrE
REFHEE R KEFEENFF, SBUEA KRERE, BERAREME K. XA
BT PRI B

(5) fEEHERAMBE B, AT RIERML, EZNBREEAS TR
WK R FER. &%, KEFBREXE, EETERAERT, BHIKERA Na*
MKPIRE, BREAKESERIRE.
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Key
o Nat
¢ K*

3] Rising phase of the action potential
Depolarization opens most sodium channels, -

while the potassium channels remain

closed. N&' influx makes the inside of
the membrane positive with respectto &
the outside. o

[4] Faliing phase of the action potential

Most sodium channels
become inactivated,
blocking Na" inflow. Most

potassium channels

% Y. open, permitting K*

g 07 - outflow, which makes
8o £1 the inside of the cell
v i1 negative again

5E [; negative again.

‘E ¥

§ -50

=

Resting potential

OLEEEEEEE A stimulus opens some
sodium channels. Na" inflow through those

Time

channels depolarizes the membrane. If the
depolarization reaches the theshold, it triggers
an action potential.

OUTSIDE OF CELL Sodium Potassium
(o) channel channel

4+ 4 g Y

ODIIENIT The sodium channels close, but
o ST some potassium channels are still open. As these
Inactivation loo! . . potassium channels close and the sodium

P channels become unblocked (though still closed),
the membrane retums to its resting state.

INSIDE OF CELL

(1] The gated Na*and K'channels are closed.
Ungated channels (not shown) maintain the resting potential.

B 2.20 3N{EBA LR

2.3.1.2 HE TS

AT AR EEE N BRI T RS E AL IR, AT IR T AR
Mo, B 221 G VAR AR EE R E A TS R AR

XIS WREEE, HEFRMAMENRFEMmE (B, JFERSE
& (LIF) AU S 2 e RN-F ATy AR, H B iR sl &
A AR (13 Hodgkin-Huxley (H-H) I3y, AT DAF B4 FIME 1T &
HARERMAEY TS E 2 08— MU, Izhikevich #H2 TORIRY R R vuix 3% 2 (A i
TGRSR A —Fh B B RIU4, S e B E e Se AR A, LIF (XUFR integrate-and-
fire with adaption) ##%4 LA H-H BB % F P /AMERL,  F ik £ B4 X H

M TR AT 4 .
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.lntegrate-and -fire
3 mtegrate -and-fire with adaptation

.quadratlc integrate-and-fire

(poor)

biological plausibility (# of features)

"..integrate-and-ﬁre-or-burst .FitzHugn-Nagumo
resonate-and-fire
. Morris-Lecar
)
Tlee o Izhikevich (2003) “trreeese.. . Hindmarsh-Rose o0 "‘."!s'.°f‘ a
B s w1 72 Hodgkin- Huxley
(efflclent) implementation cost (# of FLOPS) (prohibitive)

B 2.21 AREAFETTRARTHE R 4% BN R 15 B EL )

B 2.22 () 45 7 H-H MAJTHY FE B AR R JF 2R I, 12880 2 — Pl i Y BRAR A,
72 H A. L. Hodgkin 1 A. F. Huxley P§ AT 19 40 50 4EACHR (). 7212457 o 43 5] A
PIARTAZ L E (Rna F Ri) RSEVMEATTH) Na'f KB, BARKREYE, B
A — [ %€ R RE Ry Rn A VIR AU BB E « o R A R (FFJE BB R, %00
ZC R TR X A SR AR AR IE B BT, R 53T FF, ReJBEHIT, RIEFA
BB ST TFNFE B A FEAR IR FBAL AR b, F=AE Bl R B . H-H AEEY AT DUSEHIAE M
JUHY 23 MR B . A ELTF H-H #ERY, LIF #42 oRER R k3 b B far 28, i 2.22
(b) Fizm. SRR —MIGHEL, RFEEHRERIENEVET RN SHITR
» RuVEJSIRERIBATHRE, BEHX (SE R HE) /AR TEiE. LIF 27T
TAERE, XA FEN S R MIRHE, SRR ENEEAS—E (S
RLETERAED B, BUETFRITH, REAIEE uew (FREMEBAD. ZMHETHRBIER
BESCEL AR 23 MR, EHETHEEARLEES, HEEHER/N, B
T [k e 8 ) 4% YR B0 IE R P AR TR A

v Outside b Vimem

® INa IK IL ®) T
c v [Res Re VIR Cm k
—l—ENa e TFE |l T l
InSIde ‘ -

B 222 (a) HHMETHREEEL, (b) LIF HETTH) RBER
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232 1ZPEEREMHER TSI

HIFIIZPE 25 SR #0480 R % R SR T IR PR e e AR 2 , AR A 22 T FL R
& 5 8 B A 2% 58 AR 0 i R SCR] Bh oy 9B R AR A ST B A R AR ST R B, R
TR B AT T A T A 7 TR X 224 A2 B 2 Bk e 22 e FRL B HE AT IR

2321 BRBSMHEAITHEIE

P EAHE T IR 1 2 AZ B3 & U B ] 1 B A 28 Se AR A Thise, 1X
5 H-H #& IR LIF M4 o RARX M. H-H #1470 B 1) SC LR & ZR 84
BA G RMEBRERS TR, WRNEARE 2.1 WHIRBIFFEM S LEZHEE. B,
E TSI H-H A GBI TEEEEH D, —/M2 2013 F HP SER=M T
Y3, 53— 2018 4F HRL SE38 = B TAEVSL, 7E HP L3 # 1) TAE+, M. D. Pickett
FEAFI B NbO, 12 A28 5 AIEA Na" 8 FIlEM K FBE X AR H-H 5%
RBEAT TR ERIAE (E 223 (2)), JR/EHBH AR R B R A S0 T & u i RME
B RBTCENME AL TEIERAR S N HA LA R R AR R N R R R e
ZIRITN. B 2.23 (b) &l T ATAZIN NbO, #3410 IV #iLk, T LLE S5 kim0 H
EEATRE . FTZAZ A SR M A 2B RERRRHE I E 2.23 (o) FIR,
ATUVE R, MM A B LB/ MRS (0.2V), BAZR Cl EAYEEAE LUE M1
T, A EBENSERMGE S AE. BRARBMEB R (03V), #EITHEH
HENE AL, FER— YR . JEBATATED, 1% T A2 FI FAZ. B 25 SRk vk e 22 70 e B
RIF L Z AR TP SLPE 2 AL o s, KRL %M W. Yi S AFIH
VO LR MENE T, JFRBE T BRSSO, W7 EMHE TP 23 F
BB, ZTAERFHIZESEME O E BN TSI T /R
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. 034
” Super-threshold inputAV =0.3 V
0.0
0.5
04 - - .
0.3 1 d
e . SyE 17
0.1
(b)
400 00 -
. ’ Super-threshold outputAv =0.33 V
2 3001 o R 04 5
3 o i = 02 ;
= > n Sub-threshold inputAV =0.2 V
8 2004 00
=3
© 100{ I Switcham, 5 0.17 1 ’
@ Switch M, S° Sub-threshold outputAV = 28 mv
e Model 0.15 -
0 T T T T T T
0.0 0.5 1.0 15 20 0 50 100 150 200 250 300
Voltage (V) Time (ps)

B 223 (a) 2T NbO, IZFHASH H-H ##Z T HEE; (b) NbO {ZFHSSHK) I-V %k, (¢) H-
H #4270 B4 B0 BB HE AR 1)

B 7 SE3L H-H ##& u EE DAAh, LIF #H4&J0 B FI S AR Lt i B, E4RiE
TREWMBIFRTIE. 16 LIF LR, BARIENRS R, LB EARET
KIEINE DR EIEE, W& 224 () Fior. 2016 4F, J. Lin ¥ AERFIAH VO, 1ZH
ALY T LIF AT, I 7 EARIRBARS KA. B 224 (b) ST HTH
VO, R EIRE, °TUEBIWER 5 R BMERE RS . 22 0 B T
T, SN BERKTRAS BASRHTRE, ERRSTIEE, AAR ENHEE
Frid. ABAR DIOBERISBMFNBIER, #EEZNRES, REBAR[ELZ
PHES MIBKHEAT IR, A LR BERERES, TRBCaERE, mE 2.24 (o) Fim.

EARLEE, RS, BASESET IS ESIRE, Fit, A
HREARERSRIHERE. B 224 (O 4 THETSEBM K BT TR Tz P 28
RPHAEAL, FTLLE R, VIR NSIEA, S A e bAoA B B R AT 28
AR ARBEAS, XA SRR R REE N, HRERRIEES (E 224 (e)).
R ALK E A, BT RS LR BEES R DRRRSR R, S48 KE
B, WA LA T — R B A& . BT XA RE, L. Gao HF AU
M. Jerry 58 N\VMAR 4R FIF 5 e P E #2817 BHER SE L T LIF #04on FL B B Bt FF it
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177 RGINREMI5 H o FE B2, M. Jerry 1 TAR & FH 3 T 2844 3% A5 BRME 1 BEAL
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Switchin Circuit
Type Materials g Mechanisms Capacitor Ref
mode model
Si0z; HIO,; Channel growth LIF & (52, 85,85,
PCMO; NVM process for Quasi H-H 6]
uasi H-
Redox WO _/PEDOT:PSS integration
SiO N :Ag;
oy 8 VM Channel growth LIF (84,87, 88]
Ag/MoS,; Ag/F e0, and self-rupture
Amorphous- .
GST NVM crystalline IF (18, 89]
Phase Change phase change
GeNb Se, VM Mott switching LIF Without 907
HISiO-FET NVM Polarization IF o1
switching
Ferroelectrics Volatile _
HfZrO-FET VM polarization LIF [92,93]
switching
Switching back
Magnetics MgO/CoFeB/MgO VM magnetization IF o4
under high current
Ag/GeS ;
2 Abrupt set LIF (81, 95]
Cw/Ti/ALO,; switching
Redox SON A
1 A
Xy VM Channel growth LIF ' 134, 96]
Ag/MoS, and self-rupture With
GST NVM Abrupt switching LIF (80, 97]
Phase change phase change
VO,, NbO,; B-Te VM Mott switching H-H& LIF 7577, 98]

*N'VM: non-volatile memristor VM: volatile memristor
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54 B ETMESE T 1AM E T RS A

B4E BETIZASBRETIIAFENHRMLTEERR

FE—TRRE, EEMRGF, WA ENEEBALE T2 ARSI TR
AT EE MBI Y, XRAEYHE MK SN PUTES M EZERER .
Bk ML (SNND 7E— R E L4 R T EYma Mt aP, Fit, 2T SNN
FMATESEMG A RIS, UM E 4IRS E BB SR R X FEREA]
FEE SRT R BE R R R % BB A HRSEE . MBS BINHETRES
O F, AZFRBS T A T A A St B, RIS =S T AR
BERAERTT . SR, B T &S, B ME TR AN A EREE MR,
BREBRAEEDGER: (1D BT RN KR L TR A E ST 23S0
02, (2) U—mR R ERiE 808, Eix b, FIFH CMOS #4453k
P ITEE CAS T ZMHRIENY. A, BT CMOS #BFHZ 5T
HishASREE, HNEEE RN BB RITRENMA TR IR, K& CMOS MZTTH
4 17 BE A8 L A\ TSR i B SR AR A R AR B A B, T AR e S L ANAZ PEL 28 5% sk )
ToEE 5 Ao

LTI, AMBESBMA TR, EUEKR, BN EEITR T ETIZESM
ZIRHBT A TAE, A E6F FZFE 28 M TE BN FR IR S 2 J0 B B AT 9 E .
SR TAEIRSE T FHARBRAF0719), Bk A aR2022), g0 2OLAIAR AR a3 70l L sk . H
B, FETIXEH BB A T TAE KRBT A AP RS (1) T A SR sLilef
LIRS TS, IZBHBE BN BETF LR 283032, (2) XHZPHB S AT
BEATFE, I 234 A R AOAR - R P S DA & T IO R 4 ThRRIS 1929331 G sl Bl b2t
TEERBE IR T OBk P2 ST SEBL TR RE T — & FT SR . AR, BT U KIRT T AL
FHIHEWE, TERGIAPMA TR I DI LA R, Rtk 7 EAMRHT
FN G — S IRE AL |

A ZHETIZMHEE TE NG R T & Tt s A TR, B, RA1#
F Ag/SiO/Au LM 5 S BIMEREAE (threshold switching, TS) 1ZFAAAIEE T —Fhi
TR HAN4- %8 (leaky integration-and-fire, LIF) #1470, 7EZMHAETTAMET, 485
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TSN ERS U E R RGN AR

A2 I ORSSHIM A TR TiRe, TS SHEAMEILMsiASBEF %, FH—A
FLRH A3 LA TTAE 5 o I I I PR 18] S 00 BB A5 M, FRATTSEBIL T kR e A DY A ok
BIRe: IMFRAMRETE. BUEKEIA R SRR R R . 3F
X RGHAE T E T ZM AT AN EH T IR F AT, 556, St
DIREMHATTHIERE, FEMATTREENIIGE, AT TS #4#1T 7 MAL R 1
THAZBE2R-CMOS A WA TG Ll . TFiZA P2 0 BB SETL T, BN TS 12 P28
EARME TSI 3, WERMMATLHBANGS, HRER S AESE B K
e WRBERET D RYERN B I H E e R 55, Rr@ETR Gt
AFRE FIE ST RICIH SR AR E S Bk R 4N T B9 IEH T4 . 9 7 WHZ. BE 28 5 fildk
TIRALEEST, DR R . FHI AN SIS 5 5 NBI T & u s h, JE38% 70
[AI3NHIF% 5] (lateral inhibition array, LIA) « 4541228580, AR HIZIE G40
A LIA, BHIREIIUE T —4 30x10x10 &£ 2 SNNs. FiZR%T, 10 MaE
i A A LIA BT RS, XN — R NmASRET MG, 10 Maths
S EE ZBEUA BB TSR . LR R R, RIS A TR

1A RAEATRAL 3], TFEAMERBEEMALS RGN,

4.1 1ZPEZRFRIB TR IEHH

EFEFH, AN R E X2 10BN 12 H A e HEAT T 2R A0 R 4
HT &8 T RN LRGSR + 8 AR TR 8 13 7 B0, R SR 4%
PERII TR, BATER 1 &8 S F a0 LWL §9 12 B 38 15 A Sl 4 T8 AL R B A% 0 2
TGo Z. Wang NP 2016 EXV IR 5 R B PREE AT ARSI 1 2 st AT T
JRAL TEM SRALFF 45 7 MRS, MR B Ag 4022 50 451520 it FR AR 87 ) R B4
PERTAE B 4.1 iR SREEEAIAE RS RS, NEEREN S RIER . M7 Ag
R o 1 16 P TR SURN N S HEAR T Y Ag JRF 4 R AR UL ROREAS R IE FRATIY Ag
BT, R)F, K& Ag BTFRERGNBSIMER T RANE), HFEBahrnd s
REARNETIIERE Ag T, BOERM Ag 75 KA TTIE S AR @ it AR
KL, xR 4.1 FHO-Q). BEESNIEIRRRLEHIT, RETBRZENR
T, ERESR RS PEAARIER, SR 4.1 FRHG). ENBEET, SHER
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55 4 B BT ICMEARE T Eh 1AL AR T B 7T

A K STRIR AR R BT RIE RRH, S RDUSBRER IR . SBERN
Py L B T P B P S AN 8 B Gl AR AR 23 A B (R FHAS RO R e IR
&), Ag SEEBRAE BN R ZEKAALAER (FHEGeRMEEL Thomson-Gibbs
R ST Ag FHIBHEM, BEHK, W41 FHE—-®), XFELTHRMEH
REOHKIEASZLARES. &%, SHERT Ag R THRBERERE, XN 4.1 F
18 FHik, ZRAMBEAERIL 5 R R AR R, B, W. Wang & AP
2019 FIOEERE RS B F BALHX X B AL HIZ BRI F T 7 R n
B, FFfe AL SR MZME RS, RS R ILHE A EE, AMESZH
R, ZXRRAFEAEHRERNREBIER GRNRTBIERZN L1eV, ]
REMBPUHEELN 0.52eV). T I, HANTEMLTHRBEHPAFTRAT Ag FHAL
HIIZ BBV LB B T TN BE A% 0 B TT, IR0 AITT R T R FZRE 2% 5 SR B {E 3 22
RPN £ T FEL I BB T S A0 A AZ BEL 28 A S AR B R AR K 3 Fy i AR SE A 22 TR
DUIRERIT L. TH, BT AR RIE.
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42 BT RS EET LF N METHREMAR
4.2.1 HEATHEEMIGITES
AN E OB R TSR, ST A T E I A, @I B I A
TS SR BT A TT . SR 50 0 I 5 R B At 1885 28 Ak 4y BT A0 2 T3 2 52
FAR G ViRE, FFAE M ALk B B I E il e A R S s, kT R A B M H
B RIS [ F AR, LIF #92 u B2 R R A 4 4 08 o A0 P B SK] B R4 T
MR BT REMIATAE tH SR A1, ARHE A= 4 22 70 10 AR R BRI LIF 4 28 oRE A, 3R4743
7T TS /LA &R SEIL LIF #4870 i 7 ik, R E U 4.2, EiXH, 170880
SR N TR AR JRAR 2 T0, A S VE MR BT O B A 2 S fu L
AIHETLES (1, 2, 3, 4) , TS ZFARIEBIA BIE FF2CH W 2552 F s &2
TIREIREI A EhE st . TS IZMSBMBESAEIES, SHARIPRAR
ZtEe AT . M A BRI EAL (A AR TS SpRrBEaT, 2ESTTT
ZAERIMES, WETRWRFMHE . BEJE, BT aaSET TS 22, &fF
RHASR LA, SEAR EEAET TS SR EEER RN, 8 e H
KEIZIRPEASBRFRE . TN TIERE, WATEE T Ag/SiOyAu 22AE1E 51
T TF IR I AT LI BT
J1 ¢ TS Neuron

Input 1
Input 2
Input 3 ,
Input 4 W,

Synase Weiglht Integration Threshold Transition Output
l L _J L J
Memristor Array Capacitor 15 yemristor

B 4.2 TS 1Z.BH 15 325 18 TF 5 A 22 71 i S 2R I

422 BHRIEIE L ZRBEFMEERIT
AT EEHRATEPEAZIN AgSiOyAu S4MHZITHE, B 42 24T
BARPIH] %555,
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%4 8B BTLEBE TSI E THBHA

() &EFE—BHZE, 7F SiOx/Si # K _Lilid i FRZE K IR E 25514 40

nm 1 10 nm 1 Au F Ti YERIR B, RERIEYREBE N T EKRE, Hd 10

nm f Ti {E AR E. (4.3 (a) # (e) )

(2) HEATHE 0, BEETRSTVER 30 nm (9 SiOx fERNTIELE, FIB KR

EEKE. (B43 ) 1 (D)

) HATRE—HHH, RERLH IS 75 513 40 nm A1 10nm ) Ag/Au 1

H bk, HF 10 nm i Au fEARPEBIE Ag L.

(4) HERERGEE. (B43 (D F (b))

il % J5 1) Ag/SiO2/Au 28459 SEM B INE 4.4 From. LS T RIS X
SrED SR AT AR . BR T AR 5 um x 5 um B8R, BATARGEHI% T 1 um x
lum. 2pmx2pm. 3pumx 3 um. M 4 pm x 4 pm K8 ERTIEF, BRIOEEHR
F 4 um x4 pm A 5 pm x 5 pm KIS AT LI HRE

AL AL

Au (40 nm)
(d)

(@) /i (10 nm)

Si0, (30 nm)

(b) (e)

() Ag (40 nm), Au (10 nm)

(f)

B 4.3 Au/Ag/SiO/AWTI 24 H%1 % LERER
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B TS RETEA T & RGN R

B 4.4 AwAg/SiO/AWTi #1FH) SEM EZ (5 pm x 5 um)

B, BAIE Agilent B1500A X 8% i) LS4k RS HEAT 2 . WARAT, B JE 340G
FEin{E Ag BRI B, Au TR, wE 45 (@) iR, 45 (b) B4 T forming
PRVETARIFAE 100 pA IR T LV k. TTUBT, SRS JEiEs, ik
BT R TR —BEBE (Vi) B, BT840 ik A TR, 520
P (HRS) ZAMERFAZAS (LRS) o LHEHNAI B EMTFHE— R EE (Ve B,
ZAFE KK B LRS TRE ) HRS. 280 f9IX T 5 5 Mk 11 148 A0 4T A9 22 TR SR A e
B N RTEAR NI R Ag (05 BB IR 2], (a8 bR TR . 2 E oy
HAME LR RE NG, BT T RS BN B8 SR e R R DL
Ag FHBHMAMLILT, WR A& A REBMLUROS 7384 0K 4.6 i, %
BHIE M TS SREFRURHE, R AT LAFE SRIRAEATHR L 1 LIF 342 0l s

(a) (b) 102

rren
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i s Bkt Bobios B Wubbon Biddioy mbbon mal g
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%48 ETZESAE T FEIRAR L T RETT A
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; Agf‘i’lamem @ HRS | v;

¢ -
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B 4.6 ZH{FHIEAYIEEER

NIE— W FAR R AR T R AR, AT SR AT T ik AE, iE
4.7 Fine T8 1.2 V/5 ms IR ELAMHEN 0.1 V' H /I B8 i i S SE B SRS BOUIR
A%, TUER, EHRTRIBET, S —BEERER (delay) HEHESEA
KA, FEREREE, 22l —BMBNE (relaxation) /5HIKHEEK
FIE Bl REAS . FEIX B, BRMFmR R 2 H Ag S BIBETE SiO MR R A KT
FESHH, T EX PR Ag 5 HIEM MR Ag IR R HEIZENE. 72
HFR, AR A S SE B R St TR R ERER AT AR O RN 5. B 4.8 (a) A (b))
T BEAE 0.8 VR 1.6 V BRI IR T RIS SR SRR, Frindueh f ki g
FERK, T Ag S HRIB M A AECE B SBRER, X RLF0e B GE I 8 . TS R TR A
25 A, DU 0 7 S A S, SRR EERROK, AR AAHT TR S TR I TR B BRI I [ BRI HLA
BB R BRI, EREINRER Ag FHIER, AMaSBEEKRKBEEE. &
[F) 3l F R R R E B R s IR ] St e B 4.8 () A1 (d) P
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ETZHEB AR S B R RGN R

160
(a) (b) — Voltage
—Voltage 161 . Current
08+t -o-Current | 60 1120~
S < 2121 | ]
S S Q et
@ 40+ O 80 ¢
g 0.4 g % 08 =
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o i 3 > 440 ©
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20m¢t *
500.0y | — —
2 . 1 1.0mLl— L L : .
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Bl 4.8 (a) & (b) AL 0.8V M 1.6 V KIHIE T OGN () AR L E [
RZIERT ST (d) ASFRIECER R T 55t BRIt 1) 4 i

4.2.3 TS £ ST B R AFIEM S

BT EIRHIRK TS f84F, TAVEFBAENBE I SHE T AT & 59 LIF 4
ZILRE, FEEEATTIE 4.9 Fan. BATKRH—ANEEEM R, (Ro=51 kQ) 1EHN%
HAEH, TS #4524 BT, AEHBRE C (C=1000F) SXFHEA LI
BRMIRE LIF #Re el S5, WEITS5RAHEM Rs (Ry=510kQ) %EH. AT
N G FBE S RAEBENRNGS, R LHBEENGHES . E8E
W, BAEEETAT 2 AFEH B (Charge loop, CL: 1-2-3-1) FIHL[El# (Discharge
loop, DL:2-4-3-2) , ZMAANRIEBRTERE] 4.9 W AL 5T BT T hpin . ZEM R HELBRRT,
BAVE AHRET G5 A RPN AR S| IRE R A HE B o T AR . AT
LR, BATHRR AFG3102 fkit RABEANMETHBNE, B—E6%xE
DPO3032 7R & SRS B E 5 N H 15 5
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54 B B TS E T3 WU 2T R AL

CL DL
e 3R

Input 3
e

B 4.9 B4R 55 B R 0 TS ZEp 2 o i By 2 K

BaJE, IATHAT T &0 B RE IR, 2 kR R A B8P A — R AR A
100 Hz, B2V KIEERKM (7ms BKEE) NSRBI AEMTFT 1 bR, B
FVET CL BB B i BT A2 e, Wl 4.10 (a) Fin. B
[6], TS B RFFERPAS (Ru~20GQ) , CL H#) RC B EIHH (1c=R,C) @iz/
T DL B EEE (to=Ru+Ro) C) , XERFBRFET TS #4ME M BT
ANTF BT T R R A SR R R T B, AR TR . B r BT
“QURN“4” 2 B B FRRTA B BE R H Vi I, TS 284 &80T — BB RIS B st 3T 7T
ME PSR AMEES. —BRFLTRES (Re~3kQ) , DL #f) RC K [A#H %
(t0’=(RL + Ro) C) L&A T CL Hf 1c. EXFMELLT, BASEHEITHE, i
Zeoofs i s i L RE Ro ST Bh R sRALIK A, anfE] 4.10 (b) B . BT FL S48 A8,
R4 B E (RS4RI EER BEK. MBEERKE Vo DT,
TS sfH¥ B RMIK SRS AE, DS T —IRINBCRES. ERERNRE, EME
T AR, BRARNFEHTREILTAE. XREANAB/ETIN, EAHAHRE
fikphi@id CL X E 25 88 ) 78 B AR 298 3d DL [ B Bt X — 4R IE o] LUBRIAE
METCIARE . R YBEEN S22 MKBEEN TS SAERMRREE Vi
B, TS #MEABRE RS, XEWETHAMIIER, REEEREREAT
EURZS A TR AT S . B 4.10 (b) 4 T #Z oA RLEIFIAR 2 B B
] LUE B T0 I 5 5 OB B R TR KR B 52, BB T AR A7 7E .
HEAERDHB, WA T BRI R R R AN, X U B B R A S AR S [ 2

93



E T HBNHARS T E R REN TR

TRHA . KRR, % TS #E TSR IF IV E YA o R - R 5T TIRE
FARIH], F BEnfE AR BB <2 E T B A . FERBWN, #ETHEA
TR E S TS BRI APEAENT B RIERGE, XS 4E BT A (108
FI Y, KRR 2 A 22 T I B R ERT LT 108 7K

a) 2f ] b) 2
(a) 20 072 2.0
1+ 1t
1.6 1.6
s 0 - < O _ s
< _1| Integration (Charge) 11-2 ?; =1l Refractory period 112<
> ) log> = N los>
T il Integration
a3l ] 7 10.4 3l g l0.4
Discharge
. , 10.0 4 g yga e e iy 0.0
-6.0 0.2 04 0.28 0.32 0.36
Time (s) Time (s)

B 410 (a) HASRTEESEMAMOIT FIRS AL (o) WETTF 4 MSIERAE 5 UK
i I AR 73 i BRI AN 7 1)

TEARSRAI Bk 2 18], BT AR, FE 88 3 @ N EI B (2-1-3)
B (CL MR TTBAZEARTE) |, B 4011 (a) A7 RS0 78 s it FE P UK B,
AT LA A 3t A 4 Bk 2 [T 22 T B TR AL o e At 4 AT ik vt 22 180 1A g 182
I, FTFF B TR A S i, B Dy Bk (] B (R 28 S 8otk BB 0 %2 . 34 1] R g n
Bl—EEn, RASKFEEMPEERTE, BAE LNEEREMES TS 8847
o, WA ESFRAT . B 411 (b) SH TSI S E B AL RIBORE,
SNSRI M9 10 ms, KT 4.8 (&) HFRADBRAMIRIE, xR N5
HFTtJE, MRS LR EE SRR, RSB ENESE AT Vi
ROFEIS, BT LARhe s BE IO AN A AE N T BN B SR PF B K — 2k,
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B 411 () ModBRhBEASKOMERR; (b) a5 4E s AR E

B T S\ Bk (R B 4 B ) vl 2588 o] FELART PR AR R 40, 0 N BBk B i B e ) OB 5
. B 4.12 AH T HEELAE 100 Hz, 70% & 55 Lh A% B T A B Bk i EE X i
ABRSRFERE . WTLCES, Bid R, mASKREEMR, WH
Rk B D . ERPIRE LLE/NMER T, BARAREIRKEERERE—
EHEMBKFRALGER TS BATH, XRENENBET, TS M4 HEER HHE
K, FIZIEFRSE RIKERKIEE LRE T TS S RIER . FEE kg & 5
BN, B2 R BT RE 70 B B oK B AR K, S R AR S M INTE TS B84 i 1 IR R K
ARE B T AR i VR FRATT R 28 7E K R R R BT S I A, BRI B TR EE A R A
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TEAEIMFLTON, S1E r AL R ST AR 2 8 2 VR B H 8 i 48 48], E 3R
BN PETT L] AR 40 22 70 L B O OB O T B B RO B A A 48 T 13X
FEOBSEIRH] R SRR, BAAFRIE (12V. 14V, 1.8V f12V) , HEH
F (100Hz) FARFE S2EE (70%) #9— RFUBK B HEIN Sz S A, mE
4.13 () Fizn. ATUEMKES], BEERMAKARIEEM, MR 28mn. &
4.13 (o) ME 413 (o) A% T BRI % B R B S5 00 Gi R0 B 7 2 ik
MEH RIS AE R . XU RERN, % TS W4 It s o] LURIF OB E M 2 o7
TN 53 S VR A T B A T LA

(a) 2f -
- ACTRTRARHUAREARN H l
s 0 .
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ol . | =%==
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Voltage (V) Voltage (V)
Bl 4.13 (a) F|/AEAFEENBKIFIERE T ROMCREE: (b) REHE T2 T iz s
s ()N FEEE T AT E T &K S E it
4.2.4 BT TS L ITHY SNN LK E IS
N T BE TS #R & ORI 4 M 4 b B BT AT 1, BRATIRH T — R T120H

ax RAMESIA TS AT IR AL, B 414 L HTENRENAEE, SRS
N 30x10 FIREML, MANEGEA 5x6 MEE A, #ilA 104 TS W& 5, 3+ H
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55 4 & FETIZPHAR B T UG R A T BT T

3% 10 & TS W22 E BN T M FME IR, BoMEaRRasHRREHE
«12R1<0”, BRST IR B ERKE B9 (1V. 10ms) 1 0V, %M TR i
12, SCAALE I 4 FRAE MATLAB 9L, 40051 5 ik OB (B et 17, B33
gUrh, AR B, FlIseEee”, B RIMIINE] 30 AMAAY A R, 10 AN TS
A TR R BT, BT AT RS AR, B JE SR WA TT 6,
o B AE AR 422 IO % e 2 T BRI )

Input Layer TSM neurons
== e————
Lateral
. inhibition Wi
- inner
input :
digit : E—
] n Spiking Output
L piking Outpu

Image

. Memristor Array
Transformation

B 4.14 EF TS HHMWELTHIEE SNN MERER

B 4.15 4 TGk B RERZ s E SRR, 9 n H
MOS SR KN 2 B B A M 2 T A o, FFE N REIFRER B AT
“I"H L ARIE AN O L. AMEieee iy errEsifE i, Zsh{ERAE S
Kt L B H Al 9 AN TR RLEEE R MOS B MK b, MakiX 9 ML TG
EITTF. —BRAE SR, MOEBERITHRN AR, NTXRESIE, ¥
EAEBE NS LA LB, WE 416 . X8, FFSEEERL
BFR, MASBAENHRERR. BEERNE, EXERNMARZSH T#ET
SEEL 1 30 B — AN R B A R BR RO, B ELSRUL TS ARA TR R ARSI A,
T AT HE— 5 ARALTT T
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St — IR P ST A TR B , BATE R RS E A“1"F)
“O R R0 KU NI R ITRNR « B 4.17 4 B 0%t 45 SR 0 4 305 R B vt
BN AR, 1A BARSEITr S E s R, T HE A 4 28 T8 (0 b T
T IXEE SRR, % TS WA TOIE A 020 7T LA H X S NS 24T R,
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4 B ETIZHESE TS TR R

NImE&ETRGERBINA

hhh

hhh

hhh
hhh

hhh

hhk

hhh

hhi

#1 #2 #3 H#4#5 #6 #7#8 #9 #0

Output neuron spikes

T L LR L

B 4.17 PZiEH R TS MATTEA AT R 458

4.3 1ZPEER-CMOS 'R & MEA TR T

EFRIETIENB AR, 40T ERETUMERRNRAN Ag JRTER
Wh T AR R . A — P REWETHEREIF BRFEEMAETRETIeE, FAD
RHFIFASHEN Ag ML EKFEFRREME T AR ThEE, DUhkEMET
RPN RASR. ERENVEER, CHREHRERASMG 8 HREEL IR
FRO I e SLELM 2 T Th S . F140: IBM #9 T. Tuma %5 A\ F AHZS 884 175 3 L2 ik
AR T B SR E R B RA P, Umass [ Z. Wang % AFIH & BT
BN S A K R R AR 42 T B IR B AR A R AT RR D), AR AE R R % C. Chen AR
Fk B 52 Rk BB AR T B T SRR i I R R S LM A T A R AT R AT,
XL 2 7T BB SC B DI R LU B —, FF B RGN A JTRRE, Bl
FE Rk 8 RO IE 5 A R L8 e BT PA R T DA B R X7 BE 28 SR Al B AT B A S TR R AR 1S
PUEDIEE, ERBERGENRKIE.

EXE, ZAEYMETTAENRINERK, BATET T —HMIZHEE-CMOS B&H
LIF Bkyf e n s i, BASRAN AT AT iR E i S MZ PR3 M & 6 TAEF A .
43.1 EAMETBEBNEITESR

BT EW IR, RATTHED, AEYMERGH, BANHE LA
Btk (soma) , #Z (axon) FMIYFEMZE (dendrites) . AHt—HEMENMEITH
TAES R LT RE M TR, 53X BRATE oA M & o ik o4 s B,
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HT B MRS E R RGN AT

K 4.18 (a) FR. W85 — RN EE AR B AT 2 TR % & Ui (E 5 bk
BREEALAPRER, —BRA AL BE, #i (axonhillock) #2ril@id 3777 Bk ]
JEEE 71 1iEIE, f K'e Na & 7 HEA S i diff, 74— Bishfe i (BfF
“OBUTE IR D o R RS AR IS 1 B A AR I A HAR AT IE R 5 R TT . R S
20 B A LS R AR P b KR Na ™88 I R PR R T P R 20 SRS . AR AR+, i
ZuH —BORNH, TERHIRIf A T RS BRI ANE SIRE R, AR
YErAL. RIFFEETC IR SRR RS2 TO R JERAY (B TR, Sk B alf
LR MEIE 528 R A A AL R B S A R AL RAREISREE CAJ DR TR e 45388 o
HIED € 7B 5 MR L u i B fEManiimE . EERE, ZRihsRE L
FRYE Z e /T FH R A 5 U Jk vl 281 SR O AR X IR ) R 4T S Y 2, SX 2 AR 2 R e
FITE ROUER KA AT 24 (STDP) Z# SRS 0, |EERRIZ, hTEMHETA
A THER . AR 5] EE A A B T RIR LIS S LA A R R4, (M ADHE T
TP F AL I RE T B WAERIBENLIED Y. IERE AWM A T r X P bS]
J1%, ALY RGN S I A R DL R 5 A B AR 1% 23,

Pre-neurons (b) TS memristor

Integration ~ ™ 7 T Self-rupture

(a)

Off state

|Latera| inhibition

At I
ive
pump Output

........... ; Vi S

Channel cf,
closed  open Synapses

Clock

Leaky integration-and-fire

[ H
[ Potentiation and refractory
period feedback
ThresHold .
C=-a | Resting state Depression feedback
Sub-thfeshold Refractory
stimul period

STDP learning rule Membrane potential Hybrid memristor-CMOS neuron
Biological neuron

K418 (a) YA AR mEEE: (b) ZHEE-CMOS JB& & T HEER

FEEMMEITTEM K TAENER B LT, RITRTT M5 TS 12
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54 F ETIZEBE TN E TR BT

CMOS HHBHE R AR & Bk 4T, BEEWINE 4.18 (b) fin. EXHEEF, TS
BB R TIIME, B Ag ML MAKSRRIEXNMNESHBNAER, HEBHT
WTERT TS JTR-MrIE i E BB R A BRFEH (NKRIRESRATHREFTIFRE - F
FEEI TS 1Z.BH28 [ A RENL AR RR M, IR &4 o tH R RO LA Y+ & 70 A
FERIBEHAE BN /1%, XE, CMOS BB TS B4 = £ MBIE (G 5B
Foh AR i H ik, RIET SRR R R B A5 5 AR IE TS S8R E RS2k &5 B T
REMPIELE IR K .. RN, BT EFEIENH, S4B RKEBFLE
RE, PEEMCMEMERIE. £ CMOS HMEMERIFE T, RATEE LG,

A S S SINB T Mo, DUSEIINHZ BE28 S il 14 BR AL Sm AR R A,
WAVEAE S I 28 s B4R 1 B R A5 .

432 BRHHIHIZITZMEBEFMEERAE
NEFHIFA TS LRI A T ThEe, BATH B ARIEMM T 2T TR
o ZANTEEHRAT S TIEFAFTHEIN Ag B4 SiO 1 (Aw/Ag/SiO2:Ag/Au)
okl &It R, BArH &P BT
(1) & E—ENZAJE, 1 SiOy/Si #HER_Bilid i HRZ& K UIARE B 43 724 40 nm AT
10nm ¥ Au # Ti fE QR B, REREHRERRN T BKRERES], Hd 10 nm
() Ti VEREIZ
() FATE A, SiO A Ag SLREIPESS 10 nm EATIRER, FHEH A EZE
.
(3) HATHE =062, 5 B I LIRS 2 I TERR 10 nm 1 40nm ) Ag/Au fEN L
WeREF], Hor 40 nm 1 Au fE R ER IE Ag EAL.
4 BITRE—PHZ, SEBEHEFRAEKIRELS A4 50 nm #1 10 nm K
AWTi fE N pad, SRERI B AL pad B, HA 10 nm K Ti /EAHEITE
(5) FIBIREIFRETIEIE
XE, BATKE EBARLER pad 53 HF |4 24 T bonding IR AR EHIERE. il
JE ) Au/Ag/SiOzAg/Au 4S5 [ IE B M1 4.19 (a) Bizn. 4 T 3RS forming-free
[ TS 280, BATESRMH & SRFFRAT Sior M Ag S 1 T 2 LB 4RI B4
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ETIHBRH RS E R RGN AR

IR YRR E] 10 nm PLSEHUE R AYIRAE R . 534, AT EHET bonding LAY
HNMAT RS, TAME TAE 32 N840 TS 122871, B 4.19 (b) 447
FEFi 32 DNEEERE SEM EBE . bR SR BRI A GRS BN #8445 i T
N BARTEARMAER, 94 pm x4 pm. FTERHARE, ZHH0 TIEHFAZIK
SR il A A2 3G [H 5 5 1 2 K A B e 2 R R 2B SR A A IZ BE B K 5181, ZE AN T
2T AT Z R

(b)

(a)
Au (40 nm)

Au (40 nm)

Bl 4.19 (a) AwWAg/SIOxAg/AWTI 2L (b) ESHLERRESIR SEM B K A s
HICKE (4 pm x 4 um)

bEjE, FRATH Agilent B1S00A X EAA Au/Ag/SiOxAg/Au SS4E3E4T B i B 2245 14
. MR B R BUREINTE Ag iR b, Au TR, B 420 4 H T 345
100 RIEFL R T IS R EREREA 1V 4, SBERAIIRASL T E A (HRS) .
LA ZIAHEL T Z AT IR 7% Ag/SiO2/Au 2814, Au/Ag/SiOx2:Ag/Au #4F A FE 2 forming
BAE, JSFHBMEREMRT 04 VAL, XREFAB N Ag [ TL7E R IR R/
R W L%, 72 P s B T A 2R ek o 37 38 5 B0 1 F 9 B o R0 T A R
Bi, ERBFRHFE SR SRS EP A EENENEE T3 %, THT
EGIEAPTROI AN XD
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54 B ETIZIEAE TR U A A T BT A

Current (A)
S

10-11 l'

-02 00 02 04 06 03
Voltage (V)

1o43§

& 4.20 Au/Ag/SiOxAg/AWTi FFERFET Lk

AT, SERMKRBEE SG— BN ES) 25, ARG5S
ORI A Ak R R R SRR Y. ElRR BRI Ag ML A KM RS e 1
ELA BEMLI A FEPERZh 13204 55), X S3T B84 B E FR SR AN OR K B IS 0 A B BEA LI
PR LA R B 22 18D ) 28 B P OB S — MR B A A . RS IR e, K
NIBEHLIEER T 10 N84T T BIREH, SAH4a% 100 MER. B 421 (al-
al0) & T ARBGHERDH ML THERRSMERL, 7T UE2EASFF
AR RIFMRERLZSME, JFFHBFNRERZEEEIE —ERpsitE. fa,
BA T IX L B B AR B R EAT T Gt I S5 D 2 A i 2R AT T X EG, A 4.21(b)
FiR, SRRPBREHREZZRERZBIN, FELEEZ—NMD oM, ZIEKT
AT LA Y 7E B SEELAE M9 4 70 R B AR B OBENLBN /1 544T . ROk, BAIERE
421 (c) gl T SHEANSRAEI BE B E i Z A LU, B LB B S T3
BEHRESE 043 V A, XEWEMIIFHBMFZ RN —EREF, E&5TH
GNH
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ETLHBRNR ARSI HE A REN TR

- 10+
_s: J102 2 10°* Device2 ., - 1,05 3 Deviceaﬂig,— 102
a H [ — 3
0.3-§ §1°_, i 08 _‘g- g g 08 I
o8& LU F 062
leag EWTH 042 Sqp £ 04
% 3 |k 2 o i g
023 10"} 02g i o.zg
i 3
10 50020406093 04 05 06 0.7 0.00.20.40.608 0304 0.5 0.6 0.7 0002040608 03 0.4 05 06
Voltage (V) Voltage (V} Voltage (V) Voltage (V) Voltage (V) Voltage (V)
10+ -
4 g T Dewcetgﬂ 5 A1 Deviceiﬁ 1.0 2 6 10 Devncesf- 102
ra £ JosZ _ 7 085
] F S 1w’ H 4
f‘ £ o8& % £ 065
|4 ¢ t10° H g
= 04z 5 042
/ 7 £ 3 f ;
£ Fi 0237 g0 H 1023
4 0 .l 3 i ~ 00 g 13 g =f 0.0 6
0.00.20.40.60.9.3 04 0.5 0.6 0. 0.00.20.40.60.8 0.3 0.4 0.5 0.6 0.7 1o 0.00.20.40608 0.3 04 05 0.6 0.
Voltage (V) Voltage (V) Voltage (V) Voltage (V) Voltage (V) Voltage (V)
7 10* Device? .. =1 102 8 10 Devicef‘; B 1-0g‘ 9 Deviced = = 1-0.__2_‘
- F 3 _ g 088 F losZ
LY £ 9% zw ¥ 2 g § g
:‘: ; g 065 E B} H 0.6 g.ﬂ-; E ; E 0.6 ,_E
E1o ¥ 0l E10 048 £ H 043
G i g 4 02g © § 02 s
a1 1 .25 5 .25
10° 5 023 10 Z 1 }3 g
My - & {003 0" 5 003 o Il : 003
10 0.00.20.40.60.8 0.3 0.4 0.5 0.6 0.7 0.00.20.4060.8 0.3 04 05 06 0.00.20.40.60.80.3 0.4 0.5 0.6 0.7
Voltage (V) Voltage (V) Voltage (V} Voltage (V) Voltage (V) Voltage (V)
10 (b) £x 1 da € s o
y - x ) Experimental data -
105 Device0 4z = {1.0 100 4 Gamma function P
3 A o .
T o.s.‘; . 80 % 0.6
< 065 T 60 > [
= 0.
E10* sl 3 3 é5$ é =
3 § o 4 £ 0.4 1 i , é
o 023 20 8 T 1 p43v
10> LA 003 = ’
8 " o [+ 3 S S T T S E T
°-°‘fo-fh°:e°(‘3)°'3 03 3“:"2:& ?V‘)‘ 07 053 o4 05 06 07 08 12345678910
Theshold Voltage (V) Devices (#)

B 4.21 (2) 10 DA RSB ER LR E EE RS (b BIE LS 50557
RRZEATSEL s (d) ANEI &% 2 ] B 3 i s T LB

N T B DU R RS2 WE TR o I RS L LIF 49 4 Jee i O mT 471, 34T
AR R XS S8 AT 80 . TR EIL RS, KHBM45—4 n B MOS & (BS170) #
#, iz MOS & —J7 A T ILECFr i v I 22 70 LS AR 1384 T2, — 7 A T IR &
FRARYT TS 844, IREma 7 ar . MEAFEE I 4.22 (2) FiR. B Agilent B1500A
) SMU B % d iR B R EIEZ R (1.95V) , #AJE1EiT Agilent BI500A 1
WGFMU fk R SepE ikt . B 4.22 (b) 45 HI T 8844078 1.2 V/1 ms FIERKHF 0.05
ViEECERE N RIS R . ERIE EVEE N, 2 A — BN E B ST S
SRR PR ASBE RBEAS, X RR 57 B IR SR SRS INIA B S AR B B BRI - X 2 PRUA7EIX B
JERS AP, Ag 7R EALE SR R B AT 7 SRS HIVE A T, 7E Si02 A R4,
RATEH—A Ag BIE, FEBRMEEZNLRS, RIEMA TSRS EE, %
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54 B ETILMESE T NI E T BRI

S B H TR0 SN PR S AR 70 T8 o 24 I o ) RSB PR TR AR 22 5 5 84 610 70 2 B AR A8 /18
2l —Bot B 5 B3k E 2] HRS RE. [ANRXHBEERESHNEES £

L TR AT B MR AR AR 2, S8 VF R STAEAR 23 Fik b N 1) B () 7t 58 DA R 2
TR A B AR E B IR .

(a) (b) 16] ..
Integration time 160.0

Input s 12 <:
pulses @ 1%
L Sos Relaxation | o
= =

>
Bias A 0.4 , °

‘ Au‘_
- 0.0

Time (ms)

Bl 422 (a) BkpPRIBURERE; (b) RS RISCT S8 B e 2 N A T 5 n =

B RO HE R A 5t B 8] 5 R8P T O AR AR 5K o D T IF ST Rk i 2 X AR 4 B ] A
SIRES R RO, BATESM ERIATEE TR (1ms) FANREEMKE, Hx$
AN R T RYIE RS AR (AT 1 G, St RE 4.23 R, SRRH, 4
kiR 1.0 V IGRE] 1.4 VI, FR5 0 8] (K~ S4B B /0y, Bt TR et ) JUU AR S o
BRI, ST RAE BT LT ENE RAR RS, BIRRMEHETHTE
TR R AR, SRZWAR, RE5EYHETHREREL. BT Ag FHERE
KA RS FE I BENLE , BAFFES IR B R M N T B 75 BORR G B (8] R b TR B 1) 35 2
DBEVBER AT . B 4.24 () A1 (b) 20545 7 AR5 B (BRI S TR BN 1) 5 4l 5 43 A R
HHX b, XU B AR R B URD T R T DUR B 5 AR Y Z BEANE) 71 A R A BE L
AT N
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ETLIHBR M IS T R RGN AR

1m

ImEx x5 ) o
0 . - - 4s00p B
@800}1- - xox 7] P
{eo0p £
| 1400p §
% x 2004 %
200u | . o
- - e 10 &

of )

1.0111.21.31.41.01.11.21.31.4 200H

B 4.23 5 (L AN 5] fikard s 2 A0 AR G0 T T A0 St S B IR 9 G5 0 P

(aye
20

SS@1.0V

ES@1.3V S@14V

€15 £ £ E20
E € €15 E4s
310 3 3 3

3} S o1 O

-

m
Integration time (s)

m
Integration time (s)

30
(b) :g 8@ 1.0v 20 30 =@ 1.3V 25 meldv
60 .
- = & =20
60 s 2 £
540 5 5 €15
2 E 3
830 8108 8, 810
20 3
10 g A \ N 5 <
0. oAy oR B 0 N Nikoy B MrNwvae! o N
0 30y 60y 90120160180y O 100y 200 300y 400y 0 200p 400p 600p 800 0 200y 400p 600p 8OO 0 2004400600800y 1m
Relaxation time (s) Relaxation time (s) Relaxation time (s) Relaxation time (s) Integration time (s)

B 424 () SR EERRBERKAS FRAREN: (b) B3R 7 2R F 8 5
kiR AR B L

TR, N T MRS AR SNk B TR B LIF 479, FATLABUE 3 & (250 ps)
ST IRTRG (250 ps) BIRKMTENMIANG S, WK 4.25 (a) B, ATRLES], FE
B R BTSRRI T AR S R A IR R A, IXARIL T AN Bk )
LIF dE. B 4.25 (b) &4t 7 ANFINEE Bk RIBCT R AR 58 — O R SRR Geit 45
R, BRI IEEARECN T ERR D KOs . RS, RATAT G AR, M2
TG T H AR T L3 o 5 i J s ' FL T B SRR T S R SR A S ) e A SR R T
ERRI R E o T5 BRI B0 R, Ik 2 18] B[R] R B[R] 06 2505 T 45 A st T 1A
XA RBL AL TE , AIRAT— DK™ A R R AR 1 E — ANk 25k
ZHT TR, WA SRR, R, R S Bk BRI (250 us)



B4 5 ETIZHESE TR E T RS A

ANTEAFRIRI B KB O T, L8R AEBRENE, £ T — MK EIR 8,
BEA LR E R ENERIES, FATRERBRTA, WE 425 () fin. XX
BT B TS 2S48 kv 5 AR T A e AT B8 H O 1) LIF AT8, XEFI AR
BELAS AR 4 1 SE A 2 70 B BR 1 AR PR A AE B IR R . A B e IRIX AN 1) 7, (2
BRGNP, FRGRBEAMPAN B RKESHEHE. Fit, XM
TAEH, HATEIRAFETTHEE 5NN R IR 5 R pox A 0] 8 (G 2 407575
FER 4.26 & HD .

()1 60 P12
£ Less pulses are
_ - . 810rp required under
2 1.0 lao 3 E 8l higher
g = 2 6l amplitudes
o} 2 5 :
S 05 1203 £ 4
g 2
! € ol
0.% 30 =0 ) . . L '
0 1.0m 2.0m 10 11 12 13 14

Time (s) Voitage (V)

B 425 (a) SRR TR AT (b) DR IEE SR T84 KL
— N EBRAT NPT R BRI AR A B S

433 REMETEBFRESH

Bl 4.26 45 T Ao TAETRBIREEHETTHENEEE. CMOS Bk
AFEGREREMIMF BT, K HREELERA D B8FSE (L1FLY . —1 5
[T (G M= (G3) « Gl AERERIEES, G =EMAMHIES. L2 K
5 RISV E B SRR LS 5okl B8 T1.L1 MR i— AN 511(G2)
—ANEERA— AT BT (T3) ARIHISRE R R, EMIRRAH, Sk
B T1RTRAPRE, THCATTEE, T8 1 WBARREsIERA. X TS #HE
BNFNEFITIERS, SR L1 PRSP BN L2 AN, 85 L2 A= BT
B TLATAIPRS, XA T TLBMNERRE. TR, WA 1R
Ho, SPEBAWABKFIRMAREAT SET #4E, HERMMBSFNBEFHEA, XM
SAMALE TR FIR, 9 1 RS (A5 T i) R R FE B s AR (B B A LT
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E TS HMERS T ERRGENAA

T, et THEITRIARE, ik TS SBEEXHR IR EAI9E HETE S HRS. 504,
BT7E T3 MOMHR LR o, I BB BT I O TP B . R Y TS #4F
TG, Aok L1 A5 E S EMaR e EeE, a5 1 A AL,

TR 1 BB RR AR ERRAIB AT RESET 821, M5 RIS 6ES
/S, RSN RS . RESE IR, T1 M T3 BT R R AEE AR E K
e ep L SAPY R SR AR S SR AN HD AR AR S M L

Lateral ,
[ Synapses inhibjtion _ AActive pump

V|N1-i@- Gated | —L(tes Spike

|

|

membrane 1 : output 1

Vin2 —@-« } D1 Q1 D2 QQ-L—:561 1
—3S2 1 21 | L1 |2 || ok
T2 — o i

b I:T1 v;ll: ECLK CLK JL !

i :" | (e2 ! Potentiation and
I -
t NBuffer _: refractory period
Depression feedback feedback

&l 4.26 1ZFH23-CMOS J8-& #1142 7T F 1% [ 24

N T SEBZAR L TR B UIE, BATE S6HE T PCB BERIR. TS 17281474
RS PCB LR E. FTH CMOS $7ts B (B = F gt e s Y51 T35 4.1 o,
5, BATLL Keysight 81160A ki KA ABMAES, JEH Keysight Infinivision
MSO-X 3104T 723l & A [ 75 {5 548 k.

R 4.1 IREHETT RIS T RS

Name Model Sources | Name Model Sources
L1 SN74AUC16373 1.5V T1 BS170 25V
L2 SN74AUC16373 25V T2 BS170 195V
Gl SN74LVCO08A-Q1 | 2.0V T3 BS170 25V
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55 4 3 ETIZMHARE TG AL T BT T

G2 SN74LVCO08A-Q1 | 25V Buffer | SN74LVC2G126-EP 20V
G3 SN74AUP1G32 | 1.5V | Inverter | SN74AUC1G14-EP 20V

B 4.27 45 B T 7R AT SR A A R #R A T B B v L SRR s A A I
XE, ATHESMERCET A LM BRERT, NIRRT T RIS,
FHHFAH /N E 2 BEE AR EE (S1=10kQ, S2=40kQ) , Vi F=AEHAMKMYE
=, Ve Eilh., ATLER], EE—ABECEEAN, WA LA, TS ST,
SEHA A 2 ERERANM. AR5, 2 EMBEEAEL %A, HE CLKE
SHEHETHE LI Sl EE T ES. MG, L1 0fEE (L2 A BeE L2 Bl
ff T1 BB S ETHRE. 34 T1ITHE, A1 ERBRELFAZE, XN TS {24
BT R KARE R (500us) + Bkeplalfg (250 ps) O SRIEREIHAILE HRS
RS, AT —RBBEHEE . EILEIR, Gl IEEX L2 M H A CLK 55
1T 457 BERERSFEERENRLKMES. FERLNE, EXE CIK 552
— AN ERNMES, HESEERTE, 3H N2V, 2kHZ M 50% 5T . Fral
s BT R —RER), B KRR L2 MR CLK 55 1 5 B4R
i, % T DU R R BKE S, BT AR A ST b s B e BRI IE

[2,56]

| 1st firing cycle |  2nd firing cycle |

% 2F

[
> 0 \

s 2f e '
>0
- 2 TS turns on Refractory penod' )

il i
> Latch1 output , ! ( !
>‘_ 2} ) : : : v : )

| I

o~ g N 1 1 i 1
= 0 Latch2 output | ' : | ! ] : i
>§§ [ ;! i |Spike i | I
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ETIEBEEETE R RGN AR

B 4.27 JR-EFRETT I T BT AR B STER AR T Ih AL

N1 — BRI E T R TE A RIS R E T R AR, AT RIE T A
FIIEE (1.4V, 1.6V, 1.8V HI2.0V, 2kHz, 50% 525t HIfikeb s IngE S1 i
T EBCRAT Y, XM 24T TR AR 1R AR 42 0N BRI I BE AN [R] 98 Ao B T Sk RECERAT O,
6 45 ANl 4.28 Buw o BT LA BV G 307550 r AT 28 6 8 i N\ Sk i 2 T 38 v 38
TR U WA 28 T AT LI A £ A R F B A SR o A [ R R R AT 4 28, o AT R
GrAD kPR g KR . B 4.29 45T AR [EER N SRR I BT TR A 48 T H 1 ar 4S
SHIBORE, W UARLER 2 ATA fr s Bk ok B AHRI AT R0 (2.0 V, 250ps) . 3% T B 124
2o H R R Bk AN 2RSS s, AT DA AR [ e R Eh R A S

vV, V)

N © = N

VOUT (V)

o

o mime & o s i il 1 b s

0 50

100 150
Time (ms)

B 4.28 7[R B Bk BE R IR A P TR B A T
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54 8 BETILESRE TR TR A

—1.4Vinput—output | (P) 2576 Vinput—output

2.0
< 1.5| [
-]
()]
8 1.0}
[«]
> 0.5}
(] R — J—
8.0 8.5 9.0 9.5 55.0 555 560 56.5
Time (ms) Time (ms)
(C) 25 —1.8 Vinput — Output (d)2'5 —2.0 Vinput — Output
20pF---------- .- - - - 2-°m---m---m-—-
< 150" o | | 215}
[<}] [}
()] ()]
S1.0 S1.0r 250 ps
[«] [e]
> 0.5 > o5l
0.0 kg 0.0W
1130 1135 1140 1145 1550 1555 1560  156.5
Time (ms) Time (ms)

B 4.29 7EA RN ko 8 B TR VR-A AR TT A H o )R

B 430 #—H A TG TE RS ABKIFRE TR NS 4R, i
FEAIE W 7 260 5T H B\ SRV B

Higher input amplitudes,

ﬁ800 - higher mean frequency
E 5
> 600
O
o
3 400+
s | Z
- 2001} @ ]

0 A L

14 16 18 20
Voltage (V)

&l 4.30 DRI TR -S4 TT iR Mg it 46 R
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ETIZ B M AT ST H R RGN AR

UeAh, BT s E s R T2 H CMOS BB A1, Brllizfese
Jer] A Bt — MEIRII AT, B&— @ MWBIRE 1. 9 T SRIEIZIIRE, AR
At Iuilid 5 kQ AP EEAREAR M AR, Wil 431 Prs. BKersEEm 1
ms Rk E A (GRED , XN TS TS ST LE— Bk T IF . KPS
ME T HZ5MAESHERNNMES. S2EMLERTE - MHE L, efF
NEZAMETimA . HEoEem T8 ML TRkt . 5 T LIt
o LT JE TSR oo RS e B R B, KR R SR R A A RO R BT R 2
. SRR, RS MPLITMEE /M2 7T it imt mT DLUVLERE 21 56 38 1% H ik
{1, IX R I HR ) AR 2 T R T DA R 1 S BRI B A AR TT, AT %
TRA L U LB T LUE S IZ BE A8 RAE 2 R MR AR I KB 5

Neuron1 Neuron2
V, out1 SR Out2

]

M I T mom " oM

0 10m 20m 30m 40m 50m
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2.0 Spiking frequency increases with in-situ learning

0.0 Eimirnmrohumbeleobdreturebiatboe LJw n J......J

0 20m - 40m 60m
Time (s)

4.34 JREME LS SR TSR L

4.3.4 IEHNEIER BRI T

0] e 08 A 2 P PR 22 PR % AT R NS 2 S0 (R SR BRRRAE Y 8), B T LASCRS R
#IZ (winner-take-all, WTA) IR ASEI, WTA R —ERBHLTHAE, H
EAA T ARG . T {3 FTHE A4 T B R PRAT IR R A, BRATBTE T
— /M4 REF] (Lateral inhibition array, LIA) , HIZBEBRFEFIF LLEEEM K, 0]
4.35 Fi7m . LUE 2R 04 /B T 1 TIR SEARAIIE MR A T BT kAT U Jarsi 24,
LIA FiZ BB M S B, JREMHETBEN, REMZTRIENEES
(VLi-Viio) #Z “07 , X8, LIA FIFTERIH (Lai-Low) #RZRE “17 , DBGE
FTE S AT HEBR B . HvRk, MRS uBER (W0 N1D , NI BHHIE SN
“17 (Vu=1) , HEMHETHMIFEIES (Vi-Vie) HA “07 - ERXMERLT,
LIA % La iR 17, HARBEH (Lo-Laio) N “0” o Bk, HARBEMLEIT
R ERERR, HABZ TR I 2 R0, AR5 T DAKT SR b 4 o i R R BT
1T JRAL 25 ST AE o I F 3 2 P 2SR I 2, BRATEE LIA I TRERA
Vans UEEMGL RSB o KB, WRESHERARAESER, S8
BRI R 12 B SR B 015 2 , SR e 4 T B P 224 s B SO (E AR,
A AR R BT .

115



BT MRS T R RGN AR

Active Inactive Vi

Y 1] AN \ DAY
2 W ok MERALRLRECR
E Ma_ﬁ_ $_1"|'_ $_m_ Ve \ %i \ \ &
o N : : :
v ||| Vo TRIR NN Y
JYREN AR 1Y YRR REERR
YRR AR
Vret
i Lateral ir:hibition array VLYV;Z Visa ...vchvligm

B 4.35 0 ] 0 i) L B2 o 2 R

NS LIA 2B 28 AUE AT BT i

(1) ZFTEJEMEITA TR EREH, mTHEFTHERE, LI HENBERA S
JRARZILHIER k. BOMTFER BT R MA kA G3 i LI Mt FESs#HRAE, X
HEATEN07, anfa ANFERE Xo BIEE—FI7m X AT LI R B RO % e S A1
InFHEAERE Y B — 1T PR

(2) ERAEMFINEERES, AF— DML o, KA E o2 28 X EmE,
MAJEMHETC “17 HEBE, MAEHE LLwkES, RN “17 . AN, His
MEITCAPZ R, WA LIES, WEA 07, i\ Xo 5 51pT
Ao TERXFPEDLT, oKH LIA BEAHLESMZEMLER Y M8 17 H 8RN
Ho XTFHAFEI, BlIEHLi “27 HRBUR, LIA BN BRIER AN Xo
KIS =2, LIA AR A% BoR e i AERE Y M =147, DLk,

116



4 F BETCMEBE T FEIUE A A T R BT T

LIA Output Matrix Y (11 x 10)

LIA Input Matrix X (11 x 10)

L= I = R o= S o S oo e T oo I o S
—-_- 0 O O 0 0 0 O o -0
-0 00000 0 — O O
-0 O 0 o o o - O O O
—_ 0 O O O O - O O O O
—_ 0 O oo = 0O O O ©C
-0 00 - O O O o o O
—_ 0 O -0 0 0o o OO
=2 o T = T o= TR - TR R e T e T o I e
1000000000_
_0000000001
O O O O O O O o - O
O O O O O O O - O O
O O O O O o0 - O O O
o o O O o - O O o O
o O ©C O - O O O o ©
O OO - O O O O O o
o O - O ©O O o o o <O
O —- O O O o o o o O
- OO O O O O O O
[T e R e 2 — 2 = T e e R e T R ]

LIA Output Matrix Yiny (11 x 10)

LIA Input Matrix X (11 x 11)

=T T T T e R R R

L e B T e e B B e B <

(= e T T e B [

O o = = (=N

(= ] (== ]

O = o e O o e
[ e B T e B e B o B o
(== e B === T B o T e B e B s B
(=R =R I I I i T B
(=R e I S T B T B e B B
cocococ oo oo o —~
OO OO OO0 o Cc — O

O OO O O O O =0 O

[=T =R R - = N = = = =
OO0 OO0 O - O O O O

S O O O - O OO0 O O

O OO —~ O O o o o o

[T T == I = R o R o R R e B o }
[T =R == R v R - R o T e B o B e}

L =R~ R R - - A -

_0 SO O O O o O o O

LIA Weight Matrix W (11 x 10)

1111111111
111111111 <}
11111111 S -
1111111 S =
111111 S = -
11111 S o o
T T =T
—_ o o O e e e
—_ o D e e e et
—_ O e e e = o o
S e e e e e =

Y FH W (B

BT Xo & 11x10 fIEM, Y 2 11x10 &M, SHHlEZER XTxW
) Tff. B, BATE Xo FHIN—ITIEN LIA MHRBHATLE 11x11 1554, W

BNFERE X iR ERXFERT, XTxW

Y g W BEE—R. B2, ZERN

8 AR UM o S0 FEAZ LB SR S T 2 — 20 LR, S S ek 28

PR SR RS BB B 2 2tk . A T AR YR B, BRATEHTE T LIA PRERHIH

117



HETZHESHH AR ST E LRGN

FEREY, FESTEBHT TEUR, @ LIA %M Yo . BB, XTxW=Y W
BB HRE WESHLIER, W LIA REFRE W iR, €178 scant,
AT “0” B RSB A4HSEES HRS, ¥ “17 B ZESRRER LRS. 25,
¥ Yine (B LUBRER SRS, EaiEASE N, HRSBNEEERTHETRZE
R AL AR . & 4.36 4 T P EAS AT LIA BUEREFE B g i S I
SNFEFFE B R

Conductance (S)
B g 1.5

f N M T WD O ~®® O
Columns (#)

B 4.36 M [=140f F4 51) A R0 B

FERAEZ LIA HEEIIThEERT, FEARRESIE T PREFRiEHS| PCB R L. FIH
MATLAB ¥ 81160A kit K EZE =AM ANET. H PicoScope 4000 R 7Rk
Keysight Infinivision MSO-X 3104T /Ry 25 FIIFMIE T 10 A HE S .

BT, B BIE BG4 R AT LIA BHT 7 0 i w2 7T v 40”

(OV) FIRAFRMEMETH VLR “17 (1.5V) , W 437 (a) Fic. B4Rk,
St FFTE #ETCH VLR ORI, —FFIRERA M Z ORI Hms5H i (V-
VLio) A “07 (0V) . [k, BRTRERALZ “17 (15V) (WK 437 (a) WL
M) Z &b, LIA ENEE “0” (0V) o ERXMIEML T, FiE # LIA #iH (Lai-Leio)
#HE “1” 3V) , ATBUEMA R, WE 437 (b WEMATIR. 2 RE S
TR VORI “17 B, XX T RARBEMETTHUIESE 1”7 (.5Vv),
HMMHE TR, WE 437 () WHENFIR. EXMELT, REHREas
TR Le A “17 (3V) , XM THEMAEITTH LIA HiH#A “0” (0v) , mHE

118



%43 ETIZHEBRE T FYRRME T R BT

437 (b) WAMATR. F, HE

e 3R A 2 T 0 RS2 B AT R 3R A

(a)

i

! LA

0P O0A0SOA0mMO= 02020200
ocmouvouno oo u DO MoBICLIOO

BIAS VL1 OVLQVLB VL7VL6 Vis VL4VL3 VLZVL'I
Dl e f aad sl sl aad saal sad 3ol 2ad sad

(=]
o

! Time (s)

2!

§00.0p1.0m 1.5m 2.0m 2.5m

(b) &9

P'

1

=" 0.0 500.041.0m’ 15m 2.0m 2.5m|

AllVs !
are “0” '

4.37 (a) LIA BB (b) LIA H= B4 H

EEERNRE, PR ETERONHEIEE

Winner neuron’s V__ is “1’

Y

Al Lgs!

are “1 »

Winner neuron’s Lg is “1’

RAEEAE TS /TR ZI,

P
L

1y EL A e

R (B R LU RIHAZEAC, Ui BN g 445 5 W] A S A, o 4.38 P
BRI T REFF SR TR BB &

XSG 25 RR Y,

% LIA HEER] CLsLHl bR

MZ T MHHIRIE, TS WTA M EETIE

LTS
Jlag e

Ao

Lateral inhibition duration

Refrgictory perio#'

438 A HETTIN AT B (R HRT AR

43.5 EEHIOPMEMLESEI

% 2 ——Input :

=]

e 1}

£ i
o R 1

)

S 2F 1

§ 2 | — Lateral !

s

g 1F

© TS tums on —~

-0

S 2r ——Output ;

o i 1

210 |

) — :
600 601

602
Time (ms)

603

604

119



E TSN ARSI E LRGN AR

T B R A & oAU AnSR g, WATE—SEH T 24N 2 E
SNN, 7£58— E#AT IR B %3] B TR BT Migmis, 7658 2T E B
SRATHRAERAIRG . TR 30x 10 x 10 4, HEREE 4.39 B
R, 10 MEBEME TS —EFH 30 My AME TR NG 5 I HIEB) LIA &
B LRI B 5 S 177 SR AR 30 x 10 1ZPEES SSAMFES . Fr B 10 MG il s
JEAREE O R F DU B 2 51 10 75 UG 2 10 > 10 12 BH. 28 R A4 51

Lateral inhibition

i ]
. Lateral
| t
npu Fl::;ilﬂer Inhibition
—_— Array
(30110) (11 x 10)
Neuron (1 x 10) En Bias
| Feedback
Second Layer =¥
L Weight o £ e
(10 x 10) EE

& 4.39 /2 SNN 4 HHELE E

4.40 #E— D25 HL T SNIN O TEAM FBL e J 30 IR DA KM SR R 5 R .

120



54 % FETZIAAE T3 FEHUE A T R T

Lateral inhlbmon outputs

[ Voo Voo Voo Voo Voo L
(a 13 _ -— ey ——m b
R o I O P T PR P T e el o
+ oo
AR A R AL R VR S =5 = S
EI_'\:VLsI !_n_ !_ﬂ- ‘_n_ !_n_!n_ g_:vgg! ‘.n_ !.n. !n_ Eln_'.n. 4 -S_ﬁjj..é]é : :3
1 N .
SI_{,: { lﬂ. !_n_ !_n_ : ln_ ‘_n_ E: : !.n.. '.n. !_n_ : L\_ ..n. . -‘ "'J .1 ,| J {@ : 5.
= | u I e - ver . .en ao. e :r { (=1
§ el i £ e . i i A YO
£ |Vuo| ‘.ﬂ. LL lﬂ_ !_n_ R g :Vl},zo: !JL ln. ‘.n. : LL ‘.n. R e e e e i
:é Vaus ._n. !J'L LL !J !.n_ :V.,i:éj !.n. !.n_ [n_ i !.ﬂ_ B.n_ | -']| ‘-;]J -:Jl -5 -331 :__0_:
% x_!.n_ !_n_ lﬂ_‘_ﬂ_ - !ﬂ_ !_n_ ln_ ELL k|
= Vhet T ===/ '__,-—‘—_—__:;“
g éz_ —¥-- _S?] I"_T—_T_fc“?_ __ll-—-L—__—l— J
5 iy T P 1y 1
Lateral inbibiffo outputs b e st layer 2nd layer
Lateral inhibition layer v_% Hidden layer outputs and second
Lateral inhibition inputs from hidden neurons layer inputs
(o) Fully hardware SNNs TS memristors Synaptic array |
o - N . @ Latera
' B [nhibition
(11 x 10)
2n jayer
(10 x 10)
1st layer
(30 x 10)

B 4.40 (a) BZE SNN MZREEULE (b) BT & EE

SRR REAFERAERE: EISEAEETR. £EIEEY, BT RNNEE
B Q0 MEE) MEEAR, RIMNFHEMSEHET TERN%. B 441 EEED%E
T TR, TEEASH TR T A SR HEER, 840
BAATE 30 MEE A (6x5) o FELBFRAES, BEGRABIN 17, REHIR
58 1.6 V ISR (2 kHz, 250 ps B3R - ABEBREER “07 , BFE
XL RN PN . TENGZET, TR R RSN, BE—F
R SHEAL AT EME (27400 uS) o REZRETIN G R SR “17 BIHI AR
IRk, EEESE AT, SR B S AT T —RER, WE
442 () Fimn, BARNERERE 30 MER.

121



A iy e

1 28456725
1 2a45E 20

B 4.41 AT MR AT REG LRma IR, TR mm TR,

Initialize all synaptic Initialize all synaptic
(a) devices to ~ 400 (b) devices to ~ 40
Select the input Select the target shared
vector gates and input vector

__I Apply input signals with | Apply input signals with
2kHz

2kHz

Monitor the
neuron outputs
Any neuron
fires?

Read out the
conductance value

Increase input
pulses

Monitor the
neuron outputs

Target
peuron fires?.

Increase input
pulses

Read out the
conductance value

<>

Yes

No
No
D

Yes

Unsupervised learning in first layer

Supervised learning in second layer

Bl4.42 () PEHE - ZARRENGRER: (b) M%&%E RN EINERRR

NG IR, BALRHWE SN 7%, RBR s EmSm (4
40uS) o 3.0V MUEHEINTE H A2 T R MRS 27 L MR b, e 2 r stk
X ET R M . SRJE, BTG 0T BT RO OB S, BB S
FE, BHEESIR R REIFHEAT T RGN, W 442 (b) FiR, BN B bR
2 IR 30 MER.

TR, BATRIERTI RN GRIT AT SR . B2k, B —BEPUTIE B
A, DSBS A TS . 4.43 (2) il T 55— 12 B2 5 M5 511407 544k /5
HFEIE . EYIZRIIE], B RS CRS ARG SR AT 2 TR . 4.43 (b)
T HHT 17 AR, 7R 30 OB BTG ME T 17 RS
1o TT AT ZE B0 B SR 28 10 0 o S B TP S8 0 AT T ) SR A B33, 3 B e

122



54 B ETZHESE T AL TR BT A

BT “17 SER T FAYRE W T HEE B E NN X AT A TR RS
BRI FRERES, ERAE——&H. X 10 MAIAERXIGTE G, W
EERHE B RS B S AL, WA 4.43 (o) Fr. 5, FAIIZREHBUERMN
BATHIE, IR T, B 441 PHARERER SRR AR R AR
o B 443 (D HH T BAGEFBR SR RIS B0 2 T B AR .

ZRRY, BRNEROVETF 57 (BT <67 ) I, Wit “4” M
TG “5” BB EEANRE; BRSO “8” (BT 97 ) I, HtiAy
20 “77 MEHMET 3”7 RSB R EAN L. KRR XEHREAZ FFH
ERS, XSEBULTFHRENRMEREM, WA 444 Fm. RARBAER T
R B KGR R EME T, FHib, FEHREDHIKAEMZE s
Mo . SRR RR, M AT B EE) LIA FRRRES s A 2 B8 SR b 5]
FREATIE R , SEN AR E R AR R TSR .

uctance (S) b (:onductam1:.e1 (nS')
@ & 1.1m ( )5
= 59 . 888.0
0 sss.op €, 8 P
108 a t K " 676.0
— R [~ : .
'EI15 ‘ 676.0u El15 g
[74] /]
@ s n 464.0
§20 464.0p §_20 "
=
g | s, 252.0
25 25204 °2°H "
30 400 30 25 40.0
Columns (;T#) . Cycles ()
c Conductance (S) Frequency (Hz)
( )g onductance (3 (d) 1 384
25 = 2
'E 3 """" 307
15 T 5
2 B 56 154
220 8 a7 !
o __§ = 8
§.25 9 76.8
P
@ 30 I 0
NYOo©O TANOTOONDOO 0.00
Columns (#) 1st layer output neurons

E 443 (2) MGEHE—BERMESOMAE (b BT “17 BN % RIREHUR B

123



BTSRRI S THE I R G0N TR 5L

ZIURVREZET AR (o) WAJEER— R R SR (D AR R RE
FRRERE 2 T M A

Output voltage
: aw 1-400

—

Inputs (#)
= N W hHh O N OO

-AN® T OO ~®©o )
post-synaptic potential (#)

B 4.44 HEFRLITRE APOR RV AR TR 0 R R 4 28 T 1) 5 fih S T e o7

HAAERRE, BHTHAETTRIBEHE, 765 3] 1 FE b s ThhidE 4 7 S BR e 4 e
B, Xt F LRI B B 5 S 07 RIAT WTA I MNE EXREEWL, R THTH
B, WATAARBREHULR A TEAT 7T BB, B 445 () 41 TS
HIs R i 224, FTLLEBINERG RE — 5 s S 587, XU TA R A R
BN R TR . Bl 4.45 (b) 45 TSR EEINGS R R RAs s, TR
E BIRZ BRI GRI L AR R DU IR IR, 10O R EAN A 7 R A A5 2 36
RIEHRX —FI R MR EH . M EWETm T EE R EE R AE, B R
RANEZ I RAEAZM, WE 445 () Fin. STES RSB 74 Tk
PUERIE 2, AERAHERME T AR AR T EH Ty, sk as
BRI R E

124



%4 B BTIZHESIE T2 T RBIR

- uctance (S)
(a) € 1.1m
€5 £
= 10 E j ses.0n
c o
o155 Learning % 676.0u
(] o
& 20 > = | 464.00
fd : Q
;25 ) 252.0p
e c
- -
Columns (#) Columns (#)

1 10 100 0 20 40 60 80 100
Iteration cycles (#) Iteration cycles (#)

Bl 4.45 TRV METAEERREZINGESER: (@ R EREE RN

(b) FRMEMZITRBRZFAENGIEDIHERLTRE; (o THAEEAMETHKZEE

WG, BATUE BB R BT ZERIZ. B 446 (2) S 7 zERMEE
FI L SYIEE IR E (REBSRE) o YIZE, RATEBIME B2 ErIit =M
W EMEmEERE V) , HEMATRRERILZMLEL. 287 “1”7
AB, BEREFE -AMMETAEREES. Bk, ROTES ZZHA KR bm H
MmN GES, HefAumDEi. B 446 (b) G THFIER 30 RMNZGEAA
H st R B SR A L SR . FRATIE R R, HARRRE M BB EE — O R AN ES
e, XARF AR, FTLAER: SET SAhad . XA aes R AR LA
PR B, (R AT LB A5 A 5 98 A Ak ek R SRS 38 SR 72 DA % B\ S Ak O BE AL 1
RBMIXFEN . BT IR GRAR S, RIPEILTRAERN, FAYE
IR BT — SRR AR T RS G I, R ——3E. Y

125



TSR RIS B R G085

ZEME, FEMNERIE 446 (o) Fin. AILEER], EEMLITRIEZE
i R AR IR AR AR . BEm TR RARAIAL B IE LT N T B2 AR & s 1
ATt E. B 4.46 (1) #H—DHULTHE _EMETTERBZEMNS A R
ANFRIBCEANE, WHEBBEEINRANER . ZEREY, ETREBZEME TR
R, R AT DL — P SEEUA W 105 2 0 sE R RGN BRI, R R
BRI A EME N BRI & % E o 2 AL 88

Conductance (S) Conductance (S)
@) (b) o tim
£2 €2 :
E - 888.0p
4 54
;I En 676.04
2 6 26
2. - 464,04
© o -
3 £ ®
& & f 252.04

-
(=

w o Ww e W o 40
- - N ~N
Cycles (#)

Frequency (Hz)
£ = 120
©) s (d) &
E g
c
] 24
2 =3
7]
o 5 6
5 g7
o 3
@ = 8
[72]
g 0
&

rNOITOOMND OO
2
2nd layer output neurons

Columns (#)

B 446 () MEHE_ZRMAESIVIIEE: (b HF “17 (RN X R T B iRihg
JUIEREZET AL (o) YIAEHE ZBERMEBFEE: (O FEBNE TR OR R
HH A2 T R T A A

43.6 ZRiTiE

Ao TAERTE N Ag 2% SiO2 TS IZMHEE A H W47, TFH forming #1E
R R AR TARRRIBRE ALY EENE, EESHEMASRIhESEX
AE I BRENL AR 03 75 A8 547y n] DAZE B P 7 BE LA At IR 4 64 TS 1288
PRI ST, IR, BT MBI A T AR TISEIl, HHIFseE
ST R 2 LRI AR B AR G A I L B R P9, AR AT A R R Bk S R R
—AIRB, IRGEFTHRIE R TS 1ZBEE8 (B8 SR BAR 1 el A\ B 55 B BT A4
2 ps HZE ns B, WTTSCDLE RATHE . Hoh, Frig i AR &R B AR ur

126



54 B ETIESE TN AT R R

A TR A4 R ELA (0 NbO2 A1 VOD) HITZISEd, St MMM EM
SR ot 265 o L o B O h 722

T R AT WTA 2300, i T T HRRESI LIA S5,
FERC T fEh, BATIIET 10 AT 60 LIA B, AR Bk
(nx (n+1) , n& WTA #HE U H) , 1% LIA BEEETE n > WTA & T [A55R ]
F. BeAh, BT HTAEFIND CMOS SABHAEH 785 2 1 Pl 6 LT — 2 O TRE A
B T Bl R I £ s 4

4.4 KB

ke et 28 7T, B, R S I 7 S e e £ X 4 A ) S BT, AR T AR S ]
R A7, B 28 P4 7E B B8 13 7 S ML SE R 22 70 B B R T T A L P SR IR IR R SE 0 5
iE. FBH TR B 7RSI & u BB 7, AN A TR R D RE
Nt —BH T IZFE5-CMOS RAEWHT SR, LU T AR v S 4 T BB I i
ITT RERWERIE. AETEREREREZNT:
D) #1%& T EAENEE T %M TS 123 FHET R H — M@ E T IriE,
ZA T AE LIF M2 o R AR, RIS T AW 4 70 R DU AN B AR -
HERAI AT, BEWRSE, AR, MmN RERGIRRERN. ot B
F TS W&, BAVEAERL T B ZHI MK MLE, MRINTEI T XA BB RR
Wle ZEOW AR K FLE 2018 4F 2 A 43 # IEEE Electron Device Letters #1T] £, J
HE T — AP EEF.
2) A — R EHETLNERE I EEWAE LM IIGE, BT —FEE% F eIk
ML LIF #p2 0 Ih REFIAE 2 )2 PN 48 o 317, B 28 2 fidh AT BRAL 2 > A7 B 28 -CMOS TR &
WATT. Hah, EEEHB T — M m s TR B, SRIEHN
T LIA BB, SERIGTE T — TR R B ML ST 1 IR
AR, HE— B T A HBREME ST E RGN RAH#E. ZHIHANETCH
BT —AERER, EEEEERE.

127



(1]
[2]

[3]

(4]

(3]

[6]

[7]

[12]

[13]

[14]
[15]

[16]

[17]

[18]

{19]

128

SE K

Baars BJ and Gate NM, Cognition, Brain and Consciousness, 2nd ed. [M]. ELSEVIER, 2010.
Purves D, Augustine GJ, Fitzpatrick D, et al., Neuroscience, 3rd ed. [M]. Inc. Massachusetts,
USA: Sinauer Associates, 2012.

Maass W, Networks of spiking neurons: The third generation of neural network models [J].
Neura] Networks, vol. 10, pp. 1659-1671, Dec 1997.

Merolla PA, Arthur JV, Alvarez-Icaza R, et al., A million spiking-neuron integrated circuit with
a scalable communication network and interface [J]. Science, vol. 345, pp. 668-673, 2014.
Davies M, Srinivasa N, Lin T-H, et al., Loihi: A Neuromorphic Manycore Processor with On-
Chip Learning [J]. Ieee Micro, pp. 82-99, 2018,

Pei J, Deng L, Song S, et al., Towards artificial general intelligence with hybrid Tianjic chip
architecture [J]. Nature, vol. 572, pp. 106-111, Aug 2019.

Imam N and Cleland TA, Rapid online learning and robust recall in a neuromorphic olfactory
circuit [J]. Nature Machine Intelligence, vol. 2, pp. 181-191, 2020.

Wang Z, Li C, Song W, et al., Reinforcement learning with analogue memristor arrays [J]. Nature
Electronics, vol. 2, pp. 115-124, 2019.

Yao P, Wu H, Gao B, et al., Fully hardware-implemented memristor convolutional neural network
[J]. Nature, vol. 577, pp. 641-646, Jan 2020.

Prezioso M, Mahmoodi MR, Bayat FM, et al., Spike-timing-dependent plasticity leaming of
coincidence detection with passively integrated memristive circuits [J]. Nat Commun, vol. 9, p.
5311, Dec 14 2018.

Song KM, Jeong J-S, Pan B, et al., Skyrmion-based artificial synapses for neuromorphic
computing [J]. Nature Electronics, vol. 3, pp. 148-155, 2020.

Izhikevich EM, Which Model to Use for Cortical Spiking Neurons? [J]. IEEE Transactions on
Neural Networks, vol. 15, pp. 1063-1070, 2004.

Izhikevich EM, Simple model of spiking neurons [J]. IEEE TRANSACTIONS ON NEURAL
NETWORKS, vol. 14, pp. 1569-1572, 2003.

Douglas MMaR, A silicon neuron [J]. Nature, vol. 354, pp. 515-518, 1991.

Indiveri G, Linares-Barranco B, Hamilton TJ, et al., Neuromorphic silicon neuron circuits [J].
Front Neurosci, vol. 5, p. 73, 2011.

Beck ME, Shylendra A, Sangwan VK, et al, Spiking neurons from tunable Gaussian
heterojunction transistors [J]. Nat Commun, vol. 11, p. 1565, Mar 26 2020.

Mehonic A and Kenyon AJ, Emulating the Electrical Activity of the Neuron Using a Silicon
Oxide RRAM Cell [J]. Front Neurosci, vol. 10, p. 57, 2016.

Lashkare S, Chouhan S, Chavan T, et al., PCMO RRAM for Integrate-and-Fire Neuron in Spiking
Neural Networks [J]. Ieee Electr Device L, vol. 39, pp. 484-487, Apr 2018.

Wang Z, Joshi S, Savel’ev S, et al., Fully memristive neural networks for pattern classification

with unsupervised learning [J]. Nature Electronics, vol. 1, pp. 137-145, 2018.



5 4 5 B TZIBARE T3 1 AR A ST BT A

[20]

[21]

[22]

[23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Mulaosmanovic H, Chicca E, Bertele M, et al., Mimicking biological neurons with a nanoscale
ferroelectric transistor [J]. Nanoscale, vol. 10, pp. 21755-21763, Dec 2018.

Dutta S, Saha A, Panda P, et al., Biologically Plausible Ferroelectric Quasi-Leaky Integrate and
Fire Neuron[M]. New York: Ieee, 2019. v _

Chen C, Yang M, Liu S, et al., Bio-Inspired Neurons Based on Novel Leaky-FeFET with Ultra-
Low Hardware[M]. New York, 2019,

Sengupta A, Panda P, Wijesinghe P, et al., Magnetic Tunnel Junction Mimics Stochastic Cortical
Spiking Neurons [J]. Sci Rep, vol. 6, p. 30039, Jul 21 2016.

Akhilesh Jaiswal SR, Gopalakrishnan Srinivasan, and Kaushik Roy, Proposal for a Leaky-
Integrate-Fire Spiking Neuron Based on Magnetoelectric Switching of Ferromagnets [J]. Iece T
Electron Dev, vol. 64, 2017.

Romera M, Talatchian P, Tsunegi S, et al., Vowel recognition with four coupled spin-torque nano-
oscillators [J]. Nature, vol. 563, pp. 230-234, Nov 2018.

Wu MH, Hong MC, Chang C-C, et al., Extremely Compact Integrate-and-Fire STT-MRAM
Neuron: A Pathway toward All-Spin Artificial Deep Neural Network[M]. New York: Ieee, 2019.
Pickett MD, Medeiros-Ribeiro G, and Williams RS, A scalable neuristor built with Mott
memristors [J]. Nature Materials, vol. 12, pp. 114-117, Feb 2013.

Lin J, Annadi A, Sonde S, et al., Low-voltage artificial neuron using feedback engineered
insulator-to-metal-transition devices, in 2016 Ieee International Electron Devices Meeting
(IEDM), ed New York: Ieee, 2016.

Tuma T, Pantazi A, Le Gallo M, et al., Stochastic phase-change neurons [J]. Nat Nanotechnol,
May 16 2016.

Yi W, Tsang KK, Lam SK, et al., Biological plausibility and stochasticity in scalable VO active
memristor neurons [J]. Nat Commun, vol. 9, p. 4661, Nov 7 2018.

Wang Z, Rao M, Han JW, et al., Capacitive neural network with neuro-transistors [J]. Nat
Commun, vol. 9, p. 3208, Aug 10 2018.

Jerry M, Parihar A, Grisafe B, et al., Ultra-Low Power Probabilistic IMT Neurons for Stochastic
Sampling Machines[M]. New York: Ieee, 2017.

Stoliar P, Tranchant J, Corraze B, et al., A Leaky-Integrate-and-Fire Neuron Analog Realized
with a Mott Insulator [J]. Advanced Functional Materials, p. 1604740, 2017.

Yang Y, Gao P, Li L, et al., Electrochemical dynamics of nanoscale metallic inclusions in
dielectrics [J]. Nat Commun, vol. 5, p. 4232, Jun 23 2014. '

Wang W, Wang M, Ambrosi E, et al., Surface diffusion-limited lifetime of silver and copper
nanofilaments in resistive switching devices [J]. Nat Commun, vol. 10, p. 81, Jan 8 2019.
Xia Q and Yang JJ, Memristive crossbar arrays for brain-inspired computing [J]. Nature Materials,
vol. 18, pp. 309-323, 2019.

Wang Z, Joshi S, Savel'ev SE, et al., Memristors with diffusive dynamics as synaptic emulators
for neuromorphic computing [J]. Nat Mater, Sep 26 2016.

Valov I, Linn E, Tappertzhofen S, et al., Nanobatteries in redox-based resistive switches require
extension of memristor theory [J]. Nat Commun, vol. 4, p. 1771, 2013.

Liu Q, Sun J, Lv HB, et al, Real-Time Observation on Dynamic Growth/Dissolution of
Conductive Filaments in Oxide-Electrolyte-Based ReRAM [J]. Advanced Materials, vol. 24, pp.

129



S 3CHk

(40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

130

1844-1849, Apr 2012,

Shrestha PR, Nminibapiel DM, Campbell JP, et al., Analysis and Control of RRAM Overshoot
Current [J]. Ieee T Electron Dev, vol. 65, pp. 108-114, Jan 2018.

Abbott LF, Lapicque's introduction of the integrate-and-fire model neuron (1907) [J]. Brain
Research Bulletin, vol. 50, pp. 303-304, 1999.

Sun H, Liu Q, Li C, et al., Direct Observation of Conversion Between Threshold Switching and
Memory Switching Induced by Conductive Filament Morphology [J]. Advanced Functional
Materials, vol. 24, pp. 5679-5686, 2014.

Yuan F, Zhang Z, Liu C, et al, Real-Time Observation of the Electrode-Size-Dependent
Evolution Dynamics of the Conducting Filaments in a SiO, Layer [J]. ACS Nano, vol. 11, pp.
4097-4104, Apr 25 2017.

Zhao XL, Ma J, Xiao XH, et al,, Breaking the Current-Retention Dilemma in Cation-Based
Resistive Switching Devices Utilizing Graphene with Controlled Defects [J]. Advanced
Materials, vol. 30, p. 9, Apr 2018.

Midya R, Wang Z, Zhang J, et al., Anatomy of Ag/Hafnia-Based Selectors with 10'° Nonlinearity
[J]. Adv Mater, Jan 30 2017.

Sivaramakrishnan S, Sterbing-D'Angelo SJ, Filipovic B, et al., GABA(A) synapses shape
neuronal responses to sound intensity in the inferior colliculus [J]. J. Neurosci., vol. 24, pp. 5031-
5043, May 2004.

Diehl PU and Cook M, Unsupervised learning of digit recognition using spike-timing-dependent
plasticity [J]. Frontiers in computational neuroscience, vol. 9, p. 99, 2015.

Froemke RC and Dan Y, Spike-timing-dependent synaptic modification induced by natural spike
trains [J]. Nature, vol. 416, pp. 433-438, Mar 2002.

Shouval HZ, Wang SS, and Wittenberg GM, Spike timing dependent plasticity: a consequence
of more fundamental learning rules [J]. Frontiers in computational neuroscience, vol. 4, 2010.
Sen Song KDMaLFA, Competitive Hebbian learning through spike-timing-dependent synaptic
plasticity [J]. Nature Neuroscience, vol. 3, pp. 919-926, 2000.

Averbeck BB, Latham PE, and Pouget A, Neural correlations, population coding and computation
[J]. Nature reviews. Neuroscience, vol. 7, pp. 358-66, May 2006.

Maass W, Noise as a Resource for Computation and Learning in Networks of Spiking Neurons
[J]. Proceedings of the Ieee, vol. 102, pp. 860-880, May 2014.

Stromatias E, Neil D, Pfeiffer M, et al., Robustness of spiking Deep Belief Networks to noise
and reduced bit precision of neuro-inspired hardware platforms [J]. Front Neurosci, vol. 9, p. 222,
2015.

Pan F, Gao S, Chen C, et al., Recent progress in resistive random access memories: Materials,
switching mechanisms, and performance [J]. Materials Science and Engineering: R: Reports, vol.
&3, pp. 1-59, 2014.

Hasegawa T, Terabe K, Tsuruoka T, et al., Atomic switch: atom/ion movement controlled devices
for beyond von-neumann computers [J]. Adv Mater, vol. 24, pp. 252-67, Jan 10 2012.

TangJ, Yuan F, Shen X, et al., Bridging Biological and Artificial Neural Networks with Emerging
Neuromorphic Devices: Fundamentals, Progress, and Challenges [J]. Adv Mater, p. ¢1902761,
Sep 24 2019.



%4 2 BT E T3 U RO 2 T BT 7L

[57] Caporale N and Dan Y, Spike timing-dependent plasticity: a Hebbian learning rule [J]. Annual
review of neuroscience, vol. 31, pp. 25-46, 2008.

[58]  Pfeiffer M and Pfeil T, Deep Learning With Spiking Neurons: Opportunities and Challenges [J].
Front Neurosci, vol. 12, p. 774, 2018. v

[59] Alibart F, Zamanidoost E, and Strukov DB, Pattern classification by memristive crossbar circuits

using ex situ and in situ training [J]. Nat Commun, vol. 4, p. 2072, 2013.

131



ERPEN

132



5% BT SNN 1] ITIR ML THEEET R REGRIE

H$5E ATk SNN B 1TIR HETHEER T R RGWIE

7E5—Z IR B Bk 2 N %% (spiking neural network, SNN) 5& 4t [ A T4#
£ W %% (artificial neural network, ANN) #H LI F ARG ERNTHERE A EARAGE
FEU4), 3Ry SNN FEREAT SR Ab 3R A SR A T 7T DA AR B Bk b5 5 OBk i 42 e
MARAESE ANN FHESIEEE R, HHERN ISR TiHHEIES, R
HRBEE, MY, BRSNS A, R, BIEACAE, SNN AR AR
i IR ARBEIEE] ANN FREESCULRIRERE, IXRRBR® T k& W 45 A2 sk br TR R
REFT- 81, FR# SNN RBHHFR EZEZFHM ) —MRGBDHE RN GHEIL;
F—AMRBSET RGO EEE. 4aEAEEEEL A ANN MR,
FET, ZEAT SNN [II6IERT 75 Bk 57 4 B R A ORI B e oa Al RISHER 1 Jik o 28
0] SXANEA M it A 2 R P IR 2 T AR 7 SNIN 5088 A 35 72 O B

NT SN SNN AEEHRME S, B ABERERHZTSHH ANN i
9 SNN B —FE MR & W, fE—efEE L, XMETHHRITIEN SNN A7 LLHE
B B SNN KIRTHEROA ANN FIBRE 12, SEULX e i S5 = A Bk 42 7o
LA ANN 0 snE s 8. SR1M, FF CMOS BB SR 4 JTiE 7 tH B A AN
JUH AR AR, XK KRS T H YRR KSR . REETH MR
17.BE 2% (4N Redox {Z.FH 2204191, #HARIZFH23120-22), ZRe{ZPHER2), WhiZ[H4s (STT-
MRAMs) 2630171 Mott A4 EHB12445) B V23R ER A TRk # & T I SEEL, {B4T
X e SNN Fh 4 It B B 7 RIS e & 1 TR0 3F BB TR R G sk R Bt

T, EATES, RAMRLT —& 1TIR £/4H Mot #1450, BIHEET
BRI SNN IFER . %2R T R 0 Bk RSO MR T a0 N\ L R B BT R/ I
AT AR ZE M S2 LA TR 25 ch R4 7T (ReLU) BUERE. REFIHEZ
TG, BATE REIIIE T B 640 x 10 I RRAM ZEAFEFIA 10 A~ 1TIR HidifiZ
TEALRMIEE SNN (320x10) o B 5.1 4 H T W4 % it F 4t Uk R B . X
MNIST F 5 A3 48 0 BT AR b, W2 e B B 315 5] 95.7%, JFEHET ITIR
W LR B R R R R K E A RN, ST T 85.7%MIIAGIER R . &

133



BT AR ST E R RGN TR

J&, AT SEBUAT ZALS M E LTI RS ERA, FAT SR T2 LA X-bar FEREE .
RELLERRE], 1TIR #RE TR MR 3 SNN DL 0 (0 72 B BE AL 2 ) B B,
HIRKHIR HE /7 -

(@) l (b) Input analog signal
Ji Output spikes
: ETI o Summation
Q Post-Neuron

Pre-Neurons

L
LN y‘/ f
__?LZ ST3 - Sind 5Ll .

/

TIA{.I—_——_—F:“; _f;_ _R_!-_.. _2'_ ...‘R' 0 | X Xthl X
= > :5 :5 i% 5 A Rel.U F-RelLU
e —m

Output layer Activation functions

Network schematic

Bl51 (a) HEH% SNN JH AR 80 BB K, BB ABMHH; (b) ANN th
1 ReLU EA#F] SNN 14 F-ReLU ¥ K5

5.1 ETH4R75 A SNN

2013 £, Perez-Carrasco 5 N[BT HIFRIh S P44 4 o ) 3 T 25 0 1O 2 Sk 22
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Equivalent circuit
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P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

N1 | 0.132 | 0.089 0 0.006 | 0.133 0 0.283 0 0 0.283
N2 | 0.276 0 0 0 0.229 0 0 0.052 | 0.218 0
N3 | 0.268 0 0.481 | 0.218 | 0.129 | 0.225 | 0.346 0 0.385 | 0.346
N4 | 0.262 | 0.247 | 0.479 0 0.267 0 0 0.239 | 0.388 0

N5 0 0.176 0 0.439 0 0.369 | 0.015 | 0.386 0 0.015
N6 | 0.214 | 0.349 | 0.165 0 0.266 | 0.133 | 0.119 | 0.161 | 0.117 | 0.119
N7 | 0.046 | 0.047 | 0.005 | 0.34 0 0373 | 0.347 | 0.14 | 0.014 | 0.347
N8 0 0.237 | 0.208 | 0.243 | 0.165 | 0.171 0 0.358 | 0.131 0
N9 | 0.241 | 0.352 0 0.345 0.2 0.27 | 0.097 | 0.176 0.4 0.097
N10 0 0.318 0 0.436 | 0.094 | 0.155 0 0.381 | 0.044 0
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5.5 1TIR 42 TTHY X-bar SRR EEH

X-bar #5138 H T RIEER AT 4518, JET{Z 48 X-bar S5H 1) 5 i fE 37 75
PATE AL FEBERAIIFTIEEE S HABLT, PITRETR A Mg E
TERE A, ATHAENSARNZ I £iX R, AT ZHME T
FIFEERR, FATET 1TIR &I T AT X-bar 58, WA 5.23 fiR. 1% X-
bar £5iFH 1TIR #& ML, X-bar FHIEA ITIR HITHTE Y — M EMAHE T,
ZHE R (MUX) MRS T#E T . ERATHERIE, 9470 F 3T —

150



% 5% BT SNN /) 1TIR M40 BRI R RERIE

MMES. SR B T TR ISR

UN2.ID JOAUP pue XNIN

o ] - oo _z-.-_--__ [——
®
{ o
q
===
5
3.
=k
>
(]
o
®
=
L™ J
o o o o o s s it 200 ) -2—--.._. [Rup——
Tasks' 1 to n

ik
I

- - -

Output nodes Input nodes

& 5.23 1TIR & LK) X-bar £ 7 RIFEHE

KT BAEIXANE T, BATEAT TET 10x10 &6 X-bar . Bk, BEHLE
AR R F R 10 MES K TIA Fid, Wl 5.24 () FiR. SR —A
RS TIA B o AR 5K AR BRI B AT HUSLFE T4 4 70 X-bar BIME_E . Syl Zs
& 524 (b) Fim, HPHiHgERES TIA S0l X®ERRY, Frifmn
M2 G X-bar T LAIEATHATZ MES -

(@) Randomly generated (b) 1T1R neuron X-bar outputs

TIA patterns Tosi , Taskd , TeskD , TskS, Tosk0, Teskd, Taskd, Tosk7, Tosk? _Tasi

ELLL WI mumummuuunmum

T S W IR
o 7 A

-
o

F -

TIA outputs (V)
o

. lnmummmnu | R
-llll | WWWWWII

B 524 (a) BENLARM TIA KB, (b) ITIR i T R R

5.6 KEGE

HF R FTVE R SNN A CARIRFS2HL SNN [ A8 200 ANN B R, Bl HRiE

151



ETILHEBHM RS E R RGN AR

FKPE, & SNN HEF LSRN H IR ROT R —. A SNN ML, JATTE
T AT TAE:
1) Z£F NbO«-Mott {ZFAEEFEH T —F 1TIR ZMRIHTHZTTHRILE ANN
ReLU B#, ZMAITTHH T BB NEEA W& AR, ET =% ENER;
2) FEIRXITAR S, FATE RSEIGIIE T # T Mott B 1TIR #4 JuHMZFH AR 53 fil i 52
J& SNN (320x10) . M —E P REBINI N, LEMRET IR ENRE .
TG R R, BIMHE LI EIRERN 4.7%, AL IEEA KBNS R T4k
EHE R, AN (85.7%) SHEMEIT (86%) B,
3) EJa, NTHRBMEBAEHFTNEGRARGER, RET 1TIR #ATTH X-bar 45
e

XLEFEIRRI, AR HA 1TIR #EI0H A BIE AR E MBI SNN
W0 A R AT 0 AT 55

RERBTFTARTE 2019 F 12 A TIHE L2 ERHE T8+ (JEDM
2019) 7 kR IR R R

152



%532 ATH# SNN § ITIR WA THEBEIT R RARIE

[1]

[2]

(3]

[4]

(5]

(6]

[7]

(8]

[9]

(10]

[11]

[12]

[13]

(14]

[15]

[16]

[17]

SEH

Maass W, Networks of spiking neurons: The third generation of neural network models [J].
Neural Networks, vol. 10, pp. 1659-1671, Dec 1997.

Merolla PA, Arthur JV, Alvarez-Icaza R, et al., A million spiking-neuron integrated circuit with
a scalable communication network and interface [J]. Science, vol. 345, pp. 668-673, 2014.
Imam N and Cleland TA, Rapid online learning and robust recall in a neuromorphic olfactory
circuit [J]. Nature Machine Intelligence, vol. 2, pp. 181-191, 2020.

Cao Y, Chen Y, and Khosla D, Spiking Deep Convolutional Neural Networks for Energy-
Efficient Object Recognition [J]. International Journal of Computer Vision, vol. 113, pp. 54-66,
2014. .

Pfeiffer M and Pfeil T, Deep Learning With Spiking Neurons: Opportunities and Challenges [J].
Front Neurosci, vol. 12, p. 774, 2018.

Davies M, Srinivasa N, Lin T-H, et al., Loihi: A Neuromorphic Manycore Processor with On-
Chip Learning [J]. Ieee Micro, pp. 82-99, 2018.

Rueckauer B, Lungu IA, Hu Y, et al.,, Conversion of Continuous-Valued Deep Networks to
Efficient Event-Driven Networks for Image Classification [J]. Front Neurosci, vol. 11, p. 682,
2017.

Perez-Carrasco JA, Bo Z, Serrano C, et al., Mapping from Frame-Driven to Frame-Free Event-
Driven Vision Systems by Low-Rate Rate Coding and Coincidence Processing--Application to
Feedforward ConvNets [J]. IEEE Transactions on Pattern Analysis and Machine Intelligence, vol.
35, pp. 2706-2719, 2013.

Roy K, Jaiswal A, and Panda P, Towards spike-based machine intelligence with neuromorphic
computing [J]. Nature, vol. 575, pp. 607-617, Nov 2019.

Diehl PU and Cook M, Unsupervised learning of digit recognition using spike-timing-dependent
plasticity [J]. Frontiers in computational neuroscience, vol. 9, p. 99, 2015.

Pei ], Deng L, Song S, et al., Towards artificial general intelligence with hybrid Tianjic chip
architecture [J]. Nature, vol. 572, pp. 106-111, Aug 2019.

Sengupta A, Ye Y, Wang R, et al., Going Deeper in Spiking Neural Networks: VGG and Residual
Architectures [J]. Front Neurosci, vol. 13, p. 95, 2019.

Indiveri G, Linares-Barranco B, Hamilton TJ, et al., Neuromorphic silicon neuron circuits [J].
Front Neurosci, vol. 5, p. 73, 2011.

Jang J-W, Attarimashalkoubeh B, Prakash A, et al., Scalable Neuron Circuit Using Conductive-
Bridge RAM for Pattern Reconstructions [J]. Ieee T Electron Dev, vol. 63, pp. 2610-2613, 2016.
Mehonic A and Kenyon AJ, Emulating the Electrical Activity of the Neuron Using a Silicon
Oxide RRAM Cell [J]. Front Neurosci, vol. 10, p. 57, 2016.

Lashkare S, Chouhan S, Chavan T, et al., PCMO RRAM for Integrate-and-Fire Neuron in Spiking
Neural Networks [J]. Ieee Electr Device L, vol. 39, pp. 484-487, Apr 2018.

Wang Z, Joshi S, Savel’ev S, et al., Fully memristive neural networks for pattern classification

153



Z2 3CHk

(18]

[19]

(20]

[21]

[22]

(23]

(24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

154

with unsupervised learning [J]. Nature Electronics, vol. 1, pp. 137-145, 2018.

Wang Z, Rao M, Han JW, et al., Capacitive neural network with neuro-transistors [J]. Nat
Commun, vol. 9, p. 3208, Aug 10 2018.

Zhang Y, He W, Wu Y, et al., Highly Compact Artificial Memristive Neuron with Low Energy
Consumption [J]. Small, p. e1802188, Nov 14 2018.

Tuma T, Pantazi A, Le Gallo M, et al., Stochastic phase-change neurons [J]. Nat Nanotechnol,
May 16 2016.

Pantazi A, Wozniak S, Tuma T, et al., All-memristive neuromorphic computing with level-tuned
neurons [J]. Nanotechnology, vol. 27, p. 355203, Sep 2 2016.

Wright CD, Hosseini P, and Diosdado JAV, Beyond von-Neumann Computing with Nanoscale
Phase-Change Memory Devices [J]. Advanced Functional Materials, vol. 23, pp. 2248-2254,
2013.

Chen C, Yang M, Liu S, et al., Bio-Inspired Neurons Based on Novel Leaky-FeFET with Ultra-
Low Hardware[M]. New York, 2019.

Dutta S, Saha A, Panda P, et al., Biologically Plausible Ferroelectric Quasi-Leaky Integrate and
Fire Neuron[M]. New York: Ieee, 2019.

Mulaosmanovic H, Chicca E, Bertele M, et al., Mimicking biological neurons with a nanoscale
ferroelectric transistor [J]. Nanoscale, vol. 10, pp. 21755-21763, Dec 2018.

Akhilesh Jaiswal SR, Gopalakrishnan Srinivasan, and Kaushik Roy, Proposal for a Leaky-
Integrate-Fire Spiking Neuron Based on Magnetoelectric Switching of Ferromagnets [J]. Ieee T
Electron Dev, vol. 64, 2017.

Li S, Kang W, Huang Y, et al., Magnetic skyrmion-based artificial neuron device [J].
Nanotechnology, Jun 22 2017.

Wu MH, Hong MC, Chang C-C, et al., Extremely Compact Integrate-and-Fire STT-MRAM
Neuron: A Pathway toward All-Spin Artificial Deep Neural Network[M]. New York: Ieee, 2019.
Romera M, Talatchian P, Tsunegi S, et al., Vowel recognition with four coupled spin-torque nano-
oscillators [J]. Nature, vol. 563, pp. 230-234, Nov 2018.

Sengupta A, Panda P, Wijesinghe P, et al., Magnetic Tunnel Junction Mimics Stochastic Cortical
Spiking Neurons [J]. Sci Rep, vol. 6, p. 30039, Jul 21 2016.

Pickett MD, Medeiros-Ribeiro G, and Williams RS, A scalable neuristor built with Mott
memristors [J]. Nature Materials, vol. 12, pp. 114-117, 2013.

Yi W, Tsang KK, Lam SK, et al., Biological plausibility and stochasticity in scalable VO, active
memristor neurons [J]. Nat Commun, vol. 9, p. 4661, Nov 7 2018.

Stoliar P, Tranchant J, Corraze B, et al., A Leaky-Integrate-and-Fire Neuron Analog Realized
with a Mott Insulator [J]. Advanced Functional Materials, p. 1604740, 2017.

Gao L, Chen P-Y, and Yu S, NbOx based oscillation neuron for neuromorphic computing [J].
Appl Phys Lett, vol. 111, p. 103503, 2017.

LiY and Yuan Y, Convergence Analysis of Two-layer Neural Networks with ReLU Activation,
presented at the 31st Conference on Neural Information Processing Systems (NIPS 2017), Long
Beach, CA, USA., 2017.

Zambrano D and Bohte SM, Fast and Efficient Asynchronous Neural Computation with Adapting
Spiking Neural Networks [J]. arXiv preprint arXiv:1609.02053, 2016.



%53 FFH¥ SNN B 1TIR M& C BRI X RERIE

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Lin J, Annadi A, Sonde S, et al.,, Low-voltage artificial neuron using feedback engineered
insulator-to-metal-transition devices, in 2016 Ieee International Electron Devices Meeting
(IEDM), ed New York: Ieee, 2016.

Jerry M, Parihar A, Grisafe B, et al., Ultra-Low Power Probabilistic IMT Neurons for Stochastic
Sampling Machines[M]. New York: Ieee, 2017.

Midya R, Wang Z, Asapu S, et al., Artificial Neural Network (ANN) to Spiking Neural Network
(SNN) Converters Based on Diffusive Memristors [J]. Advanced Electronic Materials, p.
1900060, 2019.

Chen P-Y, Seo J-S, Cao Y, et al., Compact oscillation neuron exploiting metal-insulator-transition
for neuromorphic computing [J]. pp. 1-6, 2016.

Jiang H, Han L, Lin P, et al., Sub-10 nm Ta Channel Responsible for Superior Performance of a
HfO2 Memristor [J]. Sci Rep, vol. 6, p. 28525, 2016.

Wang Z, Li C, Song W, et al., Reinforcement learning with analogue memristor arrays [J]. Nature
Electronics, vol. 2, pp. 115-124, 2019. '

Wang Z, Li C, Lin P, et al., In situ training of feed-forward and recurrent convolutional memristor
networks [J]. Nature Machine Intelligence, vol. 1, pp. 434-442, 2019.

LiC,HuM, LiY, et al., Analogue signal and image processing with large memristor crossbars
[J]. Nature Electronics, 2017.

Li C, Belkin D, Li Y, et al., Efficient and self-adaptive in-situ learning in multilayer memristor
neural networks [J]. Nat Commun, vol. 9, p. 2385, Jun 19 2018.

Wang IT, Chang CC, Chiu LW, et al., 3D Ta/TaO x /TiO2/Ti synaptic array and linearity tuning
of weight update for hardware neural network applications [J]. Nanotechnology, vol. 27, p.
365204, Sep 9 2016.

Woo J and Yu SM, Resistive Memory-Based Analog Synapses The pursuit for linear and
symmetric weight update [J]. IEEE Nanotechnol. Mag., vol. 12, pp. 36-44, Sep 2018.

Jeffrey J. Nelson LKN and Jessop A, High performance crossbar switch, United States Patent,
2000.

Shulaker MM, Hills G, Park RS, et al., Three-dimensional integration of nanotechnologies for
computing and data storage on a single chip [J]. Nature, vol. 547, pp. 74-78, Jul 05 2017.

155



156



36 E ATEAMERHMERZ ARSI

HeE ATHEANSERHMRT ARG

FERTEE T, A1 BT T FFZ B3 SE I TR AN T, T
BRIk % . b, WERZETHE Mg EZZR TN OEBRENES
IR BRI SE BRAE S5 o8 . SRTAT, AR NI RENE SEF ARAUES, Wk
HEIEHE— B RIE R, 1 o T B 15 B B B MRS S RO K A 22 I
£ T LLARER B Bk 5 55 AR5 PR iR B R 1S BBk B S R B & R g AT —
ST, AR RS, EANETREIFEN—A TR, BRERICkERZ
RIS SHBCAMERAES, EBEPRME REMAMETE— SR EEY, %
EYHMARRENBE, ALIEBRFET —ARERLE RS, FEMEMELUT
A IR A NP R R B T SR S DAL R B IO RLHIL(E 5 2R 4 I 4% 7T DL AR B M kb
TS . TAEGEHICMOS FLER A4 22 ) 48 A\ A 22038 5 A2 T 221 IR AR 28 1 A
B SE LA SME 5 BBk R (S S AR . i, BTHARKAAEE R4 T 2015
EFN20194E 43 BI7E Science b & & TAER FPUARIR B R SLBL A TAE N, o A
54 M NP IIBN R B AL TR AR LR O HEEE20194F /) TAE PRI BRI 45 & 15
JIRAZ SRR A A MR T SR MR NI SRR R B s a . AR, BT
G CMOSEHIHI B Z WERISIASRFE S BUR AME IR E 2R, AR TRgEmK
AR L, HCMOSES 4Bl ik B AR, H LB 7 an TR FHZ B 28 A R 3h &S
B R A N2 LB — T BRI AR U JT 3 . NbOKTZBH 282 — T i 42 Al B 1 XU
sk u B s e (Negative Differential Resistance, NDR) 17 4 F1E & &
YEREh F1E 0, e A SR AE MR 2 SO R BEAT AT B, [

HF I, EXTTAES, AT T-#14 AINDOLIZ L2 R3E 7 —Fh S i A Tk
M2 (Artificial Spiking Afferent Nerve, ASAN) Hil&. N7 HiEIZASANHEE, &

eI T — /i FEINDOL ISR FL P B B S HENDOIR 7 88, BT LU AR (5 5 %
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FETLIE RIS I R G0 AR 5L

e RO R I Bk I R i AR . TEIZASANFLER AT, i N RIS 4% IR B8 7 A ) L R AT
xRy RGINF G A TP SERARIC, Bz koS SO T 38 7= A 1 B R 5
o ASANEEBRTERE 2 BRI Bon 7 N\ s AN AR ML 2 &R, JFH
TEEEA F R B U T R RBCRINE, XA ML T A9 A& Tigel's 17,
N T S BAEZASANRI R E, K =F A F ARk P (O7i . = MIEFIE
52350 S RIFNASANHIIARIFE 5, B3 7 —ZEma R, R b, BRI

AR T T R R O E AR L RS, HIET T SRIIE.

6.1 EHIFAN TEORAERT RSt

FZTAEMBIT M Z Rk TEYME RS, B 6.1 JBR T HATRIH o B2 &
25 14 SR 2 P LA R Lo R AR MRS 32 R e AR T, A N 2 HEW R T i
R ARG 5 IR 5 B9 3 e BT RL BN 1R B AL R G AR , TR T 44 12 B K 7 2
AR 2 RGEREAT HE B RO BE (6.1 (a) ) o SRS PRI RS04 A HE 5 19435
TR AR AR NI R, AR AN P IR S A i R 08T, AT A N T AL
WMEZ RS (H 6.1 (b)) H— PP RBEM—NEBENIRG BN, HhEikm
IRGAAE NN TAEANMEL  (artificial spiking afferent nerve, ASAN) . i% ASAN == %
BEPANTIRITTH: — SR —A NbOx {202 . ARG T, G AR
FERIT AR AT BB, 42 NARE B 1F B AL A TEUI2E £ Bl 2 T S8 B O 388 i 184 m
SRT, HANEGR B M, M T Ay 1E S B E R I R 4T A, e
ZICIETERR, TR BARD T, R, AW A FR 2 AT R S s
2P G INE R RIR R TERAIN THREZ RS, R8s A d s
s EEAMAN, ZHEE SRR S5 &R R FRIEBERE £ IEA%, NbOx 3
ASAN T LKA RS 7 A2 B LR A 5 1O DR/INEE 30 R 2 1) ik vl R USSR el e
HIBK T A5 SR B M i i 2 X 4 HEA T RE— D b B B IR, FEIEF
BRI, ASAN Rkt R IR S5 HIRE R R . — BAERE AR L
SR, ASAN BUTN AR IR AL, BEEUSIERBKMES, MAYE N LT
7 A—50. ASAN P B JE 1A 3 B2 p AR 3 B[R] A Sth TR e ) vk 5, 6 TE 3 N S g
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TR I SR YRS R T ASAN (A5 I 18] & 25 4, BEE N SR
FISEANAR Sy Bl (RO , AT R BOZR BT B 0 o TR B A SR T NbOx 12
BELESFT T J& ISt R 284K, B2 bl A B R 2 S IR (M R, AT S EUIRAE
HEGRE TZRH T H. FEXF, RIUTETRT SBORBN REmER, 24
FA: B—, BNSREE RN BUE BB R RS AZ FRAR A0 BB N, KRR E KR
AT A, S5, A ERRAE N S RE R BOL R LA R P A E R R A, XL
1B EAE L SE IR A B S BB HORT R B0, ASAN 7E 7 F B[] A0 5t 74 1] 4 S5 A 2
ERARIRR, — EibIRe MRS, b KBRS T . R4, d5
S FE BT B R R L SRS, ASAN {3 1B R T8O o

Afferent nerve output

>
2]
c
]
=)
o
o
(15

Stimuli intensity

J\J\f}\rgction potential

Biological skin with receptors

b
N Vout /W
o MN
Q1 Afferent spikes
% Vuia NbO, Afferent nerve output
w 3 L
1 ]
= ASAN g
. ] . . ’ u
Artificial spiking Spiking Neural
Processing Unit

Somatosensory system

~ Input voltage

6.1 (a) EYWNMRZRASGEHE; (b) ATRKHVMEZ RS (artificial spiking
somasensory system), FH{5EE% (sensor) FIATAEAME B (artificial spiking afferent

nerve, ASAN) 45

6.2 NbOx B3 {H4FMEFnt=EHY
6.2.1 NbOx 255 BIHI & & &AL
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}KI%*%%%#%%%I%%&E%£%¢Nuxﬁﬁmﬂ%ﬁﬁ—ﬁ,E%
AEBE, Bhh, TP K/ 60 nm x 20 pm.

NBE—PRAEGITRIMRMA R, TEX B, BT 23FH1TE 5 48 (transmission
electron micrograph, TEM) . B 6.2 (a) A T 8= 4 PR M TEM B,
AT LAV 22 3075 21 poly-Si/NbOK/TIN B = IHEZE M o B0 T A o 72 2 8 B T4 o
RIA, T NbOx ZR—AEMEITIRN, BT AR S JIAH NbOx BIA 2UE K L4 25 nm,
NFER ERIERERE (50 nm). A, BEMERIIEREBEHN 25 nm. & 6.2
(b) B 6.2 () BRUFHMFHNE TR M TRILSH, TLERNERHEITRE
SR IE DL

(a)

Poly-Si/NbO,/TiN

Bl6.2 (a) NbOZ34 TEM Bl &; (b-D) 4N EANTTER SR

B FIEARA NoO« AR RS, BFIIVIMA R SR IUAE A . e
HIIER B ERAR R, FESBEML, BPIT forming BE. XHE, A1
Agilent BISOOA XF &8 0V 2] 5V #ATERAM, H#ERES, S48 TIN kg
JNFLIE poly-Si R HAR¥E . ¥${ETE 4.5V £ K4 forming B21E, SEEEMEM 56 GQ
(@1 V) MRS R 35 MQ (@1 V) AEXHMEAIEBHLRAS, WE 6.3 (a) Fiz.
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X2 FAFE forming i3 /5, NbOx 1EEE W4 AE AL NbO, i fRiEE (B 6.3 (b)) 101
91, B R A T T S ER AR P RIS, 2 TIN A LA
TEEG S B R A BME AT LR (V) B, NbO, BB #74 FME B BERAS (low resistance
state, LRS). #RJ5, MMM BEERTFRIFEEE (Vi) B, BERESERKEES
BHIRZ (high resistance state, HRS). 7EXAEREY, MEHL 2 pA HBEHTR, &
KT SR % 1 NbOo/TiN £ FIas 2020, XIAR T 2 iR BER RS HE. E
R T, AT LS B B 5 A0 i PR A0 (R R v R 8 %o (8 LT AR TR B X ) 53 2R P e A
1T, X5 PR i — 50222,

@) (b) After forming i
" ' LRS |
10 'VH :VH |
| i > 500x
210°F YN 3sMo AN
E Negative Positive
e 10-8 " l
= v /| Formi
3 56 | orming
10" W
@l{:C =100 pA
I
-12 [P P T NEET'1 P DONPEE TR |
10 32101 2 3 4 5

Voltage (V)

6.3 (a) NbOx 2814 forming B G B ERARME; (b) 24 forming FI /5 B R HE &

N FBOXF BT ARRE, BAIIT NbOx #4#H1T B iR BRI,
MEZZF| NDR-1 #1 NDR-2 Mo B BE X 5, (negative differential resistance, NDR)
091, i 6.4 Fic. BESLEEN Kumar AT KI NDR-1 2 HHAIRFIEL M
Poole-Frenkel (PF) ¥iiz#lil AR S8, NDR-2 & iR ZEH Mott 4 J&-
YRR (temperature controlled Mott Metal-insulator-transition, TC Mott MIT) 5|2
U011, X FIFE NDR T8 LA E A EE RS ERFERIT . BERNT R E
% HA4% NDR-1 F1 NDR-2 i~ X 1. Hith, EXTTAES, BRAITANEE IR
NDR HL#il 2 55 NbOx 281 B R T 1 5 RUEBMERZIT ANIEEH.
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80+ — Current noR:2 /.
— TC Mott MIT ' £y !
é 60 ] i
§ 40} Joule-heating driven
5 |
&

201 Non-linear :' 7

PF transport ! ! NDR-1
0 2 T M
0 1 2 3

Voltage (V)

K] 6.4 NbO, #14 forming J& 1 FR I 4%

0.00 002 004 006 008
Position (um)

B 6.5 (a-c) @ NbO, IBIEMBKE SRS T: (d) BWIELAH MR EL0E

(EDS)

RNE—UEH forming 3T fFHEEL T NbO, i@iE, FATN TEM &R K38 X 224X
BT TSR, MBI EHAZZ 8nm [ NbO, GERIETEIX I (B 6.5 (a)). BATIAA
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BT IX 50/ NbO, JHIE AR, 6T TiN THH AR5 (£ 20um), £ TEM F

A PIENT AR B AT RS 4Bt IR SR 2 S A NbO, 3B . & 6.5 (b) AE 6.5 (a) H NbO; &
PRI IITBOK B o T BT D A 4 SURI AR BL A PRos (8 32 AR e (FFT) BIH& (B 6.5 (e))
7% B AR TR A2 w50 5 45 A (1) Nb Oy AR i THT 2 18] U B A BE AR 77°, X 5 HARAR 7
A SCHRIE— B0 ), B 6.5 (o) A TIRERATHAEEABIL (energy disperse
spectroscopy, EDS), MIEHEIWIE (M poly-Si F TiND HITCER A EATA LLF 2 Nb:O
FEFELR 2, XL R RIFTE forming ITFEHE K T NbO, ftfKiEIE . 7E forming #:
VG, ST BT R ETE NbO, S AsmiE S .

6.2.2 NbOx 254 SPICE &%

FEARRFAF, BAER T BEE LR E Pickett 25 4R H A UURIZFE 2RI, 7
XAMERI R, % forming /5 I NbO2 JBIER 0/ MERE: (1) @B AR SR R A4k
(2) &RASMALESZ RINFEDREARENZEEK, (3) BEIMIKFRREE
NER; 4 EERIRNEE - HNRRTT . 255 FE B AL B0 iR H A
(A D:

Rch(u)=pm5f[1+(pm DT ) 6.1

ch met
HA R, HVHTERPE, p, M p, AN RAMAEGHABER, r, NEEFRE, LA
WEKE, u=r, /r, FREABFRREESBEEDE . u BN  KEIESERESRAR R

WA 6.2 ffim:

A _ (‘E_‘H)—l (R, ()i =Ty (WAT) v (62)
U

dt
AKX 2 W, AHFIT, B RARFRBMLLG TR SRR, AT AEBRSERRER

o RGBMIRRBET ALK 6.3 MAK 6.4 RER:

2 u -1
A‘H:ﬂ'-[’rch [CpATm"‘Ahh_uz] .............................. (6.3)

I, (w) =27Ly(In l)_1 ............................................. (6.4)
u

Rk, &R ARK 6.5 Frn:
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H LB NMETA TR ARG HH A

B _ gy e ar =W 22 nu oy,
du 2u(nu)

RYE LB DAL, FARS T LTspice HRIFFHT T HE. B 6.6 44 H T BIED
AT RS T ORI SR 5e T S8 45 RO UL IS, Rom I 5 ek
REAE AT AN, AR B S T N2 FL B () 07 L 3o 4iE

Voltage
o Experimental data
Simulation

- N

Voltage (V)
(=]

0.0 200.0p 400.0p 600.0p 800.0p
Time (s)

B 6.6 NbOx #3 (H1E = A T 1041 A28 4R

6.3 ALfRAMEMTIERIE

6.3.1 FCOMEEBEET|AENIBZE

5 R B LV AR A AT AT NbOx-Mott 17 BE 22 105 &5, AT T —Fh =1y
NIRRT L (B 6.7 (a))o WATT TR, %45 N2 — /s & BB (Re)
— A AFEAEEFEREN NbO B . FERNRE, BT RE0gRE R,
AL A A NT 1 pF, SR BB 3+ pF f4MEE 4 ML, ATEZ A g
ATELZ AT, EFRRRERR ST AERE, KLK20pF. Rel—ANT S IEREHA
Tl TR NoOL BB (1 b iR E:, NbOL IZBHS M0 T s M, 3 B f
FREY Re 9 75 kQ, 3ZE/NT NbOx 17 B 28 1) 55 P H M Rems HLIE A T HLARBAZS HPH Ry s
(Rurs>>Re>>Rirs)e AEHIAT G LM EER, KA RirsCparasitic >> ReCpaasiver 2
FEHAE BT R ER (CL) 7R, — B ar 88 A R #EIT NbOx 17, BHL32 i 1)
S Vi, B TEHHAIREN I NDR AL (VY/Rurs¥AL, 7R85 FH LRS, H
T Rirs Z/MF Re S B RirsCparasitic << ReCparasiticr A ZHET A (DL)
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(b) , . s
_ —Voltage
2.0 @Re=T0K — Current —
163
b=
g
145
(3]
0.0% Integration Relaxation 112
1401 150 160
Time (s)
(d) 900k 2 g
150p ‘/
N
112%2 700k} *
° 3 /
9.0p 3 o600k} g
1994 O o
Y- 500k | /
16.0u &
- : 400Kt
400.0p 600.0p 800.0u 1.0m 21 22 23 24 25
Time (s) Voltage (V)

Bl 67 (a) EAMZBRKEEE: (b EEMATRRGH L AR, (o NFEBETkK
G B (O HHRE- A BRI R

B2, BT IR, RCRIERE S R S HAL, AR LM RS B B, AR
LSRRG, MRS B RERE Ve LURE, S B AERER RS R UER
F NbO2 & BIRAS, 23R EIE| HRS, HAERBXRIHEARE. AELWAT, HT
EASKEM, 1ZM27E HRS A1 LRS Z [BIRWiE:#e, MEIHRGITH, F—IRIkG
it B — A N SR AR R TR, W 6.7 () Fin. ZIR% i il & 2 pimid
FELER O SR X B, A T (B TR, AT Vi B Vu 578 R TR AR 7B E],
¥ Vrn Bl Vi BRI ] 2 SRR 8] 8 T s THEL N SR E RN AR 2 (B R R
BATEB AN A BN T ARKBRE (0E 6.7 (¢)). HMABE#ET 2V H, £A
WAFIETE, HERGHRMERA BRI RS, B 6.7 (O &l TIRGHE
SHANEEREEEEXR, SMUESRANE 6.7 (o PE—BETIHEHKME
MY, AT LA HA R 4905 B E e At n i B R

9T HE— AT B % A 2 B B ZE R Ak FL PR R R (R AR A, EATRATR
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ETZHESFRIM AT ST E ARG AR

A 1V/ ms REEF=MBEMKH 1.9V E 25 V) ENRARMES, WE 68 (a)
Firme =AM ER T HRL B SZRARAY,  Hk 35 A0 2R B 3 N\ R38R R 0 T T g ok
[t SR 388 FE S Y BRAER TR sk )N, SR I H AT N B R AR R e 3, T30 W A A HP 20 el
WA AR = MRk R IEH TAE. B 6.8 (b) ZME 6.8 (a) PRS- EXLR
ek, BFEEEImAMEETERNMTRE, B35 EIRN BERELSEx R,

a)d (b)
( )% 2 2?2t 600k |
> 2} —Input Voltage N 500k +
20" I 2 ' ' " E
€ >.400k |
2 g15ut 1)
3 va A g 300k
. —Cument ™ =200k
> 600} g
= —,':E; L 100k
& X300 -+-Frequency ol
“ 0 400y 800 m 19 20 21 22 2.3 24 25
Time (s) Voltage (V)

Bl 6.8 (a) fe NMZTE= MBI T KIRG M ZAREN; (o) MR- mA s
FEHELRPE R AR

@ 75k vout

Voltage (V)
-

Current (A}

— Ihput voltage
— Output voltage

= _ — Current
.0 200.0p  400.0p 600.%p
Time (s)

(c) 700 " @
- -oFrequency e Jl {204
F 600+ * —_ -
z " s g
o 7] =
gs00r 0/ g g
@ =41 10p &
: / K 3
@ 4001 * ~_input voltage
w / — Output voltage

300 ¢ L —CQurrent jo
20 21 22 23 24 25 %.0 400.0p  800.0p 1.2m
( ) Voltage (V) Time (s)
€) 700
-~ (f) 7o0[ y
~600¢ &% w600}
I & bR =
5000 S Y X 500} .
z * B 400] .
2400} c
] / N S 300} 2
g3°° r —oFrequency gzoo [
% 200} * 100} ©
1°% N N * ol i i N N L N
.0 400.04  800.0p 1.2m 19 20 24 22 23 24 25
Time (s) Voltage (V)

B 6.9 (a) EAMEKHTEBRY,; (b-f) (fHLER
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BTk, BATFA 6.3.2 FAHTIAR) SPICE BT T 1 H, Wik \ME4 Bk
TAER &R, fiRBE 69 (a) fin. O HT, FH T 23 pF FRAREN
L o 0 B PR 43 DI T 35 TR i o B 004 P P20 38 it s
th, B69 (b) - () Gl THRER. GRRUIRG RIS RN BE TR
BRATE 6.8 HEISKIBBERIH N BSE R, W T E 6.8 FRBBRFENEE
o RARS BRI RN R BE T RRG S A RENRE @ 0, X2 B8R
R BERE Vi AR AR Ve RE K

soul} i 80p
1
— H —
< 60p i < 60p
€ 11| [ -
g {1 i | 111 : HHE [ |
S 0 [N 5
o i Ve ARG G 1 i ©
20ut ; ‘ uu ]J E 20pt
, il Al i
0 10p 20y 30u 40p 50p 40 45u 50p
Time (s) Time (s)
80ut
< < 60p
g z After 104
g | z g er S
= | i i ! 1 + 40p
8 i ‘ ‘ I ‘ 11 : ol 8
| P 20
0 - - - I 9 -
10°+ 0 10p 204 30p 40p 50u 107+ 40y 45p 50p
Time (s) Time (s)
80p ¢ v
< Py
< < 60
= * < ooy
%, (il £ After 10° s
= 40p Wil g 40
3 { | 3 :
200 (e 20
0 . . —— !
10+ 0 10§ 20y 30p 40p 504 405, Q0o yem 50p
Time (s) Time (s)
80p 80u
< sop < eopf
5 ol 5 After 108 s
£ 40u§ £ 40pH
3 3
20y \ 20p
0 P 0 .
10% 0 104 20y 30y 40y 50p  10°+40u 45y [T}
Time (s) Time (s)

B 6.10 & NI AR
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TEEBRMAE, LM AN SR R R, A K — R IRT %
RL NbOy 23F B —ANEEAS ] ONITHFEINRE Do B fOEEAR A MA VB T #5 AJR 1
Fedr. B, FRATEEM AL HES b IR ) 1 F PR AR it NbOx 28 #E 1T A4
Mo B 6.10 4t T R FIR 190 B P At e 4 1, 2RIt A o, AT B B2 7 3 NbO,
ROFIRG R . IR T 1 ps, BT 100 s 25, BAMEIAT
DURRER S, 724 T KF 102 (0T AME . SRTT, Bl M D e ) 8, 7T L
BB AR I P W A o IR py TR e D ot S8 B IR 178 NbO,
STETE S TV B 82 R R M TS B R 1 B AR A5 /N, 5 /N 3B T LR E 5388 9 A £
PHAH SERAOBRA, MR T WA AR/ e S34h, FRAOTATLANIEEE], Bl RIS o]
HEh, BEOFROURALIGAN, 00 ERPHAARE, X2 NbO, B AME R M A A b
BB SR, R T VA FERURIR P HAL AR Ak, FRATIE BT DL B A2 i A SR
SRETREIN o IR R A B R RSN S B R M PR PR R R LG R ARV, B
SCBAERVEEI S DA, W 6,11 FrR. RGO RAS NG R T M AR 70
(AT T AR S, AT SR o A e, R . Esbr TR, ROVEE
% R R PF A CRE AL P M HLER , B AL SRR R A TSR R S AR
EEMREER, BE, FEEKNELT, BT EMERRMZTNREEEHES, i
ARV E T T R UK BEARR, AR EE TN SRR (R — 5, 3t
SAREAME, 5 IAAT LASEIL AR A R .
107}

Current (A)
5 =

—
<
~

3 2 1 0 1 2 3
Voltage (V)

B 6.11  (a) NbO & H-7EA [FI i A 1A J5 B 28 il 48 A8 4k
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%6 E ANTHEANMERNETZ RGLH

FREBBNNRED RGN — T EEM S BILH TAFHRE, A TRAESRE K
RIS T RS E A A~p] ZEZER BB, AT RIEZEAMEEH THESE
MK s TSI, RIEE 6.8 (o) FISEINHIE, BATE—PHE T EmEes (I
& 6.12 FT7n ). BRATIE i\ i A B IR A RANTH R 2], SREERMERTIER
%ot B 18] B RR G o AR U 10 B B VR R R A e B RE B VR AR R LA — B[] Y Y R 54K
BORME M. W 6.12 (D Bl T ARIRGME T HERIRGEFHREENAE. RIK
REEVHFEIKE 38 pl/&fh. IR, MEABRMEREEMR. V-V #EH DB/
NbOx #4185 42 A /NI R BE D 22, o] At — B PR BEEIH #E

(a) % 25F ——Input voltage (b) e 25} ——Input voltage
g20oF g 20
S5} 915}
Z1ip 212y
- ——Current = —Curren
510 g1
B B
3 2:: L 3 10p
— j = 27u |
%21" Energy/spike = 49 pJ % " — Energy/spike = 39 pJ
%13 %24p : ‘ ‘
o 16y o | ! |
500y 5508 600 600y 650y 700y
Tme {s) Time {s)
s
c s 25} - Input voltage (d) 5 25
g o
g20f g20f —Input voltage
g 15 i 1.5
= . Z —
Z1ap —Current =14y Current
g &
313;:
—Energy/spike = 38 pJ g —— Energy/spike = 39 pJ
533p i BRI LI LUl H I R |
; = A e TR
b4
R 30
700 750p 800p é‘OOp 850 900y
Time (s) Time (5)
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