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Fig. 1. Schematic organization of each section of the review

work.

[ B 5 Sl M 22T i A MR PR ) S BE, RO AT
TR ARE Rl g At A T By B A A LB A .
RS VARHMZ B AR TR 2 28 T B BT, JF 2
THARR A RS PR

2 7 PH AR H K

HRYEA R EALIE, AT LLRHAZ B #1455 BE
R BENLAT i %% (resistive random access memory,
RRAM), H#AEfFfi##% (phase-change random access
memory, PCRAM), #EBENLIE- %% (magnetic ran-
dom access memory, MRAM) F14k HL BEHLAEfifi 7
(ferroelectric random access memory, FeRAM)
DU, S AT S AR R R G, TR A2
T E FERET LT ZEI L TIX RS (dis-
tinguishable states). JF XC#  (switching speed).
FF R I#E (switching energy) . JF & H 1 HE (on-off
ratio) . # 8 1 (cycle-to-cycle variation 5 device-
to-device variation), PRIFRFE (retention) FIT 8
¥ (endurance) 5. A8 SO UM [F] AL 12
FELASSSH AR AT 41, TERTEAT14 A SRR
P RCR JRAE LA T Fr. B TR R IR D, AR SO
U BHZ B A RO CBO BMZBR A A 238 3%
PSR A SR A AR & R, ZE A
FLRR TG B RS2 1),

2.1 PETREHFERS (RRAM)

MPIFEHLEE |2k iF, RRAM J& T 58 T f 7
a . XA AR N A B iz 3 AT L R A
R, anra g R AR SOk bR IR S . FE Sk
HRIKSER T, Wb F2— R k2= )
R, LGP N W S T 22 B A AR A
17 2Ok R B A2 . RERINT RIS,
B R 7 A 3T PR RE SOk FE R B Y SR 3l
TARE B YL, SRR SR 91 BR RRAM 41,
HA VR R BH AR A At A LR T B8 R A R k.
TR RH AR A e —dian A, R PR o e i
FL, fiPR Y R 8) 0 ] 1) 125 58 48, A S BRI L
BHES 1, BOACE 204, BARAN 440 2 OLA A
T LR 16,17

RRAM F B ALFEHLfb2¢ 4 B A 2% (electro-
chemical metallization memories, ECM) F1 #i A&
A7 f#i#s (valence change memory, VCM) PR,
R LAk 27 SN AN TR S ok &l 43, T EAA 4.
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2.1.1 wFLEEH#% (ECM)

ECM W9 Jy T A R BEAL A &% (conduc-
tive bridging RAM, CBRAM ), =% 4K 4% H1 3K
BRI IR AR A Ag Al Cu 25 sk A1 i FTIT
RS2 H B S . ECM Y MIM 254 54045 1%
Tk R | A Eb A SR 2 0 P . TR TR AR
e T BT H R AR, 7 it o e P T 25 ) M b
TR 2E T i N B T 2R 4 2 . 365 h
1k, #ERERS ) ECM &R 2 ] Ag, Cu Hifh )&
Z— AR TG H . AR RO T A
PR AR PERE, & ECM BOCH) EEMF 704, th
A — S8 T AR PR P B A S 2 R 19,

HRT, 2AH ANDIFIEE 5 o BRI 25 G
T B AR B T 4 PH S 7 [ i fi o2
S22, G ECM 5 HL ZHLEE T T 58I 19201,
{E7E 5 HL 22 (T SRR SR A B oL R L 2 R IR
SO AT 7 AR TS 22, B KA Telmini
BA 125240 4R T — P P 2 R P AZ IR A YL
FIRLRL, 26 0T 45 2 PR3 56 R AR SC IR A B e T
ONER, MR T ARG T L 22 B AR S p PR 7R 5]
9 1785 28 A PR . Chekeol P BA 1290 385 1 G fin fbk o
(18 8 (LR 57 P85 T P, 22 P9 T2 S i i) R il 342 s 1] £
SR, A3HT T Ag/HEO, /Pt HAZBH AR FHL 22 B 450
T v g R PR PR 22 AT & R, 3 ) S ke
AR B T DA o BEL AR A7 i 38 Tl A i A, 7R L
PR P SEIUR R Y T RE, AN 2 i, v R
B X1V AT A, 261 SV £ P o 5 S [ 2B 11 4 28
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Fig. 2. Different areas of applications of v-ECM-type diffu-

sive memristors arranged according to exemplary require-

ments in tsr and t 29,

W, —FZ2IRAUE G BbG, ) —Fh o Bk
Ji - RUBE R 73 BRIV E Y A0 SRR TR TR 4
JR M AL, IR Ag/DG/Si0,/Pt B4, FIH A
SR IANIB B, T L RR M s i 45 T 22 H AR,
I AR R B SE I TR TARRLIR (=1 pA) 1
TGRS AR SR BN ELR (=1 mA) AUBEE .

ECM B &M L 3ATE T B8 KIIF K I,
F BT AR A T F M B A I CBRAM. [
VeI AT AR F T LA EI T, BN ARt o i
S BAA I IR B8] AR Rl KA ) K A
BA 27 F T — A NFLZE R Y TiW /CuS/GeSe/
Pt BIEE A, A F] 100 M FF G H L i L iR IR B
(600 pA). MK F (100 fA) . 2 BE )7 6 &1 R
(& T 1.4 mV /dec). MfITFERSARSEARALATEL, (i
T 3 A BB A N T e 0 P U B 8 LA A S
PR 700 30 3 A5 AR R R B 2 /0 100 [ FF 5K L 129301,
CBRAM [ FF G b — e ik 2 103106, {H AT
BYBALAEEAR, (A 104 Hok 2% B2,

212 MEZHAHES (VCM)

VCM WA E A BLAE LA & (oxide-
RRAM), H: MIM S5 A4 AT 1A f7 5, Sy 0 24 4
G2 AR T e e — N SR A 2 )2, G 3(a) BT
N AN TR 48 1 B A2 R ECM #%
F, VCM 041 B AS HLEUE 3 F H A ) 2
(U DGR R FRL AL SOnE, RIFEAP SR ERTR
AT /BT T HL 22 B9 8] 3(b) FIET 3(c)
T VCOM Ry MRS YIS IV Re PR L vk
TP ERAE TF 27 1) ATt o v R A 2, A
et hn e R A pl P, BPE AR B 0T LLZE AR A
AR T R AR AR PR DG AT LA AE T L A7
HLUE N XTRR A A, T AR S AR v T O, 3K
PRI DG TR T 5 ) e F it o e, P PR
U, B HRETE— M R AR, T L RETE AR
AR K A B R A X A [ ) 4 BRI
B, P22 (R S AR AT LA R B ) T
FAEROAEHI AT LA U

T /R K2 Kwon 45 B9 1 6 #4717 VCM R H
22 PLELFY IR UE . 7E B IF 56 Pt/ Ti0,/Ptas {4+,
A AT FH 7 5 L 7 S (TEM) WSR3 T 5
H Ti,07 FBEHEHARGOK b i 2. JR 2 —LE T AR
FHARTE X SFERIIBOETE 7 f F—RE R O Y
Hf e AN E A2 e A S 22 iy AL
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Fig. 3. (a) Schematic of MIM structure for metal-oxide RRAM, and schematic of metal-oxide memory’s IV curves for (b) unipolar

34]

and (c) bipolar!
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T o fk 5 fl nT SRPESC IR, HEAESS 3 3T Hh AN,

X F ECM, VCM SR TF G ARG, H
AEIAH] 10—10° BUE Kk, (HA A E - Re b L3
ERIIPLE. ARIFPEHY VOM #Em] LIAF] 115 £]
(R FFASTFE 12 85 ps [FFICERRE 9 10 4F LA 111
PREERRME M J 1012 (Al 25 g 1)) J&—FPaE R
BN g R B eAh, VOM g iR -
R A K A R S 1 7 A A 2 e AR T B A
T 12 5EYM IS J2a el 18, i veM
JEHE A TEN P ZIE ST A # LB

2.2 (HTBUEEE

AR RIS AR 2 B IMTRE R R4 1 (PR
Lk LT A ) KA A B AR AR R, £

(a) Long low
current pulse
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)
=]
o
2
E Short high
= T > current pulse
= Time (RESET)
k-
9]
h :
3
o
=
g
el
Q
2
H Time

Low resistance

B E AR AR LA g (PCRAM) 143 J8 46 2 14
Hias i (MIT ).

221 MEMEMAM%E (PCRAM)

PCRAM F 2t 1> 4 Ja sl il — 2 Je 72
T AR AR AR RE. AR AR AR IR AR — A
ANFE AR, A6 R B PR T8 A B B T L
P2 . I A AR I W 4(a) FIER I AS I
o I8 AR ) bk b A 7 R S R, A AR T RE
JETE AR SRS R4, 7 A v B AR RN S R 1Y
Ak, T HEAT “07 5«17 By U0 . AH S bR R
PCRAM PERER E LU E R Z, WA 4(b) PR, H
HI AW T EE A P TELL GeSbTe Sy HE Al i
MR L B — W E GeTe-SbyTey ZEHI & 42,
EATESS SRR % A 2TE SbyTe ity
B4R, W H & AgsIngSbyTes, (AIST), & HFA7
figg i 1461 AH AR BEATLAT (i 25 19 110460 13 R 5540 O B
RE IR S 45 Bl 1 HHEAH O, Salinga 5 7 ffF 5%
R IIX PIA Z 5 0 A S b k25 i 7 O ] 9FH
TEM MEE] THIN L. GST FR51H LK )

(b)

Ge

GeSbyTey

GegstTe5 Gelrsbgr

Te Sb2T63 SbQTe Sb

4 (a) PCRAM AHZAZ 4 ik i A 75 B I 1 (b) H B 320 & @M BHY =JC Ge:Sb: Te AH & 149
Fig. 4. (a) Schematic of pulse operation leading to PCRAM phase transition!%; (b) the most popular alloy line in ternary Ge:Sb:Te

phase diagram/*3l.
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R S R LS LT K, S R Se e 4
RPEAT25 b, MR T B, AIST R A4 K IK
SRS A% AT R p AR B PR A A DX A 45
FE AR S A AR AT, R K R Y S
I i) JRUBE PN RS /N RS AT I, A i
et 14,

PCRAM 1ERMAZBHAAELE LT L PR AHAR
MRLRAFEE AR 2 AR R, HiArm
B, A3 H IR AAIK. i@l 4 5 PCRAM fY
i AL B | B G R AE T B, T Ul PCRAM
YA 1 FF O B A R B BR PR RE ) (LB TAE
TR R EE 10 4F). HEFRE;, PCRAM HA &%
W (ZB/DREVSIEER 106 425 JEIY) | AIRAG R[]
A AR R 1,

{H&, PCRAM WAF7E—LE0 H F iy m)a, —
J& PCRAM HEfhAS T 23 Bk it Bl g = A= e L V2
FER NG, H BELTEERS 1 7 A A A5 o2 B B 7 24 Fi BEL
BWTREAR, 52 m AR PR . Raty S5 PO FEH T —
BT Peierls Wi AE L5 /B R, RIS GST
(Ge,Sb,Te,.,) FTA 1S5 505 — . XA
SR T PCRAM HE S AH 0 s RR ik v, A3
i R T L F PR 1 HLAAR . Ding 45 P 2 —
Tl 28 B AR S A7 At s SR A —— 8 S 4549 (PCH),
H AR HE B UM AR R RN Z LA, A ] g
FEFNERS, b REA e n & A T 52 1 kAR
A SEAE. 55— R PCRAM M B #%
Ak 1] EL A B AL M: 4% il s I) 25— K X Tl
glf, X2 PCRAM I FF S B 1 s i 2. pliiz
BEMLIE S5 LA TSSO 7RI FIEMRA GST
fRI25 S RTURAA, B Abab 1E 5 JE RIS 54, 7 IR
THE R BB FAFE B3, Rao 25 54 4 H —Fhiiid 5|
NG G N AR ZS S 0 7 k. AT T I R b
(Scg2SbyTes) thBYIE AHE( A 700 ps, HICH
TERAUES PORAM K & T g Ae. XA =X
I T LA PE TS H [ AR fL Bt (ScTe) fhf ik,
T TR SR ATIR AR RS, FRAR T id%
FIBEMLYE, AT R AR T 25 S ).

222 &G ERES (MIT &)

IR AGARARERE (MIT 2, B metal-insu-
lator Transition) f&—FhF|FH MOTT 4 2% {441 A8
5 RNENC B A%, T8 S5 A8 O 4 s F R I AR Y
—J2 MOTT MR 1949 4F, Mott!5 %} i 43

J&E ALY ) NiO 725 5T N4 2 i 5 B T
DASTE () I U T ff R, 4 AR R i s 2
HL 2 [ 58 R CAR BAE A, T2 B REBR K TR+
HIERRE, (% IR T NiO Hm FIET%, R
“Ha K. 1963 4, HubbardS) 75 I FEEAl |, gF—2F
A BRI E AR b Ak BB Y
s AH AR SRR g s )2, AR e i A K 3,
HL B eI AR B R gy, (45 2 oK T JC T I A i
5, B 4 e AA F) H A Mott-Hubbard 46 2% {4
fAI PR Mott 45214, Xt F Mot Zk &A1k}, Jiti Jin4h
FARS, anmk Sne s | S IREL ] A SRR )
SEIRE—E P (AR, N R R Re iy KakH
L CH BRI, A a8, TSR
Y LR ELAR (MIT). MIT 578 AT IR0, HAR
W AR BREAS B AR R AR BT Hp, 228
WFFE R Mott 48 Zk KM BHELEE VO, P39 V,04061,
NbO, 02 4.

H T MIT BB R 5 e MAC B 4, Toik AR
fEften, 8E T WE 0T, BRIk G2 A
EAL, OKAES 3 H A . R, S REs
T HIVE B 4 OG5, RIETi A, HF RS
PR TR E , LIS HI S H AY sneak-path, H
TRAES A B4, X MIT BIgkam &, Hixt
VO, W54 2. Zhou %5 B8 £ H T —Fh Pt /(211
) VO,/ITO M Z5#4, v LIk 23 ns 1Y FF &k
BE, 109 MEF RS B, 143 WFFCHE, H AR
225/, ATLVE ), VO, 1 8 1 s SO AR T 56
Fo/N, TR P, Xt H ATZ a4 i 5K )
/. Shi Al Chen) 38 ixf AH AR AL B 1 FE Y0 AT DA
3 33 HL 75 S A H R DG R A IR b 3K 3l MIT AH
IR B AR S R RS LS
HAERES Fh AR, B8 AT G L AR H 5 1%
4t CMOS W) T 2345 B & BTy MIT I8 4F T
— B BEIAIESE B AR

2.3 HEFENFFERS (MRAM)

MRAM 2 —ff HET &) Z R HYAES A7
fitt g, Horh, A e B8 HLAE WL B DLAF- i 4% (spin-
transfer torque-MRAM, STT-MRAM) H #j £ K
e MR, LA PR ST ) MTJ (magnetic tunnel
junctions). W&l 5(a) Frav, MRAM —f& H 44
JEH AR ARl 2 R A B2 (free layer) | B&
2 (GHE A MgO) MlE % 2 (fixed layer) 2H K.
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Word

line

Source line:|read & write
STT-MRAM

Word

«I Access transistor R
line

Source line
SOT-MRAM

«I Access transistor

(b)

Writing Electron flo
—_—

.DA =t‘)-—'z@~

-®
@
-0 ~

Lo X
Pinned layer Free layer
FM I FM 4‘—
4 ’ e \%)
0’ q-=-=-==- &4 \eP \l)

A _EE | 1,
=

Pinned layer

Free layer

& 5 (a) STT-MRAM Hl SOT-MRAM [ BLITZE 4 (K] 1631 (b) STT-MRAM {14 25 F1 o 5 454 J 3t %] (04
Fig. 5. (a) Bit-cell for STT-MRAM and SOT-MRAM; (b) schematic illustration of the STT switching mechanism to achieve

1 and 0 states(64,

Hrb, A HZME 2R S E, BEE R
JEH W AR RG22, 7 B T REZE 103, MTJ
() <07 “ 17 25 1 77 A AR % 38 R BH. 3% TMR
(tunnel magnetoresistance), El H H 25 & & 2 )
WAL T 1) R SOPA TR TS, HL 1Y) B AR 5
LR ZE AR R], REBH K/ NASIR]. aniEl 5(b) fr
7, STT-MRAM &4 (1) 2 5 152 3L A2 368 4 194 vk o
ATV () F s, el 2 e 1 2 i F L S S R
A HL 38 2T 1 FR 2 B e A T 2R B Y
T A AR A 1641,

STT-MRAM PLHATETART 10 ns #Y U146
W, HHEA 5 x 101 AR IHE S W, A
AR A R R M (H I TMR 38 % H fE 1k 5
100% —200%I65-67. STT-MRAM f4 JF 56 F K/,
PRI T B R . XX AN R, A5 — SRy
T ERREPER RS TMR #E4T 748, 1H (Y
A AH H M 5 T 200%0869, Jain 45 [0 3 F STT-
MRAM ## T —AF NI E R RES, o] LA T
AR B AARME R s, —ERE -
e T STT-MRAM MSERLIN . Jung &5 M 48
T 55—l 250 oL L B I5E R AN LI J R 22 25 110 2%
¥, ffpe TG LAY TR, i/E T —A> 64 x 64 1
crossbar 551, 55— EEE S ) STT-MRAM
PRI U A S 2R T MgO g3 B, fin
M EA, ERTT EEIEAERL, H R
MR EERTXAN R, [ e 8 L e B LA 2
(spin —orbit torque-MRAM, SOT-MRAM) #
W e i — e E 4 R AR R AN 3 i,
MEE 5(a) AR, @A, gt BREAT

23k MgO B, ) I fif ok 1 % 1k Fn BE A6 ) At (72,
JUE SOT-MRAM HEREAL 5, 1HE B9 TAEHLH] 8
IETFHHEZ A, JE Rk MRAM Y% & J& )7 [a) 173,

2.4 EEBRENEERS (FeRAM)

FeRAM i n] LIy —FZ AR, 2
JU A B % 5 45 (ferroelectric tunnel junctions,
FTJ). FTJ @5 th >4 A b ) e 28— L
YORIE IR B2 JZ IR, WKl 6(a) R, A
KGRI T UL B ik, it mah i i
AR HAE 2 /D PR B Z A 4. R IUAE b 4
ghg 1, DL BaTiOs (BTO J&) A1, A Ak 5 B
N T JE TR fb A b X R E R RS 2. FT)
H%E L ERE ZEHLBH (tunnel electroresistance, TER)

pA

(a) FTJ (b) —

B 6 (a) FTJ 458 & ¥ 2 BaTiOs & 1A 25 # /=
TER i : (b) P-EFFHEMIZE; (c) F VR Ze ™

Fig. 6. (a) FTJ structure and schematic diagram of the fer-
roelectric layer BaTiOj crystal structure; TER effect: (b) P-
E characteristic curve; (c) IV characteristic curvel”.
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RONE, BRSNS A T i 75 % ri J2 A0 A B e i [
Bk PHLAS A= 284k, 3R 3 104 BTG HE M-701 28
45, BRI Ak B i R e 3440 2 v B B T R R
AL, ITifiAS FTJ &SRR, A 6(b)
A 6(c) Bz, LUK mBLA, ML UK
A, BT RIAEALRIVER], FTI BAAES) KL

YERAZR RS, FeRAM BIPLIATE T IR0 1)
EERE, HUMEEFENRAT (pJ/bit F0), [FFF
fitt B FEAR i ™). i HE) 5Zr, 50,(HZO) fE R kHLb
BLZE, FeRAM BEHIA HLHAF I CMOS Fezst: 10501,
I HZO AR 282, FTLGASIH IR T 10 4
DL E B R A (B R, L AT B S A AR 101 3K,
{EIFIC AT 10 A8 24y B33, I R HAt Akl A L
AT DA R R, BT W] DGk EEE R = T
b, Wo %50 (R ERR (CulnP,So)
VE Rk 3 gn | WAy Sl A AR AN X ik ) 2k
HLRRIAZS, 1598] 7 107 1Y TERASfb. @ #4 £ 5 T
254 Pt /BaTiO3/Nb: SrTiO5, Wen 4570 4821 T 10*
FIFCEE, R IR 3 T 10 4R AR AE T TR], {H ] 8
SN E R BB

2.5 HEZEXTEE

AT AR P B LB B AN [F) 0 AC B g R AT T
RI 2, IFREAT THEIN A, &a, ek 1
S T I AR AR AR BE AR T e 4 1 SRR, 0
FEOIEE | JT G L | PR BRI | IS YOBORT
KUREEZHAER, Tr e A — D EDAIXT L.

# 1 AFEEMZBES S EIE bR L

Table 1.  Comparison of parameter specifications of
different types of memristors.
EviciEta RRAM PCRAM MRAM FeRAM
VI FE /ps 8514 70065 21083 4000/
TP 10767 10088 <106789 1076

FIRFEN: /a >100004  >1000  >1000 100681
ﬁﬁj‘%’%"{ﬁ(%& 1012[15] 10110921 5 x 1011[(%{5] 1011[&2]

FFKTHE /1] 11514 500931 1004 1019

3 LMt ESHM

UEAER, ML SR E Y 2 B B
ZWUAT T SR AT B S A I UA I ) 2
IR, 23S TS i A 22 0 P J7 T 265 Hh X2
BELERAF AR ZOR, S5 F R 41 H RTZ B 05
i ) A BRI LD S B 2

3.1 [ZPHBRMEAN LM

UHT MRS, U2 ITZ A %8
fih 2 42 1) 9 B R 1O AZ B A B D AA R AE TH KA 28 R
GErp AL PO RIS, ot ETREE T, B
JEJF b s R K A e gy, At U e e 22
(] % 18375 ZhANZH RS RN . 22307 AR IR i 2895
BN R P RE 1Y) T HEHL R 5 fil A% 188 Y A, 3
RS AT . — 2B LR, AR FIN AR
i T T SR RS IR 22 B A A RE A R D g
TR AEAZCAE L. S A& T LAE 3 il 28T 2l
SRECIH, IF H AR RS 18] (1 5 BEAR R,
EDINE= | VA ;N W N = 1 = = R a0 N U
SN KN Th LT BT A B 24y PR S il #F e R PR 77
Z AR 0 23 fih mT 284 971 {5 FH 2 44 ) 0 L
AT IS AL KW S il rT S8 1, A F T A -
SEPN Tk, T SEBIZEAN AR, Anl&l 7(a) B,

R F 58 AR S R AL AR A 1R 2
L [E A REPE, PR X PR RR SR 8 2 A T A | 132
B e R AR TR, 3 % AR B S B
G2 0 a) fE R ik, B A& ir 2 i
PEFRerE, g fene s . m U s | RAFrya]
PR AR O MR S A, SR AR RE A — L
FERIEER, Gn N TS fib e A A P AR AR R
B HPIRAS (8 bit 15 256 ANIRAS) LLIAF)E X fir
T AR S A AT S B R R P B
I T 1% . an— N FEL N 2RI S A A i T
TR 2 DO 246 5 8 [ 00 P P 42 55 TR B8, o B v
MR AR AT . J3— 5 TH, Cil B4as 215
B 5 fd AL E (14 A0 28 ) 28 D 5 S T G Ml R e R e, T
B SR IR AT AL 0L SRy T RS 1 b S
H—MRIEERG, BICHBI S A DIRE S &
SCHE L, BISE A ) DR AT S8 A5 )
WACBAAR ) BhAAT Ry, F RIS i Py B L3
ATLAS A il rh A2 AL L, R S 28
SEBUARTRI A 2 M DI RE.
3.1.1 KeAERATZM (LTP)

3 3 1 I B D 5 Ml i e 28 0 R A £
JoT e A A 3G i sl D S il R S TTAEAE R AMPA
ZREE, AR MU A W S i VE R BE T, X
R A Sl AT 28 (long-term synaptic plasti-
city). AR, Sl AEFR6E A3 hn w2435
RO 5% (long term potentiation, LTP) Fl
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| - 'Mreﬂnilriistbf‘ X (b) ate c
ROy AU R ;
>x§§1£/\ '/// . q i ]
> % } AcLSi Dy )
\‘\J’/Q\'a $ $ABTSI < 301 P . g
‘%/ r & = I BS b wn 6
Z S s) Sl asf Lo :
DA NS \ /o g0} M B
><'\\ I\ / £ g4
ARR S : c
i D ~ ] r jS
= L 13
Synapse ‘\:ﬁ\\ K \’y 10 2 _g 2
—~ LS - S
= @ 0k . . . . ©o 3
To pre-neuron /g;}” C\S;é 0 40 80 120 160 200 0 50 100 150 200 §
To post-neuron 7;47\/\ \ Pulse # Pulse number/#
(e)
Girnax 30 ramps
N Domain
] W MTJ wall STT
Grin

E 7  LTP IZRHAFSZ 3

A1 DW-ST'T 54 9 30 1 5 7 22 14 J88 100 e P 109

0.4 0.6 0.8

Time/normalized

0 0.2 1.0

(a) T FHIZBELERAE o B 22 0 22 [R] B 2 fith B ME A5 7R TR IEL; (o) A2 BEL# X G 22 Jk iy i 1z (00Y; () Pt/LiA1O,/
TiN 2 BH 45 76 A [5) 91 46 A 5 AR 28 N 19 #8598 3 P BB textsuperscript(*d; (d

) DW-MTJ A T2 i (¥ 00 90 A 4fF WL 1 5 (e) DW-SOT

Fig. 7. Memristor implementation of LTP: (a) Schematic illustration of the concept of using memristors as synapses between neur-

ons; (b) memristor response to programming pulses!'’’; (c) conductance modulation performance at different initial conductance
states of Pt/LiAlO,/TiN memristor!!"?; (d) side and top profile of DW-MTJ artificial synapse; (e) update linearity and symmetry

with experimental data from DW-SOT and DW-STT devices!'%3!,

K] (long-term depression, LTD)M0. 2 fih
I AT I AR AL O R 2 ANk A T 2% ) Fig A2 1)
00 RIMAEACBHASF A S b, R A A
dE AR, i R R 2O AR S R PR i =X
1, JF B2 R 2. Jo 5 00 e it 1
— N Z RSN, (K 7(a) s, HIIREZ
M Ag/Si L [R5, DL— M Ag/Si B HIE A
—E Ag (B FR) KM -1 Ag (R F
) XL SHE R IIEEE T, Ag RUEAFTE, Tl
o it AN R AgtTE R Ag IXFIET Ag
XA LA AR g4 e 5, UJE S LTP/LTD i 2,
W 7(b) Fizs. B TR Aghizsh, bk
MBRMELE 3 V 247, HAFEERIEY 300 ps, DIAEHI
AR AR SRR T

TEJR L S Ml A J i, —LEE PR AN, F0 4%
BRI A AXFREF (asymmetry factor, AF)
Fieg S AL B AEZE A (nonlinearity, NL), Rl T
TCR K EICAZ G bttt —20 A J 198, Fu 45102
FoE T Pt/LiAlO,/TiN {ZBH #%, 38 1A 240 Hh o 4%
WIhE L IR, 75 H 22 P AR AR =2 [A) 1Y) 1 Ay
BB (SBH) FEAL, 18 7(c) Fims. 445

BT 120 Z MRS L SRS, T3 Ah,
Wi, AF = 0.04, NL = 0.53/-0.01, H A&+
FEPE R AT, Liu 4 10 5 7 —Fh & REWERERY MTJ
SERRARY, 3 5 L HE S REWERE MU HL 3, NL =
0.07/-0.15, HAEFREIZELME R E 0.77%, W& 7(d)
FE 7(e) FrR. Liu % 109 38 13 4 A—4> 2 nm
BiFeOs )2, ¥ T —~ Pt/BiFeO4/HfO,/TiN #I
VCM ZBH AR, SE T FF I 101 B RA-A# 7 1
FI10% A JA A B T S OB B T ot ik
X1 BEL 285 48 O Ak T A4S B B RS 1 LT i i
Wang %5 109 5% ] 4x J& bk MTPP (metallopor-
phyrin) 43 FAENIDIGEIE, B 5 7T DL 5 4
TR, & AR I B R A
ACAZ I
3.1.2 AEAERMATEME (STP)
STP 4§ JL -+ R0 5 53-8 (g ef 18] RUEE 187 BsF 11
G il A% b AR A, B TR BRI IRIRAS, 7E KAk
A5 B G i Ak 3 e A EE AR 000, B
&, BT U EAARYLE]: AR (short-
term potentiation, STP) /it F2#I i (short-term
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depression, STD), $i§ 2 fil A5 2 8 i P b 3 i 55410
ill; XU Zi 1L (paired-pulse facilitation, PPF) /%X
Jk i (paired-pulse depression, PPD), PPF 4§
BOA Z RV REE AN ESE B Ik g, 58— ik
F14) SR A R S AR 5 — A Bk Py i, L) o s i)
Ji, HESRACRECR, PPD NIAR; 58 B S HE5R (post-
tetanic potentiation, PTP) /5% B J5 # il (post-
tetanic depression, PTD), PTP fil PTD 5 PPF
AL, EZAE BRI, AT LI#] 1 min A2 47,
T T 3 H 8 Bk 061 K AT IB P BA Sy 5 5
SFNCAZ IR A O, MBI S 5 A R4
Hh s s {5 AL B OGS DT RB IR R o 107,
STP FE#r A i SE B, 3222 i MU 7R L R 4%

PFFES —NARRE NS, 2 —A bl
JE R A R kA . sl 2 W rid, ECM A
RRAM HAZMIAREE, BIFEE HL 3G R A
T 1Y 223G N H 5, B S S P 22 R SR O A
LA, Ohno % 1% F 446 T —Fh Ag/Ag,S/
FLBR ) ECM BUAZBH A, 38 4o (8] 81 1 b A ik o,
TERATEN Ag FHL2ZZ, S [ &8, Wi s
LT STP 451F. [FIF, Chang %5 109§ Hy T —Ff
Pt/WO,/W/Si 251 VCM AMZBHAE, FH A =

FLAE S LR AL 4 43 A [R] i A8 L (L SE B T STP,
wE 8(a) FE 8(b) Frax. I HAZKGUER | i 14 14
B AR A A K o A %) s D D B RSB, T LK
STP ¥4t~ LTP, W 8(c) Fi~. Yang % M0 4l

1.0
(b) BN 15 ms B 100 ms
0.8 B 500 ms 10000 ms
0.9 4
0.6 F
< < - 0.8 4
= = =
~ ~ 04F ~
0.7 4
0.2 F
0.6 ,
0L | ) ) . N . 0 -
—0.3-0.2-0.1 O 0.1 0.2 0.3 1 2 3 4 5 6 7 8 9 10
Time/s # Stimulation
(CYRN
© N ()
L—1 i I;0—
0.015 | 2 0.015F o 90— Io—h
15V Fitting \
I Pulse
< —+0.5 V Pulse <
£ 0010} J U I—’ . 2 0.010} \ £
5 f 5 O ] T : f“IﬂCu_rrent
IlI [12 10 waveforms
Current
0.005 | 0.005
0\
0\
L]
O 1 1 1 1 1 0 1 1 1 1 1
0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0

Pulse interval/s Pulse interval/s

50 nm
| ————

8 STP MZFHAR S (a) Mikid 2 rh i i A2 P48 19 12 22 AL i AR k5 (b) 18] (a) "PARJE KB 4R 5 185 (c) PRS2 480 18 5 5 )
OB R B O R R, AN TR) Jok o 18] B 4 1, B v SR S8k o 3 5 AZ BEL #9199 (d) TTO/PVPy-Au NPs/Al RRAM #5149 25 4
Fl Au NPs ) HRTEM [E{%; #£ (e) 2 KA (£)10 uﬁlﬁlﬂm«ﬁhlﬂﬁﬁﬂﬁﬁzzmﬂﬁ%ﬁhﬂmﬂ’%l’i‘l (1]

Fig. 8. Memristor implementation of STP: (a) The corresponding current through the memristor data recorded continuously
throughout the test. (b) A close-up view of the rectangular area in panel (a). (¢) Dependence of the transition efficiency on stimula-
tion rate. Current through the memristor recorded after each stimulation pulse, at different pulse interval conditions!'". (d) The
structure of ITO/PVPy-Au NPs/Al RRAM device and the HRTEM image of Au NPs. Current change between (e) two pulses and

after (f) 10 pulses with different pulse intervals!''!l.
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FIFH WO, , TIfe 215 82594518, Zhang 55 11
P — P ST A SR RIS el (PVPy)-
YK KL (nanoparticle, NP) {RA BIIZBHAY, 40
Kl 8(d) Fizn. FENEINHE R T PVPy Fiais Bl il 4 22
R AR, IEfUR N R4 AR E I R
AT, WG A A L SRS, e XS PEIE 8(e)
& 8(f) fi s 2 PPF, PTP %, Shi% 112) fii F
4R /h-BN /4 & A0 A T o8 i, ax
AL s 5 ) R P AR B PR R A RRAE , A4l T
JUFP STP #1 LTP % fih 474, f04% PPF, PPD
STDP. % IZBH 45 5th 5 Rt R4, 7E 500 M
PARAR/N, BAES) 2k STP s frh, 2l i 25
FAIIFEST HUN A 0.1 fW 1 600 pW.

3.1.3 Bk IREARM T 24 (SRDP)

N 28 W 255 v 1 05 B AZ AR X 5 SR LA,
T34 R 3 G, R0 2 )Y 2 fil A ] L
T TR FRL A RO RS | 3 A S Ik v A AR T S
(spike-rate-dependent plasticity, SRDP). SRDP
il M T Bienenstock—Cooper—Munro (BCM)
2] . AR A BOM BRI, A31% T 8 {451 4 O
() 2 fb 5 Bk b 22 30 LTP, TR T O 19 2 fih BT Bk
2x T2 LTP, 18 9(a) s M5-181 Hidr 6, J&
— A3 AR B SR, 5 S Al IS S A DG &R
SIFFERE T AL AN, H b S (AR AR A 2
g AR, DT S SRS T s 9 5 fis i i
XA I A AR AL T R B AP AR
TERNB A IAFAA T oAy v R 4 E A ] 6.7,

EARTIE AT, 3T WO, A2 AR KUK

LI S A A2 B, 7T DA R Jik R A AR T 25
ANTR] A HeL S R AR RO 1091100 ARz R, D %5 18
HVE 75T WO, BIZB I s TR 19 — By
B ARBEAY | 30 o S B e B T AR A Y
2% SRDP i 500 BHAS Y {1 m] 5. AR A 50 56
o, AT AT — RN R KT, RS kT )
H 5 MHFE R AR (1 V, 1 ms) 2008, IFic
TACBH AR R ARk, W 9(b) FTEL 9(c) P,
TEATR 1 ep Ein T HA 200 Hz fl38000 5 1 45—
ARk b 81, % B0 A 12 B 2% G LR G 0. Bl
TEATR 2 th, —A> 10 Hz Bk e 51 B0 48
R Sy — T, 7R TR 3 T 1 He ik w5
25, AU 4 hERERY 10 Hz k)59 RO S 380T
B HL TR RN, 10 Hz k5 51 B 7 ] i vy 22
T BB AR O BT SHARHE.

3.1.4  Fkob e MR AR T 24 (STDP)

1949 4F, Hebb["'! $£HH “fire together, wire toge-
ther”, RIVE & FIHFEEIE [F] 24 47 1 HLER 2270 %
W EATZ E Bz B, UAE A i F
BLOEAESk, difss > v BT —ASE s, SRR
MBS T AS AR, SRR 10 2 20 Y5 SR pR oy ik e
Fof [E] 4% 6t nT 28 P% (spike-timing-dependent plasti-
city, STDP), B45G 1 LR st A2 e &
FRPERITTERE S — Bk, a0 SR 2 il ai ik o e 58
ik J5 Wk b A L 22 R0 s R B RN KR WS R
LTP, 1iiis a3 AH s 05 | & LTD, H[a] b E] i
K, 2 fil s A B LK, A& 10(a) SEZR T (120,
TE—Sep g fih b, LTD A BT (K (5 e 2k ) Bk

(a) b) 40 c) 12
Stimuli (b) ‘ ‘ ‘ Hﬂ]] ‘ ‘ ‘ ‘ I () Measured Simulation
35 [200 He I0F2 THy 10 Hz 2Hz < gl w 20 Hs 20 Hz
3 4 5 L
2 PSR i ATy S [ e 50Hz — 50 Hz
&0
é é 251 g 4_A 100 Hz 100 Hz
& 5 20t G
o -
2 O‘s 15+ g 0
< -
i 10+ —— Measured ! 4t
P \ » 51 «  Simulation ©
/ g \
IPORi-hyEETE Stimuli frequency 0 ‘ L | "ﬂu | J | J _8 L L L
0 2 4 6 8 10 101 100 10! 102 102

Time/s Frequency/Hz

K19 SRDP BYIZBHARSEEL  (a) HH SRDP 45 09 A= 95 28 fil s 25 P 11915 (b) WO, HEAZ BH 5 X5 AS [R) 451 28 3% 52 2 B ok o I 31)
(1V, 1 ms, #52k) BN ; (c) TEG T T RIRERE AW IS, A2 B &% i U BE O e i A2 4k th 5 D ARV A kol (1.2 V, 1 ms)
EFL IR AN [ A3 1 K o 3 31 X0 B g 32 AT 4 A (1)

Fig. 9. Memristor implementation of SRDP: (a) Schematic diagram of a biological synapse with SRDP activities!"'%; (b) WO, based
memristor response to consecutive programming pulse trains (1 V, 1 ms, blue lines) at different frequencies; (¢) memristor current
change as a function of the stimulation frequency after the memristor has been experienced to different levels of activities. Pulse
trains consisting of five pulses (1.2 V, 1 ms) with different repetition frequencies were used to program the memristor!''sl.
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Fig. 10. Memristor implementation of STDP: (a) Defining spike-timing-dependent plasticity!™”); (b) STDP realization schemes de-
veloped with TDM and pulse amplitude modulation. The pulse amplitudes for the prespike are ~1.4, 1, 0.9, 0.8, 0.7, and 0.6 V, con-
secutively, and for the postspike, they are -1, 1.4, 1.3, 1.2, 1.1, and 1 V, consecutively. (c) Measured STDP curve of the memristors

utilizing method described in panel (b)I24. (d) Memristor weight change as a function of the relative timing between the pre- and

postsynaptic pulses, At = s — fye. (€) Simulation results illustrating how relative timing of the pulses affects memristor weight!*
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Fig. 11. (a) Structure of the biological neuron; (b) membrane potential change of the neuron depending on the excitatory and inhibi-

tory potentials'3°,
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Fig. 12. Neurons implemented by nonvolatile Devices: (a) Basic representation of leaky integrate-and-fire neuronal model; (b) the

output current measured after excitatory input pulse with the time separated of 640 ms!"*; (c) device schematic of PCMO RRAM;

(d) SET current transient at —2.3 V showing 3 regions of operation; (e) experimental Current transient for the applied sequence of

SET pulses!39,
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Fig. 13. Neurons implemented by volatile Devices: (a) Schematic illustration of the proposed neuron circuit; (b) the voltage vari-

ation across the capacitor; (c) the output neuron spike with the corresponding refractory period and integration moment!'*%; (d) the

electrical circuit with two W/WO3;/PEDOT:PSS/Pt memristive devices; (e) spatial integration and bioinspired fire realized with the

circuit; (f) temporal integration and bioinspired fire realized with the circuit!'"*!; (g) schematic of neuronal circuit where the input

voltage pulses originate from the signal generator; (h) the experimentally measured stochastic spike events of the CuS/GeSe based

neuronal circuit under an input voltage pulse train with pulse height 2 V and duration 7.5 ms
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Fig. 14. Passive memristive arrays for neuromorphic computing: (a) A schematic diagram of the typical 2D Crossbar array showing

the read disturbance problem by the presence of sneak current (The thin blue line represents reading current, and the thick red line

represents sneak current)!'¥; (b) an implementation of a single-layer perceptron using a 10 x 6 fragment of the memristive crossbar;

() an example of the classification operation for a specific input pattern (stylized letter 2’)14%; (d) a schematic diagram of two 20 x 20

crossbar arrays implementing a two-layer neural network!!6],
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Fig. 15. 1S1P passive memristive array for neuromorphic computing: (a) In-memory computing implemented using dense crossbar

arrays of 1S1P pairs; (b) structure diagram of differential pairs; (c) the input forward propagation process of the neural network; (d) sche-

matic diagram of neural network updatel49,
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Fig. 16. 3D passive memristive array for neuromorphic computing: (a) Equivalent circuit for two Pt/Al,O43/TiO, ,/TiN/Pt memris-

tors in the stacked configuration'™; (b) a schematic diagram showing the shared bit line structure in cross-line type 3D Crossbar
array'; (c) FPGA-controlled relay matrix to achieve test automation; (d) HRTEM image of the novel 3D VRRAM structure; (e) the
schematic of the 3D VRRAM architecture and current flow for one convolution operation(!?.
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Fig. 17. 1T1R passive memristive array for neuromorphic computing: (a) Memristive platform for in situ learning. From left to right

are: A wafer with transistor arrays, close-up of chip image, microscope image of 1T1R cell, SEM of an individual 1T1R cell, cross-
sectional TEM image of the Ta/HfO,/Pt memristor!'™. (b) Mapping of a one-layer neural network on the 1T1R array. (c) The mi-
crograph of a fabricated 1024-cell-1T1R array using fully CMOS compatible fabrication process. (d) The training process flow chart.

[160]

(e) The schematic of parallel read operation and how a pattern is mapped to the input!!%.
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SPECIAL TOPIC—Physical electronics for brain-inspired computing

Memristive brain-like computing”
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Abstract

With the rapid development of deep learning, the current rapid update and iteration of intelligent
algorithms put forward high requirements for hardware computing power. Limited by the exhaustion of Moore’s
law and the von Neumann bottleneck, the traditional CMOS integration cannot meet the urgent needs of
hardware computing power improvement. The utilization of new device memristors to construct a neuromorphic
computing system can realize the integration of storage and computing, and has the characteristics of extremely
high parallelism and ultra-low power consumption. In this work, the device structure and physical mechanism of
mainstream memristors are reviewed in bottom-to-top order firstly, and their performance characteristics are
compared and analyzed. Then, the recent research progress of memristors to realize artificial neurons and
artificial synapses is introduced, including the simulation of specific circuit forms and neuromorphic functions.
Secondly, in this work, the structural forms of passive and active memristive arrays and their applications in
neuromorphic computing, including neural network-based handwritten digits and face recognition, are reviewed.
Lastly, the current challenges of memristive brain-like computing from the bottom to the top, are summarized

and the future development of this field is also prospected.

Keywords: memristor, artificial neuron, artificial synapse, neuromorphic computing
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