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(application-specific integrated circuit, ASIC) %
CB) 2 T SIS ] A MR AT K s B Ak B -3
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B RE 7 12 58 Jl T Ak B ) PR H A 5 3 ik A0
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RUAEEUSAL PR G S TR,

AT 2FHAR R (resistive random acc-
ess memory, RRAM) Fl it 28 J& 35 St v BH AZ #= 1
(optoelectronic resistive random access memory,
ORRAM) [KH 5 A= Yl it 2 Ge D RE Y v AH LU 1T
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PR PSRRI 25 A ok 9 3 R 5 A ) R A o ) 2l
A RREE AL AN, —SEpZIEZS RRAM i 7]
VARSI 55 AR Wy 2 STAR ARG R i 0 . DRIt
HERE B B A7 B3 — AR AT S8 e R SE Y Ak
HAHCAZINRE. BAFA — R MZIE S ORRAM [
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Se g F SR MRS RO REAFSE B B fR A T iR
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NTHZEMLE (artificial neural network, ANN)
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. XX AP 2 R G T AR 208
AR LB, RRAM, R GERS LIBH AR
HLAIAEHL A 5 fink ) A< T2 2 fi T 284 (long term
plasticity, LTP)PU, ## H/E ANN B9 A T-5 fil i
1. LTP et A5 KRR s R M A R T

A4 Ja S L 22 0 AR ORI R4S LTP ALY
RRAM i Hiif P4 @ el (Bi4n Cu, Ag 1 Ni)/
A2 /AEMES R (W Pt, Pd, W, Au #1 TiN)
2. ARSNGB T, TR A R v A AR
& BT A TE VAT RS, it B & s B T
BRI, I e m Sl 22, e R BT
SR T ARG SR AR B 1] B L 3 i L 22 5 O
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Yuan 55 P4 i —0 B E) S 22 AR L RS FIRE
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A R BEAIL T g RE AR e PRS2, Choi 45 2
HMIHI SiGe HFEINIFRRE Ag T FE 4 Jm 22 PR 75— 4k
AT E TETE R, SR R 2 A g Al R 22 70l
1A 1% F14.9%, HIFSELE A K3)] 101

i HfO,, Ta0,27, TiO,2, SrTiO5)! Fil ZnOBY!
S AR AN 1 4 e HU R ZH B RRAM Jd i
ST L 22 S LTP 5. Chen 55 BY T3 5t
HLF BB AR I T Pt/ZnO/Pt RRAM H1 4%
LR HL 22 1A AT R (1] 1(a), (b)); RHIZ24E
RS R H 2R R -V R R A 1(c) fr
N2 R R NI E T A Y
EHSEF LK Zn0 $7458 70Oy, w4
I BHZS (high resistance state, HRS) ¥4 78 MK FH
A (low resistance state, LRS). T[] FL R o 480 25
FIER B AR BT 5 AR s N A, A 22
2, A EI ) HRS. Ryt — D8 m deF ) Z B A
AAERE, Wu 45 B2 75 HEO,, 47 [ 2 FHIE LR =2 [ 4
AT A0, FHAHJE, KT 22 (0 1 2L 0 2 422 FR 1) 7
T2 LAk, TaO, $A3G 58 240 m H] T4
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1 HZE W 228 RRAMPY  (a) Pt/ZnO/Pt RRAM W A4 il 1Y % 0 5 L 225 (b) Pt/ZnO/Pt RRAM N 5 HL 22 i BT 44

(c) SHLZZ A4 Al () /T 2L (20) s AR rh de R Y -V RR IR it 26

Fig. 1. Oxygen vacancy conductive filament in RRAMPU: (a) Oxygen vacancy conductive filament formed in Pt/ZnO/Pt RRAM;

(b) rupture of conductive filament in Pt/ZnO/Pt RRAM; (c) I-V characteristic curves of the device during conductive filament

formation (blue) and rupture (red).

INAERRZS %L, TiN/TaO,/HfO,/TiN & 23 i 1
227 RRAM BHASEA3E ke A #2000 5
HAE 255 FHL2Z,

TR B A RN =3 RRAM RS )
ity I EAT B b RS e PR R Rl e 1, A5 R T4
SR BB B ER . HIO, FHEYZ /A1 B vl
2/ AL, 04 BEZFZ /MoS, JHIBIZZ5F T RRAM
HAT S 4t LTP Rk B3 J LTP R U5 1 7 i
JEAESMIN IR R A48 /R OR B V838 1% 28 FL
T A SR R EORR B T B00 = Z A L 2
GBS T FRREROR, LT LTP Rtk
M. Seo %5 B4 554 WSe, 11 /WCL FEHHE
i (HA SRR ) F1 MoS, 741 /WCL
TEAMHETE (HA Gt AR R ) A4 i NG
EIFMHE RRAM [FIFEE AR @2tk PEO-
LiCl10,/ a-MoO4 HLf# it 7 RRAM (1) LTP ¥
P FEORE T Li &7 Bl 3% RRAM [l H
B Lt LTP FbE Ll &% HRS B A 8 % i L 5
8 (< 75 nS), A FI TN TN R, $2 m H
RERL.

SRy S I RS K 8 43 9 1 A ORE T, T ik
T RRAM B HIUAE 4 371 Ko e 1 1 4 28 e 2L
Fehmiz® (multiply and accumulation, MAC) J&i%F
Z EUR AL B L A D T, an SR B R
P £ Hp (%) [ - B e I (vector-matrix multipli-
cation , VMM), 5F i B4 BOE h & B kA
K B RUETE, DL MG 1 Rk rh gk e A A
R IERUEFAE. WK 2(a) Fizs, 3&F RRAM (one
resistor, 1R) M N T 5l f451 AT LU T2 88 VMM
1z B 8L A RN 81 28 S I R T S A PR

JEATXT R RRAM HL SRR, BRIV T RRAE S 1 51
BT LB AL, AR AR T L U E
— 5 4 PRI e S SR R LR R, R
FHFE S A B (2540 S2 8L T ik i 55 B9 2018 4E,
Bayat % BT il #& T J& T Pt/ALO3/TiO, ,/Ti/Pt
RRAM 11 20 x 20 1R 3. FeT P AL [4:51
TR 16X 10x 4 42 1 FE A 28 ) 2% 28 1 7R 2l 2%,
TYPUN =2 4 x4 FAFREE R 1955 ERTisE)] 70%
BOMERR . IbAh, Sheridan 45 B8 il & T 3F WO,
RRAM ¥ 32 x 32 1R [45)), I T 5 528 1
PRG54 D FEEL RS 1) P DA T S
YRR AR st A A R R B L . S HURY
TR B0 5 AR A R AR 5 D RO ARBLUEE . 1R B
Fr ) RRAM 5 il i A1 45 H] T A7Aif i SE A4 AE, I
MU E VRN . bt B, A% 58
St 10 AR AE 5 i AL R B AIR Y il 2 T
A58 U A B R BT B .

SRIMT, LR FES T F ol 1 M 2 1
PR I o2 270 A 8 58 /0, AR P KA | i 4
A PG AL BT 55 7p B9 R RRAM Fl A4 A
% (one transistor one resistor, 1T1R) f¥ 45 14 GE
BRCFSRILIR. CMOS H AR A 1TIREES)
P14 3 X B LA, — L A R 1TIRE
il 7 I 0 F MR AL B, 4 Yao %5 1) il T 3T
TiN/HfA1,0,/Ta0O,/TiN RRAM #1128 x 8
1TIR M5, M5 HAT 928 ANN RYRE), rTHT
NS (K 2(b)); FIH 128 x 64 1T1RAY HfO,
RRAM [ 51 52 3L A 9 2R 8 ANN % i F T USF-
NIST 8 B v 0 20 25100, HEw Rk 79.1%0Y;
FH 25 38 75 78 F1 RRAM 4 5% 19 ¥ 7T (one selector
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Fig. 2. Neuromorphic RRAM arrays applied to ANN: (a) Schematic diagram of the VMM operation of 1R array®/; (b) method of
implementing ANN with 1T1R array/*l; (c) structure of 1S1R array!*J.

one transistor, 1S1R) tA] FH FHI Gl H . 1545
FikE S RRAM HEZ 0254, 1SIRFICR T
HH L 1T1IR BT/, Bk 1S1R B (K] 2(c)) 2

TR 68 SR, Bl e PR iU AL 5 S 22 193]

R B 25 44| B TL R 10| 4 -4 S AR e 1) 1) T,
SRR S Rt

2.2 R TRk R L%

ok iph 2 /M 2% (spiking neural network, SNN)
VER S =AM M 2%, AR TA UM ARG AT
iy, HAE K5 S 085 B iz fih, e
A, (leaky integrate and fire, LIF) fii£tc (48]
N R R A5 R kol SE S il i 45
AT, TEMZ ) i R, SNN AMUGER
HEAT A W B 2 2] LG fik 1) JDk e bsF o SR T 98
(spiking time dependent plasticity, STDP)*I ift
XRET SNN TCW B 2= 20170 AN, S i fe
M AT IAYE (short term plasticity, STP) A F| T4
P th 28 R GERIEE AR, IR X2 Hh A 55 (R e 75 A
SRR, YR R G MR, SRS
PEBE Y SNNBOSU. ot 22 5T ) LIF ¢ 1 15 fith B9
STDP, STP HPE:fif5 SNN 7E Ab # K & 1 25 5 B

ERAH, R EG 5 B2 s gl

FIG U P3L R G e 4 Y 53 5. F 2 RRAM
FRREILE T STDP Ml STP Hibk, HAlLL 52840

A SCE LIF Feik, HH 90H T SNN AT 58 fi 2%
1 SNN A T ooas .

Wit RRAM A T fil g4 5 A W 5 fl ) 254
KU ae B AN S ARLLEE, REfs LT SC M SNN
fi#5 1) STDP, STP, PPF $5#¥E, A F F 5L Bld /)N
TR RECA 2 O 20 e B A R — R M e A A
2018 4F Yan %5 5 5531 T Ag/TiO,:Ag/Pt 45 1Y
Wi RRAM, ZEAFHBEET, It RRAM 74 )%
SHLZZ N Ag 48K 1A 75 (8] 1) L % 28 4T A 3 I
S Z A Y)e, SCT R SR IR . SRR
{51 STDP 17 R 2RI Ry i A 5 fil ) 930 ok o 1
(BRT) i 1 DT ik g, 42 A R 23R 43 1 34 T
(WD), LA A ik vp 2 2k sl ) 22 8], o R
WE (AR AR . A2 2 A2 ] LA 3k 185 Jon ik v e £
Jik SR SCI STP 3] LTP AYFE4at Fe. Wk
2 f& (paired pulse facilitation , PPF) & STP [
— PR BE X, BIAHGT A PSS /Al bk o T 5
KHL SR T /B, B PPF K i A
(PPF = (Gy — G1) /Gy = cle_T?t + cze_fft, G, G
3 N REE LAS RS 2 Ha A K PR R SR
1, To MR RV T[] ). 7525 T ABK P S Ag
T i B Bk B NGRS, Ag/TiOy:Ag/Pt
RRAM W@ T PPF 174, Ag/ZrO,/WS,/Pt
4832 RRAM #EH BA STDP 1 PPF 4
P, #5F% STDP ¢ 7T il 48 S e Bl &, AP
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AW = Axer | ARIT SN HHHREERI
i F ZrO, Al WS, 2 B A R[] 19 8 7 1% i ol 5
Ag FHLZZI R /A Rl PR E 2 ) B i, AT
X — 2R B RO FE A m A g v i A S ML 34

T AlJTigCyT,/Pt 45K, Yan %7 8 T H
A STDP F1 STP Fpk A s fi L 228 RRAM,
BEME LI AE K b (10 ns) HEAT 5 1 B 5 R R 45
#ff STP 2| LTP A9 46 mT 38 32k 38 finfas A bk i iy
B SRR B 92 . Pt/KNDO,/TiN RRAM
AR SNN iy STDP (I 3(a), (b)), STP
F5E H J5 B4 58 (post-tetanic potentiation, PTP)
(0 3(c)) H5HEBS. PTP Jy STP 05 —Fh 0, %
TSR 10 AN A KRS 5 7= A 0 i s F e R
AN, H A 22 9 K 3 A R 22 B R 4
A I Ak R ) R ), A0S R S e T 22 AN
T, Bl B E 2 B 1 LTP Rk, e s A
Jhk w5 R A5 O AT AR AR L SR

P HE Au/SiO N :Ag/Au RRAM HA STDP,
R TR A ¥EPE (spike rate dependent plasti-
city, SRDP), STP, PPF LA K XUk sh il il (paired
pulse depression, PPD) H¢ P P JEF Ag 44K 4]
EIBHAR AL 5 AP 2 L F Ca2t B AR il 2

FAEE S AR, ERRIRET, AR R
Ag AR AL 43 1 R AL T T FR AR IS FL A . A iE
FL P 7 A T VI T R R AL 1) T 53 3, AEFL )
YRR 3B i 5 e B 5 I AR A A e 42, W
SR T, MR E— B, AR A kY
RSB, BFR TR, HRRR A &Y #
MAEHE T 3 i AR M #8 RRAM B A
STDP, SRDP, STP #1 PPF 4. i PPD 4k
SRR T 2ok v R T AT ) SR A T AR A TR
A T s S5, = U 45 A A SNN A RRAM
N T b 2 A2 T[] sy ) A b A AR ) 3 43 3]
HEATBHAS TR TG SRR A [R1AsF, 845 1 A
L4 T8 B 43 B P s N LS 45 15 5 X A7 A B
T, A R4 v A i RS M RS B . LT
DEME-TFSI & Tk /WO, £514, Yang 5§ [0 i%
i 7T B4 STDP, LTP, PPF Hl PTP $# % 1) = Uit
L A 8 RRAML. & F 1K/ WO; RRAM f
STP bk FARHE T VAE R AR / B K45 E& 1
B A B g, 1 LTP ARk B F =i
JE T KT o3 A B T A i VA 38 14T
. MR STP A1 LTP Z 8l )46 af 1] T4
PitE Yt 4 RGBS LR, 3L T

(a) — Pre-spike 80 L(b) A, =119.7
1.0 ---- Post-spike 60 T4 = 28.69 ps
40 [
20 L

Voltage/V

100

—20f
—40[
—60

A, =—116.42
=807, = —85.65 s
s X

Synaptic weight change AW/%

. —100 L L
—100 —50 O 50 100
7%% At/ps
— Input voltage
15 H(©) l = -1
: @ Io—1I1
Z 12}
%’D —
Q < 9}
= =
o J $
~  6F
- <
Tt
Effective voltage = —1.35 V - (S % é
71.5 1 I I I I I I I I
0 50 100 150 0 200 400 600 800 1000

Time/ps

Interval/ps

B 3  Pt/KNbOs/TiN #&IEZS RRAMP  (a) A 40 wm B 8] 24 14 28 flk 517 Bk ol (1) A28 fal J5 ok ol (%), DA B X6 07 B4 S5 3305 A
Jik o (W); (b) #eE1 STDP ##44; (c) STP(I2 — I1) 1 PTP( I — Ip ) 4tk

Fig. 3. Pt/KNbO;/TiN neuromorphic RRAMPS: (a) Presynaptic pulse (red) and postsynaptic pulse (green) with 40 pm time
difference, and the equivalent input pulse (blue) of the RRAM; (b) STDP characteristic; (¢) STP (I2 —I1) and PTP (Io — 1)

characteristics.
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Fig. 6. ITO/Nb-SrTiO3/Ag neuromorphic ORRAMI™): (a) Optoelectronic resistive switching mechanism; (b) transition between
STP and LTP characteristics by changing the frequency or number of input optical pulses; (¢) enhanced memory characteristics in

the array with increased input voltage amplitude.
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Fig. 7. ITO/MoO,/Pd neuromorphic ORRAMI™: (a) Device structure; (b) resistive switching mechanism based on change of Mo ion
valence state; (¢c) STP characteristic of ORRAM; (d) LTP characteristic of ORRAM.
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Fig. 9. Au/oxygen-deficient IGZO /oxygen-rich IGZO/Pt ORRAMP®: (a) Device structure; (b) conductivity increasing realized by
visible light pulses (420 nm) and conductivity decreasing realized by near-infrared light pulses (800 nm); (c) light modulated STDP

characteristic.
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Fig. 11. Edge detection based on frequency difference circuit implemented by neuromorphic RRAM®™: (a) Frequency difference

detection circuit (right) and the adopted RRAM (left); (b) output of the frequency difference detection circuit when two sets of the

input pulses are at the same frequency (left) and different frequencies (right), respectively; (c) original image and extracted edges by

frequency difference detection circuit.
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Fig. 12. Unit of artificial retinal system based on RRAM for edge extraction”): (a) Different output frequencies of the biological retinal

system (photoreceptor cells-bipolar cells-ganglion cells) in response to different light pulse inputs; (b) structure of artificial retinal system

unit; (¢) change of the artificial retinal system unit output signal Vj, with respect to input signals from Vj, port and input port.
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Fig. 13. Artificial ganglion cell based on Ag/HfO,/C RRAM for motion detection!'l: (a) Structure of biological retinal system with
both excitation and inhibition response to optical input; (b) structure of artificial ganglion cells; (c¢) working principle of artificial
ganglion cells; (d) RRAM array realized with four artificial ganglion cells.
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Fig. 14. Ag/FLBP-CsPbBry/ITO ORRAM array based biometric compound eye for motion detection!!””: (a) Structure of single
device; (b) nonlinear response to approaching objects regarding output spike frequency of biological LGMD cell; (c) emulation of the
nonlinear response properties in biological LGMD neuron by artificial LGMD neuron based on Ag/FLBP-CsPbBr;/ITO ORRAM;
(d) flexible Ag/FLBP-CsPbBr3/ITO ORRAM array as biometric compound eye.
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Fig. 15. ITO/MoO,/Pd ORRAM array for image sharpening™: (a) 8x8 ITO/MoO,/Pd ORRAM array; (b) nonlinear resistance
switching characteristics of the ORRAM array; (c) an artificial vision system based on ORRAM image sharpening array and image

recognition neural network.
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P SR BRI R B 4 S B T R U3 CNN.
3/~ ORRAM FEFNAH K T BA 3 MG H)Z
CNN. CNN 1 3 /™ i 1 53 51 6 W g AR 2R 7Bk
n, j, uw YA HEME. SLELAY ONN 7E 10 f8 I 255 vl
RE] 100% BYHERGR.

SNN 1] B AN HER [ 36T 35 4 i o A IR 2
PRk b A, HRHAR 3352 2% B iy ELAT (IR A8 A
TRTAER A 18] B e th e FH - BRSO 55 .
Boybat % 114 Fi| Fl 22 RRAM Ff-B¢ i A T 28 fiih &%
FMIZEfi T BAA GST RRAM FE R A T2 il B %) BHL
A B AR M I, I LT e i N T2 fl A
T HUZ SNN 7 F 5 F RS (MNIST 504 7).
WA N T2 Ml P B GST RRAM £ 5
7N, R SNN HEBR & T 7%, 5 EAA
B (77.02%) +4rHH3E. Wang 25 195) F1] LT Pt/
SiO,N,:Ag/Pt RRAM i) RC LIF A L fii £ 5T Hl
HF Pd/HIO,/Ta %5 i T ML 22 81 RRAM Y A
TRARI T SNN, FRBFIFHiZ SNN 3B A
MR .

SR SNN U i df R, Li 4 1161 /] Pt/

148504-17


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 14 (2022) 148504

Ta0,/Al0s/ Al RRAM #5475 T A= 4 28 70 H i 58
(RIS DR R B T RE. Z N TR gk 1
BIEMAGSKTHME 3 V) 54 ST, #H7#
G, PUHCAT DABH 1k R B4/ N iy M s {5 i ik, iR
KRR R, NI E 53T TiN/HO,/Ta0,/
TiN RRAM iy N T il BE%1] . £ T NbO, RRAM
() LIF N TR0 — i S8 T AE WA B o s 1)
SNN. RRAM A T fin AESEEE A SNN £E]]
W5 B B AR BIMTE 55 I (SVHN Hudi 4 ) i %
M 80.1% I T+ 88.5%.

5 & #®

M2 KA RRAM Fl ORRAM R HAFHE — 14
SRS — R, A TR S 5 Ak B
T A SCHUR DI FE, AR N T A R R T
J3. BRI, X — R B IE TAEAS AL T % B B
SR ARy T ATy i e AT

EE I ET b, R4 ORRAM AT 28 fil # 1F
BHAESCIL R AL B N T R 5 L A e, (RS
N GO 3K — A8 1) T AE ML BN S8 R AL 1) 1
KIEAMEFE, JoH & nT 52 B 4l 2% d B 45 1
ORRAM PR il A e 41 i K T 1) A [i) Pl 45 1o
(R E— 24T ST HLE 4 AR S A W Ry
P R ] R AN T R R RS AR B 1 5 43 B 1]
R, TS TS B ORRAM 17575 A%
PSS FILEE | 2Emk. E—42FF ORRAM Ay
SRR | BB G S Y R AERE LA K Ak ORRAM
45, 2o ORRAM 1y 3 M EZEmS. HET
XF RRAM MBS A XS S, CA7 — et 5Eil
T BAIAAS) 52E. SRTT, RRAM (RAEL A%
JE ARG e Al A 1% 58 CMOS # S8
NT G RGERIILZE, AR T LA w1
B 5. E— 46/ RRAM PEfE S5 TR 1Y 22 10
SRR AANAAT THIBFTE TT 1]

TERRZ [, MBS S e SEEE EHR Fikb
BNy T N AN i B N1 e OO = I 1 AN 1135 A
AR TR AE R P 2200 25 A A 2 1 B 91 o A 8 T
Ab B E T B R S TR iz B 1T R E A YA
RGN R, 2B Y ER AL BEMLE], H
AL RRAM Al ORRAM (1) BHZE H5 1 B A5 400 1) A
PG FA 3L R e Tt R, SR 14 P
] & 8.

FERGZ M L, S HT A R ST s = A H)
FSL LA 5 7E Z 50 B B RO B R TRl B e 22
6] 4 43 T UM, S8 Z2 0] 0 SE Brdg 55t 1 4
RRAM 5 ORRAM A TMHE RGN RFF 4.
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Abstract

With the increasing demands for processing images and videos at edge terminals, complementary metal
oxide semiconductor (CMOS) hardware systems based on conventional Von Neumann architectures are facing
challenges in terms of energy consumption, speed, and footprint. Neuromorphic devices, including resistive
random access memory with integrated storage-computation characteristic and optoelectronic resistive random
access memory with highly integrated in-sensor computing characteristic, show great potential applications in
image processing due to their high similarity to biological neural systems and advantages of high energy
efficiency, high integration level, and wide bandwidth. These devices can be used not only to accelerate large
numbers of computational tasks in conventional image preprocessing and higher-level image processing
algorithms, but also to implement highly efficient biomimetic image processing algorithms. In this paper, we
first introduce the state-of-the-art neuromorphic resistive random access memory and optoelectronic
neuromorphic resistive random access memory, then review the hardware implementation of and challenges to

image processing based on these devices, and finally provide perspectives of their future developments.
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