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Fig. 1. Flow chart of the flexible PI/SiO,/Ti/Pt/NbO,/Ti/Pt structured memristor device.
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Fig. 2. Basic electrical characteristics of flexible memristor: (a) Structure diagram of PI/SiO,/Ti/Pt/ NbO,/Ti/Pt memristor
device; (b) basic current-voltage (I-V') curve of memristor; (¢) cumulative distribution function of threshold voltage and hold

voltage under 50 cycles; (d) variation of device to device.
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Fig. 3. Electrical characteristics of devices at different bending radii: (a) Test image of different bending radii; (b) I-V curves at dif-
ferent bending radii; (¢) Viy and Vi statistics for 50 cycles at different bending radii.
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Fig. 4. Electrical characteristics of devices after different cycles of bending: (a) Test image of different cycles of bending; (b) I-V
curves after different cycles of bending; (¢) Vg and Vy statistics of 50 cycles after different cycles of bending.
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Fig. 5. Key features of flexible memristive spiking neuron: (a) Schematic diagram of spiking neuron circuit based on flexible memris-

tor; (b) oscillation and output characteristics of memristive spiking neuron; (c) all or nothing characteristic of memristive spiking

neuron; (d) refractory period characteristic of memristive spiking neuron.

PR L2 | HL B ) A7 AR L A B MR A B 2E.
PER R, XER T EmRn B AE, DG4
P, R T AMER A AS, TAESLBR R, 7]
MR BRI TR, Liashgn s, FIHAC
A B2 A AR AR 20 TAE, Mg ngE
. TEATIRF, Ry, Ry A1 O BYESM M 30 kQ,
100 Q 1 1 nF, MIZBHARE) Ropr A1 Ron 43512074
200 kQ F1 1 kQ. X B AT AL R T, B T2 R
PEAL T ERPHAS, O “1-2-4-17 BRBR 1K) R C I 1] %L
7 = Ry x C/NT“2-3-4-2"FRI{HY RO IR 8| =
(Rorp+Rg)x C, FrLASEXT A SR T, ELE Y
SV AR HL R, BRIV F A LA IR IS BH A I (B
J, 7CBHAR HH Ropp #5728 N Ron; BCRSER K <2-3-4-
27Kb ) RCBEIEEL 79 = (Ron+Rs)x C/NT 7,
LA AR A TICH , AT <27 b ) e R R E I B
IR, AZBEER  Ron #6728 °N Ropy, HLZF
BT — R R TR WA 5(b) Fias, HH g
i AHLE (the input voltage, Vix) A 4 V ¥ [E &
iR A, FeE TARIRZS 7 s «2” b i s (I8

A TTRY S ) T8 Vg Al Vi ZRHE TR,
T DAY 437 Rk SR £ B A L U A 5 U ik o X
pSECERMIMID) TS TH ML TN R KRG RS
W AR 4 1 ok b 5 5 i, A A AR B Vi
(29 2.0 V) if, A2 A ksS4, R E
SRR TS R A AR T Vg B, DTk g
BT R ICRY < B IR REE. AN, i
JUAETICHE I TR] , B AR, dnTEl 5(d) B
N, YR TTIT IR ATV, B e e A i
K AN RED EFR 2T ORI, BLEMZTT
SEM—YTRRAT Ny, BB eI B AR AR, 52k
Py rb AN RIS AR B X BE 4 SRR A ST Y
HE AR IC AR ZE K o 220 i B T A W el
ZTCH) Z R OCHETBAFIE, RERSHL A BOBLUE 5
Fets ok o2, nl AR N TR AR 4t Hh ) s o
200, Wi B B B (8 R PR R T A
SIS M2 S AN AHILAS S5 SR R .

J3—J7 1, BT R AR AR 20 R
HH A P ) i 1R - AR R HOBOC R, (]

148503-5


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)

148503

N T2 M2 h ReLU 300G pRELRIAALL. Q1IE] 6(a)
FR, YA IO TE 4 AR, ReLU #2850 1Y i
RIS T A (BRI REER Y, XTG4
A, ReLU #2250 okt s Ap e vl 3 i) 22 ¢ 12
BH 8 4 22 SO A TR0 18] 6(b) JR R T M2t v it
FE B 70 A ik o e B R #2800 A 3R 3 B 1
SR XTH A E e 8 SR R A A T S0, 45
HILK 6(c), (d). I 6(c) AT LAF H, Y%A
FERTFAET 4 VB, #H2ItAH IR B i A
IO NITTES R et | BT LD =N A e i VA D
PR TTICHK hd . AR ARAT ) SE s A T S v
PA, WERRTLUE Y, SIE 5 T2 S ReLU
20 % - A R B AR, Zad 3 —fead
PR, AR SO TTI R (frequency, F) Fil Vig
[ R ATBLEL ReL U #2800, T3 THEILIL A Ik
PR 22 R 4 R HE B SE AE. HAE, AR 6(b) RYAR % .
JE iy 1 R 2R HRT DASRASAZ B AS 0 Vi A1 Vi (5 8,

(a) Rectified linear unit
o
o
o
Q
E
<
o
S)
-
=1
2,
s
=
@)
Input of neuron
0.20 + ()
0.15
N
jas}
= 0.10
=
0.05
[J Experiment
0r — Fitting

Vin/V

Kl 6

Voltage/V

FRAEAZBE 5 0K b 22 TCTEAS ) i A v T T 38T B9 590 24 30 1 e

Vin/V

BRI Vg R R A0, T Vg X5 T
MhZeniry, —Fmgeitai R anE 6(d) Fos. wTLd
AL, BEE Vix B350, Ve A PRS0V 2
APRFFAL. HERIAA B, Vg 71 Vi 1R
B NTERFAE, FFANSZ 130 B IS A R Sk
TCBLAR I 2T HL Y F- Vi RAEHOBEOC R A Vg
TERK TR ERAEBEBEE Vin USRI T X — R,
ARSCNFEAZBE AR TAERLR A Tt —25 oAt

4 AE AT GERH T
R FAE ML)

KRR S TTI A F RIS Vg Bl
A Vin 2RI 2, 1 500 A2 B 1 B 15 4
MURIHER 23T, QIR 7(a) B, B aft & Ak B 5%
AR Z R -V R AE SO BB bR R BT R LA
AT B, SEMHEE/NTET 02 VA, Vil

4.1

Vour/V

2.0

@ Viu
1.6 o Vi
14
1.2+ 909 " o g 3
4.0 4.5 5.0 5.5 6.0 6.5 7.0
Vin/V

(a) HEVH L NE BRLTT X 1 B9 P 22 T B A K HH G R (b) SR

AR oY QU EZbe e N TIE TGN N6 QUIE RS C S E PO LS =B) T QUIE kY O NE BRI (NGRS DR HIE TS ey

RV A5 (d) Ve B Vi TEAR R R T R 5E 1t

Fig. 6. Frequency regulation characteristics of flexible spiking neuron under different input voltage intensities: (a) Input and output

relationship of neuron corresponding to rectified linear unit; (b) output characteristics of the flexible memristive spiking neuron un-

der different input voltages, and the inset is the zoom in details of the output curves in the dashed windows; (c) output frequency

statistics and linear fitting under different input voltages; (d) Vg and Vi statistics at different input voltages.

148503-6


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) 148503
10-4 —18
(a) O Experiment (b) O Experiment
—— Linear fitting —— Linear fitting
o —19r
| =
10-%F =
= 2
2 < -20 !
4 =]
2 Slope ~1.05 =
g L =
10-6 g —21F
& o
[m]
, , -22t g
10-7 Ohmic conduction Poole-Frenkel
0.01 0.1 1 0 1000 2000 3000 4000 5000
Voltage/V EV/2/(V1/2.m~1/2)
—~13.0} (e) M Experiment —10.8 H(d) B Experiment
Linear fitting —— Linear fitting
_13.9} —11.0
< <
E] g —11.2F
< 713.4 - <
) )
£ _136} g —114f
—13-8 Ohmic conduction 116 Poole-Frenkel
E,.=0.2237 eV @Q 0.1 V E,=0.2251 eV @ 0.6 V
_14.0 . . . . _11.8 . . . .
3.0 3.1 3.2 3.3 3.4 3.0 3.1 3.2 3.3 3.4
1000/T/K -1 1000/T/K -1

P 7 ZEVEICBHLAS 6 T AL AL AT

(a) BIEEEALTT I-V T EAE XSO B e b5 R LG 5 (b) BB FE BT In (1) E) # BV 1)

LG (o) BAHERIALE T In(2) 11000/ T L85 ; (d) Poole-Frenkel £ AL T In(1) Fl 1000/ T B PERL G

Fig. 7. Analysis of electron transport mechanism of flexible memristor: (a) Linear fitting of I-V curve in logarithmic coordinates be-

fore threshold switching; (b) linear fitting of In(I/E) and EY? in logarithmic coordinates before threshold switching; (c) linear fit-

ting of In(J) and 1000/ T under ohmic conduction; (d) linear fitting of In(/) and 1000/ T under Poole-Frenkel transport mechanism.
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Fig. 8. Core-Shell mode: (a) Schematic diagram of the
memristor before electroforming; (b) schematic diagram of
the memristor after electroforming, in which the NbO,

dielectric layer comnsists of NbOsfilamentary region and
NbyOy , shell region.
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Fig. 9. Schematic diagram of SPICE simulation based on NbO, memristor: (a) Resistor and heat conduction simulation of filament

region; (b) SPICE simulation model of memristor.
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Table 1.  Parameter list for SPICE simulation.
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Fig. 10. Simulation results of flexible memristor and neuron circuit: (a) I-V curve of memristor under DC voltage sweep; (b) input

and output curve of memristive spiking neuron at stepped voltage pulses; (c¢) output frequency statistics of neuron under different

input voltages; (d) threshold voltage and hold voltage statistics of neuron under different input voltages.
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Fig. 11. Simulation of spiking neural network based on FMSN: (a) Schematic of spiking neural network based on FMSN for MNIST

handwritten digit classification; (b) classification result of FMSN.

R FER A ANN i S {48533 (backpropa-
gation, BP), & )2 Fif i 2 4356 H ReLU Al
Sigmoid P PREL. 75 HEFHE L B v R A SNN A
2K, A WK AE S, BT A T eR AU i
() 22 P 12 BH 2% 2 ik vh #f 22 7T (flexible memristive
spiking neuron, FMSN) 528, 7E4 T /FE 1 FMSN
FIH T EL 250 00 T Ao R FNAZ BH 25 1 [ i e AR
R R R, iR A kg, 84
B AMICRER K 70 A AR PR, B . 2
RUHh, X6 [T 5 B s A%, ok R (BB,
W . PRAE SNN Hf ) ASACAT DL ik ik %
X A G, A AT A3 e B K v R B (] OC R G
T, 1717 5 450 5 TR B it () SN X4 AT LA I AR
SCHPRZ TR SEEE. K 11(b) JB/R T & iR nl4h
A, FIHIFMSN Fris gty SNN ] ASEHE 95.6% 11
PO SHAE O T ) ANN 25 582402 (96%),
FW FMSNH PRI ST H R P& Mmoo
AT, AR TS m M RE RS 4 SNN R4

6 % %

AL 45 T —Fh NbO, B VEICPHAR , %
HA € 1Y B RPN A S Pt o
B/ YA A 1.5 mm, 2Pk EnT ik 10
W ST RAEICRLS, M T kbt 2o R, i
FL LA (AL AT 427 B “TE MR B A 285t
JRCHRLRFAIE, RE A5 K S A0 1 i A A 5 T Ak A ik i
h, IR T A TRZ REREAMATT. NEIE
AR AT 0 95 B, A3 T i Poole-

Frenkelf& & L AR AL F L 32 S A e i AL
FAR AR RBAC SRS 0 TAENLI, JFi8 i3 SPICE H %
5 B RSB R R AR R AT T RE.
A, 1A 2 T R B - R R R BT ReLU B8
BRI, 7T B 2L RS A ReLU #%
TG R, SCIAR M T BE. e, SR T A
JUEEE T B THEHE R SNN M 4%, 7E MNIST F
BB ST 95.6%IRBIE, SHIA ANN
PURPRA Y. A FE kb e B R AL T
5% WHAE R BB R G L I AT
T 4R FHBEE T SR,

S 30k

[1] Wang Z, Wu H, Burr G W, Hwang C S, Wang K L, Xia Q,
Yang J J 2020 Nat. Rev. Mater. 5 173

[2] Zhou F, Chai Y 2020 Nat. Electron. 3 664

[3] Pei J, Deng L, Song S, Zhao M, Zhang Y, Wu S, Wang G,
Zou Z, Wu Z, He W 2019 Nature 572 106

[4] Merolla P A, Arthur J V, Alvarez-Icaza R, Cassidy A S,
Sawada J, Akopyan F, Jackson B L, Imam N, Guo C,
Nakamura Y 2014 Science 345 668

[6] Furber S B, Galluppi F, Temple S, Plana L A 2014
Proceedings of the IEEE 102 652

[6] Benjamin B V, Gao P, McQuinn E, Choudhary S,
Chandrasekaran A R, Bussat J M, Alvarez-Icaza R, Arthur J
V, Merolla P A, Boahen K 2014 Proceedings of the IEEE 102
699

[7] Davies M, Srinivasa N, Lin T H, Chinya G, Cao Y, Choday S
H, Dimou G, Joshi P, Imam N, Jain S 2018 leee Micro 38 82

[8] Ji X, Zhao X, Tan M C, Zhao R 2020 Advanced Intelligent
Systems 2 1900118

9] Pan F, Gao S, Chen C, Song C, Zeng F 2014 Mater. Sci. Eng.
R-Rep. 83 1

[10] Raoux S, Xiong F, Wuttig M, Pop E 2014 MRS Bull. 39 703
[11] Doevenspeck J, Garello K, Verhoef B, Degraeve R, van Beek

148503-10


http://doi.org/10.1038/s41578-019-0159-3
http://doi.org/10.1038/s41578-019-0159-3
http://doi.org/10.1038/s41578-019-0159-3
http://doi.org/10.1038/s41578-019-0159-3
http://doi.org/10.1038/s41578-019-0159-3
http://doi.org/10.1038/s41928-020-00501-9
http://doi.org/10.1038/s41928-020-00501-9
http://doi.org/10.1038/s41928-020-00501-9
http://doi.org/10.1038/s41928-020-00501-9
http://doi.org/10.1038/s41928-020-00501-9
http://doi.org/10.1038/s41586-019-1424-8
http://doi.org/10.1038/s41586-019-1424-8
http://doi.org/10.1038/s41586-019-1424-8
http://doi.org/10.1038/s41586-019-1424-8
http://doi.org/10.1038/s41586-019-1424-8
http://doi.org/10.1126/science.1254642
http://doi.org/10.1126/science.1254642
http://doi.org/10.1126/science.1254642
http://doi.org/10.1126/science.1254642
http://doi.org/10.1126/science.1254642
http://doi.org/10.1109/JPROC.2014.2304638
http://doi.org/10.1109/JPROC.2014.2304638
http://doi.org/10.1109/JPROC.2014.2304638
http://doi.org/10.1109/JPROC.2014.2304638
http://doi.org/10.1109/JPROC.2014.2313565
http://doi.org/10.1109/JPROC.2014.2313565
http://doi.org/10.1109/JPROC.2014.2313565
http://doi.org/10.1109/JPROC.2014.2313565
http://doi.org/10.1109/MM.2018.112130359
http://doi.org/10.1109/MM.2018.112130359
http://doi.org/10.1109/MM.2018.112130359
http://doi.org/10.1109/MM.2018.112130359
http://doi.org/10.1109/MM.2018.112130359
http://doi.org/10.1002/aisy.201900118
http://doi.org/10.1002/aisy.201900118
http://doi.org/10.1002/aisy.201900118
http://doi.org/10.1002/aisy.201900118
http://doi.org/10.1002/aisy.201900118
http://doi.org/10.1016/j.mser.2014.06.002
http://doi.org/10.1016/j.mser.2014.06.002
http://doi.org/10.1016/j.mser.2014.06.002
http://doi.org/10.1016/j.mser.2014.06.002
http://doi.org/10.1016/j.mser.2014.06.002
http://doi.org/10.1557/mrs.2014.139
http://doi.org/10.1557/mrs.2014.139
http://doi.org/10.1557/mrs.2014.139
http://doi.org/10.1557/mrs.2014.139
http://doi.org/10.1557/mrs.2014.139
http://doi.org/10.1038/s41578-019-0159-3
http://doi.org/10.1038/s41578-019-0159-3
http://doi.org/10.1038/s41578-019-0159-3
http://doi.org/10.1038/s41578-019-0159-3
http://doi.org/10.1038/s41578-019-0159-3
http://doi.org/10.1038/s41928-020-00501-9
http://doi.org/10.1038/s41928-020-00501-9
http://doi.org/10.1038/s41928-020-00501-9
http://doi.org/10.1038/s41928-020-00501-9
http://doi.org/10.1038/s41928-020-00501-9
http://doi.org/10.1038/s41586-019-1424-8
http://doi.org/10.1038/s41586-019-1424-8
http://doi.org/10.1038/s41586-019-1424-8
http://doi.org/10.1038/s41586-019-1424-8
http://doi.org/10.1038/s41586-019-1424-8
http://doi.org/10.1126/science.1254642
http://doi.org/10.1126/science.1254642
http://doi.org/10.1126/science.1254642
http://doi.org/10.1126/science.1254642
http://doi.org/10.1126/science.1254642
http://doi.org/10.1109/JPROC.2014.2304638
http://doi.org/10.1109/JPROC.2014.2304638
http://doi.org/10.1109/JPROC.2014.2304638
http://doi.org/10.1109/JPROC.2014.2304638
http://doi.org/10.1109/JPROC.2014.2313565
http://doi.org/10.1109/JPROC.2014.2313565
http://doi.org/10.1109/JPROC.2014.2313565
http://doi.org/10.1109/JPROC.2014.2313565
http://doi.org/10.1109/MM.2018.112130359
http://doi.org/10.1109/MM.2018.112130359
http://doi.org/10.1109/MM.2018.112130359
http://doi.org/10.1109/MM.2018.112130359
http://doi.org/10.1109/MM.2018.112130359
http://doi.org/10.1002/aisy.201900118
http://doi.org/10.1002/aisy.201900118
http://doi.org/10.1002/aisy.201900118
http://doi.org/10.1002/aisy.201900118
http://doi.org/10.1002/aisy.201900118
http://doi.org/10.1016/j.mser.2014.06.002
http://doi.org/10.1016/j.mser.2014.06.002
http://doi.org/10.1016/j.mser.2014.06.002
http://doi.org/10.1016/j.mser.2014.06.002
http://doi.org/10.1016/j.mser.2014.06.002
http://doi.org/10.1557/mrs.2014.139
http://doi.org/10.1557/mrs.2014.139
http://doi.org/10.1557/mrs.2014.139
http://doi.org/10.1557/mrs.2014.139
http://doi.org/10.1557/mrs.2014.139
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)

148503

(12]
13]

(14]

[15]
[16]

(17]
(18]
[19]

20]

[21]

22]

(23]

24]

S, Crotti D, Yasin F, Couet S, Jayakumar G, Papistas I
2020 2020 IEEE Symp. VLSI Technol. Honolulu, HI, USA,
June 16-19, 2020 pp1-2

Vorotilov K A, Sigov A 2012 Phys. Solid State 54 894

Rivnay J, Inal S, Salleo A, Owens R M, Berggren M,
Malliaras G G 2018 Nat. Rev. Mater. 3 1

Shi T, Wang R, Wu Z, Sun Y, An J, Liu Q 2021 Small
Struct. 2 2000109

Ielmini D, Wong H S P 2018 Nat. Electron. 1 333

Yang R, Huang H M, Guo X 2019 Adv. Electron. Mater. 5
1900287

Wang M, Luo Y, Wang T, Wan C, Pan L, Pan S, He K, Neo
A, Chen X 2021 Adv. Mater. 33 2003014

Jung Y H, Park B, Kim J U, Kim T i 2019 Adv. Mater. 31
1803637

Yi W, Tsang K K, Lam S K, Bai X, Crowell J A, Flores E A
2018 Nat. Commun. 9 4661

Stoliar P, Tranchant J, Corraze B, Janod E, Besland M P,
Tesler F, Rozenberg M, Cario L 2017 Adv. Funct. Mater. 27
1604740

Zhang X, Wang W, Liu Q, Zhao X, Wei J, Cao R, Yao Z,
Zhu X, Zhang F, Lii H 2017 IEEE Electron Device Lett. 39
308

Zhang X, Wu Z, Lu J, Wei J, Lu J, Zhu J, Qiu J, Wang R,
Lou K, Wang Y 2020 2020 IEEE IEDM San Francisco, CA,
USA, December 12-18, 2020 pp29.6.1-29.6.4

Zhang X, Zhuo Y, Luo Q, Wu Z, Midya R, Wang Z, Song W,
Wang R, Upadhyay N K, Fang Y 2020 Nat. Commun. 11 1
Lashkare S, Bhat A, Kumbhare P, Ganguly U 2018 2018
NVMTS Sendai, Japan, October 22-24, 2018 ppl-4

25]

(26]

27]

(28]
(29]
30]

(31]

(32]

(33]

(34]
35]

(36]

(37]

148503-11

Wu Q, Dang B, Lu C, Xu G, Yang G, Wang J, Chuai X, Lu
N, Geng D, Wang H 2020 Nano Lett. 20 8015

Zhang X, Wang Z, Song W, Midya R, Zhuo Y, Wang R, Rao
M, Upadhyay N K, Xia Q, Yang J J 2019 2019 IEEE IEDM
San Francisco, CA, USA, December 7-11, 2019 pp6.7.1-6.7.4
Jerry M, Parihar A, Grisafe B, Raychowdhury A, Datta S
2017 2017 Symp. VLSI Technol. Kyoto, Japan, June 5-8,
2017 ppT186-T187

Wang P, Khan A I, Yu S 2020 Appl. Phys. Lett. 116 162108
Chiu F C 2014 Adv. Mater. Sci. Eng. 2014 578168

Slesazeck S, Maihne H, Wylezich H, Wachowiak A,
Radhakrishnan J, Ascoli A, Tetzlaff R, Mikolajick T 2015
RSC Adv. 5 102318

Kumar S, Wang Z, Davila N, Kumari N, Norris K J, Huang
X, Strachan J P, Vine D, Kilcoyne A D, Nishi Y 2017 Nat.
Commun. 8 1

Nandi S K, Nath S K, El-Helou A E, Li S, Ratcliff T,
Uenuma M, Raad P E, Elliman R G 2020 ACS Appl. Mater.
Interfaces 12 8422

Nath S K, Nandi S K, Li S, Elliman R G 2019 Appl. Phys.
Lett. 114 062901

Kumar S, Williams R S 2018 Nat. Commun. 9 2030

Nath S K, Nandi S K, El-Helou A, Liu X, Li S, Ratcliff T,
Raad P E, Elliman R G 2020 Phys. Rev. Appl. 13 064024
Jung K, Kim Y, Im H, Kim H, Park B 2011 J. Korean Phys.
Soc 59 2778

Radhakrishnan J, Slesazeck S, Wylezich H, Mikolajick T,
Ascoli A, Tetzlaff R 2016 CNNA 2016: 15th International
Cellular Networks —and
Applications Dresden, Germany, August 23-25, 2016 ppl-2

Workshop on Nanoscale their


http://dx.doi.org/10.1109/VLSITechnology18217.2020.9265099
http://dx.doi.org/10.1109/VLSITechnology18217.2020.9265099
http://dx.doi.org/10.1109/VLSITechnology18217.2020.9265099
http://doi.org/10.1134/S1063783412050460
http://doi.org/10.1134/S1063783412050460
http://doi.org/10.1134/S1063783412050460
http://doi.org/10.1134/S1063783412050460
http://doi.org/10.1134/S1063783412050460
http://doi.org/10.1038/s41578-018-0013-z
http://doi.org/10.1038/s41578-018-0013-z
http://doi.org/10.1038/s41578-018-0013-z
http://doi.org/10.1038/s41578-018-0013-z
http://doi.org/10.1038/s41578-018-0013-z
http://doi.org/10.1002/sstr.202000109
http://doi.org/10.1002/sstr.202000109
http://doi.org/10.1002/sstr.202000109
http://doi.org/10.1002/sstr.202000109
http://doi.org/10.1002/sstr.202000109
http://doi.org/10.1038/s41928-018-0092-2
http://doi.org/10.1038/s41928-018-0092-2
http://doi.org/10.1038/s41928-018-0092-2
http://doi.org/10.1038/s41928-018-0092-2
http://doi.org/10.1038/s41928-018-0092-2
http://doi.org/10.1002/aelm.201900287
http://doi.org/10.1002/aelm.201900287
http://doi.org/10.1002/aelm.201900287
http://doi.org/10.1002/aelm.201900287
http://doi.org/10.1002/adma.202003014
http://doi.org/10.1002/adma.202003014
http://doi.org/10.1002/adma.202003014
http://doi.org/10.1002/adma.202003014
http://doi.org/10.1002/adma.202003014
http://doi.org/10.1002/adma.201803637
http://doi.org/10.1002/adma.201803637
http://doi.org/10.1002/adma.201803637
http://doi.org/10.1002/adma.201803637
http://doi.org/10.1038/s41467-018-07052-w
http://doi.org/10.1038/s41467-018-07052-w
http://doi.org/10.1038/s41467-018-07052-w
http://doi.org/10.1038/s41467-018-07052-w
http://doi.org/10.1038/s41467-018-07052-w
http://doi.org/10.1002/adfm.201604740
http://doi.org/10.1002/adfm.201604740
http://doi.org/10.1002/adfm.201604740
http://doi.org/10.1002/adfm.201604740
http://doi.org/DOI: 10.1109/LED.2017.2782752
http://doi.org/DOI: 10.1109/LED.2017.2782752
http://doi.org/DOI: 10.1109/LED.2017.2782752
http://doi.org/DOI: 10.1109/LED.2017.2782752
http://dx.doi.org/10.1109/IEDM13553.2020.9371937
http://dx.doi.org/10.1109/IEDM13553.2020.9371937
http://dx.doi.org/10.1109/IEDM13553.2020.9371937
http://dx.doi.org/10.1109/IEDM13553.2020.9371937
http://doi.org/10.1038/s41467-019-13993-7
http://doi.org/10.1038/s41467-019-13993-7
http://doi.org/10.1038/s41467-019-13993-7
http://doi.org/10.1038/s41467-019-13993-7
http://doi.org/10.1038/s41467-019-13993-7
http://dx.doi.org/10.1109/NVMTS.2018.8603101
http://dx.doi.org/10.1109/NVMTS.2018.8603101
http://dx.doi.org/10.1109/NVMTS.2018.8603101
http://dx.doi.org/10.1109/NVMTS.2018.8603101
http://doi.org/10.1021/acs.nanolett.0c02892
http://doi.org/10.1021/acs.nanolett.0c02892
http://doi.org/10.1021/acs.nanolett.0c02892
http://doi.org/10.1021/acs.nanolett.0c02892
http://doi.org/10.1021/acs.nanolett.0c02892
http://dx.doi.org/10.1109/IEDM19573.2019.8993519
http://dx.doi.org/10.1109/IEDM19573.2019.8993519
http://dx.doi.org/10.1109/IEDM19573.2019.8993519
http://dx.doi.org/10.23919/VLSIT.2017.7998148
http://dx.doi.org/10.23919/VLSIT.2017.7998148
http://dx.doi.org/10.23919/VLSIT.2017.7998148
http://dx.doi.org/10.23919/VLSIT.2017.7998148
http://doi.org/10.1063/5.0006467
http://doi.org/10.1063/5.0006467
http://doi.org/10.1063/5.0006467
http://doi.org/10.1063/5.0006467
http://doi.org/10.1063/5.0006467
http://doi.org/10.1155/2014/578168
http://doi.org/10.1155/2014/578168
http://doi.org/10.1155/2014/578168
http://doi.org/10.1155/2014/578168
http://doi.org/10.1155/2014/578168
http://doi.org/10.1039/C5RA19300A
http://doi.org/10.1039/C5RA19300A
http://doi.org/10.1039/C5RA19300A
http://doi.org/10.1039/C5RA19300A
http://doi.org/10.1038/s41467-016-0009-6
http://doi.org/10.1038/s41467-016-0009-6
http://doi.org/10.1038/s41467-016-0009-6
http://doi.org/10.1038/s41467-016-0009-6
http://doi.org/10.1038/s41467-016-0009-6
http://doi.org/10.1021/acsami.9b20252
http://doi.org/10.1021/acsami.9b20252
http://doi.org/10.1021/acsami.9b20252
http://doi.org/10.1021/acsami.9b20252
http://doi.org/10.1021/acsami.9b20252
http://doi.org/10.1063/1.5084060
http://doi.org/10.1063/1.5084060
http://doi.org/10.1063/1.5084060
http://doi.org/10.1063/1.5084060
http://doi.org/10.1063/1.5084060
http://doi.org/10.1038/s41467-018-04452-w
http://doi.org/10.1038/s41467-018-04452-w
http://doi.org/10.1038/s41467-018-04452-w
http://doi.org/10.1038/s41467-018-04452-w
http://doi.org/10.1038/s41467-018-04452-w
http://doi.org/10.1103/PhysRevApplied.13.064024
http://doi.org/10.1103/PhysRevApplied.13.064024
http://doi.org/10.1103/PhysRevApplied.13.064024
http://doi.org/10.1103/PhysRevApplied.13.064024
http://doi.org/10.1103/PhysRevApplied.13.064024
http://doi.org/10.3938/jkps.59.2778
http://doi.org/10.3938/jkps.59.2778
http://doi.org/10.3938/jkps.59.2778
http://doi.org/10.3938/jkps.59.2778
http://doi.org/10.3938/jkps.59.2778
https://ieeexplore.ieee.org/abstract/document/7827957
https://ieeexplore.ieee.org/abstract/document/7827957
https://ieeexplore.ieee.org/abstract/document/7827957
https://ieeexplore.ieee.org/abstract/document/7827957
https://ieeexplore.ieee.org/abstract/document/7827957
https://ieeexplore.ieee.org/abstract/document/7827957
http://dx.doi.org/10.1109/VLSITechnology18217.2020.9265099
http://dx.doi.org/10.1109/VLSITechnology18217.2020.9265099
http://dx.doi.org/10.1109/VLSITechnology18217.2020.9265099
http://doi.org/10.1134/S1063783412050460
http://doi.org/10.1134/S1063783412050460
http://doi.org/10.1134/S1063783412050460
http://doi.org/10.1134/S1063783412050460
http://doi.org/10.1134/S1063783412050460
http://doi.org/10.1038/s41578-018-0013-z
http://doi.org/10.1038/s41578-018-0013-z
http://doi.org/10.1038/s41578-018-0013-z
http://doi.org/10.1038/s41578-018-0013-z
http://doi.org/10.1038/s41578-018-0013-z
http://doi.org/10.1002/sstr.202000109
http://doi.org/10.1002/sstr.202000109
http://doi.org/10.1002/sstr.202000109
http://doi.org/10.1002/sstr.202000109
http://doi.org/10.1002/sstr.202000109
http://doi.org/10.1038/s41928-018-0092-2
http://doi.org/10.1038/s41928-018-0092-2
http://doi.org/10.1038/s41928-018-0092-2
http://doi.org/10.1038/s41928-018-0092-2
http://doi.org/10.1038/s41928-018-0092-2
http://doi.org/10.1002/aelm.201900287
http://doi.org/10.1002/aelm.201900287
http://doi.org/10.1002/aelm.201900287
http://doi.org/10.1002/aelm.201900287
http://doi.org/10.1002/adma.202003014
http://doi.org/10.1002/adma.202003014
http://doi.org/10.1002/adma.202003014
http://doi.org/10.1002/adma.202003014
http://doi.org/10.1002/adma.202003014
http://doi.org/10.1002/adma.201803637
http://doi.org/10.1002/adma.201803637
http://doi.org/10.1002/adma.201803637
http://doi.org/10.1002/adma.201803637
http://doi.org/10.1038/s41467-018-07052-w
http://doi.org/10.1038/s41467-018-07052-w
http://doi.org/10.1038/s41467-018-07052-w
http://doi.org/10.1038/s41467-018-07052-w
http://doi.org/10.1038/s41467-018-07052-w
http://doi.org/10.1002/adfm.201604740
http://doi.org/10.1002/adfm.201604740
http://doi.org/10.1002/adfm.201604740
http://doi.org/10.1002/adfm.201604740
http://doi.org/DOI: 10.1109/LED.2017.2782752
http://doi.org/DOI: 10.1109/LED.2017.2782752
http://doi.org/DOI: 10.1109/LED.2017.2782752
http://doi.org/DOI: 10.1109/LED.2017.2782752
http://dx.doi.org/10.1109/IEDM13553.2020.9371937
http://dx.doi.org/10.1109/IEDM13553.2020.9371937
http://dx.doi.org/10.1109/IEDM13553.2020.9371937
http://dx.doi.org/10.1109/IEDM13553.2020.9371937
http://doi.org/10.1038/s41467-019-13993-7
http://doi.org/10.1038/s41467-019-13993-7
http://doi.org/10.1038/s41467-019-13993-7
http://doi.org/10.1038/s41467-019-13993-7
http://doi.org/10.1038/s41467-019-13993-7
http://dx.doi.org/10.1109/NVMTS.2018.8603101
http://dx.doi.org/10.1109/NVMTS.2018.8603101
http://dx.doi.org/10.1109/NVMTS.2018.8603101
http://dx.doi.org/10.1109/NVMTS.2018.8603101
http://doi.org/10.1021/acs.nanolett.0c02892
http://doi.org/10.1021/acs.nanolett.0c02892
http://doi.org/10.1021/acs.nanolett.0c02892
http://doi.org/10.1021/acs.nanolett.0c02892
http://doi.org/10.1021/acs.nanolett.0c02892
http://dx.doi.org/10.1109/IEDM19573.2019.8993519
http://dx.doi.org/10.1109/IEDM19573.2019.8993519
http://dx.doi.org/10.1109/IEDM19573.2019.8993519
http://dx.doi.org/10.23919/VLSIT.2017.7998148
http://dx.doi.org/10.23919/VLSIT.2017.7998148
http://dx.doi.org/10.23919/VLSIT.2017.7998148
http://dx.doi.org/10.23919/VLSIT.2017.7998148
http://doi.org/10.1063/5.0006467
http://doi.org/10.1063/5.0006467
http://doi.org/10.1063/5.0006467
http://doi.org/10.1063/5.0006467
http://doi.org/10.1063/5.0006467
http://doi.org/10.1155/2014/578168
http://doi.org/10.1155/2014/578168
http://doi.org/10.1155/2014/578168
http://doi.org/10.1155/2014/578168
http://doi.org/10.1155/2014/578168
http://doi.org/10.1039/C5RA19300A
http://doi.org/10.1039/C5RA19300A
http://doi.org/10.1039/C5RA19300A
http://doi.org/10.1039/C5RA19300A
http://doi.org/10.1038/s41467-016-0009-6
http://doi.org/10.1038/s41467-016-0009-6
http://doi.org/10.1038/s41467-016-0009-6
http://doi.org/10.1038/s41467-016-0009-6
http://doi.org/10.1038/s41467-016-0009-6
http://doi.org/10.1021/acsami.9b20252
http://doi.org/10.1021/acsami.9b20252
http://doi.org/10.1021/acsami.9b20252
http://doi.org/10.1021/acsami.9b20252
http://doi.org/10.1021/acsami.9b20252
http://doi.org/10.1063/1.5084060
http://doi.org/10.1063/1.5084060
http://doi.org/10.1063/1.5084060
http://doi.org/10.1063/1.5084060
http://doi.org/10.1063/1.5084060
http://doi.org/10.1038/s41467-018-04452-w
http://doi.org/10.1038/s41467-018-04452-w
http://doi.org/10.1038/s41467-018-04452-w
http://doi.org/10.1038/s41467-018-04452-w
http://doi.org/10.1038/s41467-018-04452-w
http://doi.org/10.1103/PhysRevApplied.13.064024
http://doi.org/10.1103/PhysRevApplied.13.064024
http://doi.org/10.1103/PhysRevApplied.13.064024
http://doi.org/10.1103/PhysRevApplied.13.064024
http://doi.org/10.1103/PhysRevApplied.13.064024
http://doi.org/10.3938/jkps.59.2778
http://doi.org/10.3938/jkps.59.2778
http://doi.org/10.3938/jkps.59.2778
http://doi.org/10.3938/jkps.59.2778
http://doi.org/10.3938/jkps.59.2778
https://ieeexplore.ieee.org/abstract/document/7827957
https://ieeexplore.ieee.org/abstract/document/7827957
https://ieeexplore.ieee.org/abstract/document/7827957
https://ieeexplore.ieee.org/abstract/document/7827957
https://ieeexplore.ieee.org/abstract/document/7827957
https://ieeexplore.ieee.org/abstract/document/7827957
http://dx.doi.org/10.1109/VLSITechnology18217.2020.9265099
http://dx.doi.org/10.1109/VLSITechnology18217.2020.9265099
http://dx.doi.org/10.1109/VLSITechnology18217.2020.9265099
http://doi.org/10.1134/S1063783412050460
http://doi.org/10.1134/S1063783412050460
http://doi.org/10.1134/S1063783412050460
http://doi.org/10.1134/S1063783412050460
http://doi.org/10.1134/S1063783412050460
http://doi.org/10.1038/s41578-018-0013-z
http://doi.org/10.1038/s41578-018-0013-z
http://doi.org/10.1038/s41578-018-0013-z
http://doi.org/10.1038/s41578-018-0013-z
http://doi.org/10.1038/s41578-018-0013-z
http://doi.org/10.1002/sstr.202000109
http://doi.org/10.1002/sstr.202000109
http://doi.org/10.1002/sstr.202000109
http://doi.org/10.1002/sstr.202000109
http://doi.org/10.1002/sstr.202000109
http://doi.org/10.1038/s41928-018-0092-2
http://doi.org/10.1038/s41928-018-0092-2
http://doi.org/10.1038/s41928-018-0092-2
http://doi.org/10.1038/s41928-018-0092-2
http://doi.org/10.1038/s41928-018-0092-2
http://doi.org/10.1002/aelm.201900287
http://doi.org/10.1002/aelm.201900287
http://doi.org/10.1002/aelm.201900287
http://doi.org/10.1002/aelm.201900287
http://doi.org/10.1002/adma.202003014
http://doi.org/10.1002/adma.202003014
http://doi.org/10.1002/adma.202003014
http://doi.org/10.1002/adma.202003014
http://doi.org/10.1002/adma.202003014
http://doi.org/10.1002/adma.201803637
http://doi.org/10.1002/adma.201803637
http://doi.org/10.1002/adma.201803637
http://doi.org/10.1002/adma.201803637
http://doi.org/10.1038/s41467-018-07052-w
http://doi.org/10.1038/s41467-018-07052-w
http://doi.org/10.1038/s41467-018-07052-w
http://doi.org/10.1038/s41467-018-07052-w
http://doi.org/10.1038/s41467-018-07052-w
http://doi.org/10.1002/adfm.201604740
http://doi.org/10.1002/adfm.201604740
http://doi.org/10.1002/adfm.201604740
http://doi.org/10.1002/adfm.201604740
http://doi.org/DOI: 10.1109/LED.2017.2782752
http://doi.org/DOI: 10.1109/LED.2017.2782752
http://doi.org/DOI: 10.1109/LED.2017.2782752
http://doi.org/DOI: 10.1109/LED.2017.2782752
http://dx.doi.org/10.1109/IEDM13553.2020.9371937
http://dx.doi.org/10.1109/IEDM13553.2020.9371937
http://dx.doi.org/10.1109/IEDM13553.2020.9371937
http://dx.doi.org/10.1109/IEDM13553.2020.9371937
http://doi.org/10.1038/s41467-019-13993-7
http://doi.org/10.1038/s41467-019-13993-7
http://doi.org/10.1038/s41467-019-13993-7
http://doi.org/10.1038/s41467-019-13993-7
http://doi.org/10.1038/s41467-019-13993-7
http://dx.doi.org/10.1109/NVMTS.2018.8603101
http://dx.doi.org/10.1109/NVMTS.2018.8603101
http://dx.doi.org/10.1109/NVMTS.2018.8603101
http://dx.doi.org/10.1109/NVMTS.2018.8603101
http://doi.org/10.1021/acs.nanolett.0c02892
http://doi.org/10.1021/acs.nanolett.0c02892
http://doi.org/10.1021/acs.nanolett.0c02892
http://doi.org/10.1021/acs.nanolett.0c02892
http://doi.org/10.1021/acs.nanolett.0c02892
http://dx.doi.org/10.1109/IEDM19573.2019.8993519
http://dx.doi.org/10.1109/IEDM19573.2019.8993519
http://dx.doi.org/10.1109/IEDM19573.2019.8993519
http://dx.doi.org/10.23919/VLSIT.2017.7998148
http://dx.doi.org/10.23919/VLSIT.2017.7998148
http://dx.doi.org/10.23919/VLSIT.2017.7998148
http://dx.doi.org/10.23919/VLSIT.2017.7998148
http://doi.org/10.1063/5.0006467
http://doi.org/10.1063/5.0006467
http://doi.org/10.1063/5.0006467
http://doi.org/10.1063/5.0006467
http://doi.org/10.1063/5.0006467
http://doi.org/10.1155/2014/578168
http://doi.org/10.1155/2014/578168
http://doi.org/10.1155/2014/578168
http://doi.org/10.1155/2014/578168
http://doi.org/10.1155/2014/578168
http://doi.org/10.1039/C5RA19300A
http://doi.org/10.1039/C5RA19300A
http://doi.org/10.1039/C5RA19300A
http://doi.org/10.1039/C5RA19300A
http://doi.org/10.1038/s41467-016-0009-6
http://doi.org/10.1038/s41467-016-0009-6
http://doi.org/10.1038/s41467-016-0009-6
http://doi.org/10.1038/s41467-016-0009-6
http://doi.org/10.1038/s41467-016-0009-6
http://doi.org/10.1021/acsami.9b20252
http://doi.org/10.1021/acsami.9b20252
http://doi.org/10.1021/acsami.9b20252
http://doi.org/10.1021/acsami.9b20252
http://doi.org/10.1021/acsami.9b20252
http://doi.org/10.1063/1.5084060
http://doi.org/10.1063/1.5084060
http://doi.org/10.1063/1.5084060
http://doi.org/10.1063/1.5084060
http://doi.org/10.1063/1.5084060
http://doi.org/10.1038/s41467-018-04452-w
http://doi.org/10.1038/s41467-018-04452-w
http://doi.org/10.1038/s41467-018-04452-w
http://doi.org/10.1038/s41467-018-04452-w
http://doi.org/10.1038/s41467-018-04452-w
http://doi.org/10.1103/PhysRevApplied.13.064024
http://doi.org/10.1103/PhysRevApplied.13.064024
http://doi.org/10.1103/PhysRevApplied.13.064024
http://doi.org/10.1103/PhysRevApplied.13.064024
http://doi.org/10.1103/PhysRevApplied.13.064024
http://doi.org/10.3938/jkps.59.2778
http://doi.org/10.3938/jkps.59.2778
http://doi.org/10.3938/jkps.59.2778
http://doi.org/10.3938/jkps.59.2778
http://doi.org/10.3938/jkps.59.2778
https://ieeexplore.ieee.org/abstract/document/7827957
https://ieeexplore.ieee.org/abstract/document/7827957
https://ieeexplore.ieee.org/abstract/document/7827957
https://ieeexplore.ieee.org/abstract/document/7827957
https://ieeexplore.ieee.org/abstract/document/7827957
https://ieeexplore.ieee.org/abstract/document/7827957
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) 148503

SPECIAL TOPIC—Physical electronics for brain-inspired computing
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Abstract

Inspired by the working modes of the human brain, the spiking neuron plays an important role as the basic
computing unit of artificial perception systems and neuromorphic computing systems. However, the neuron
circuit based on complementary metal-oxide-semiconductor technology has a complex structure, high power
consumption, and limited flexibility. These features are not conducive to the large-scale integration and the
application of flexible sensing systems compatible with the human body. The flexible memristor prepared in this
work shows stable threshold switching characteristics and excellent mechanical bending characteristics with
bending radius up to 1.5 mm and bending times up to 10%. The compact neuron circuit based on this device
shows the key features of the neuron, such as threshold-driven spiking, all-or-nothing, refractory period, and
strength-modulated frequency response. The frequency-input voltage relationship of the neuron shows the
similarity of the rectified linear unit, which can be used to simulate the function of rectified linear unit in
spiking neural networks. In addition, based on the electron transport mechanism, a core-shell model is
introduced to analyze the working mechanism of the flexible memristor and explain the output characteristics of
the neuron. In this model, the shell region consisting of Nb,O5_, is subjected to ohmic conduction, while the core
region consisting of NbO, is dominated by Poole-Frenkel conduction. These two mechanisms, combined with
Newton’s law of cooling, dominate the threshold switching behavior of flexible memristor device. Furthermore,
the threshold switching characteristic of the memristor is simulated, verifying the rationality of the working
mechanism of the flexible memristor. Considering the fact that the threshold voltage decreases with temperature
increasing, a correction term is added to the temperature of the shell region. Subsequently, the output
characteristics of the neuron regulated by the input voltage are simulated. The simulation results show that the
frequency increases but the threshold voltage decreases with the input voltage increasing, which is consistent
with the experimental result. The introduction of the correction term confirms the influence of the thermal
accumulation effect of the flexible substrate on neuron output characteristics. Finally, we build a spiking neural
network based on memristive spiking neurons to implement handwriting recognition, achieving a 95.6%
recognition rate, which is comparable to the ideal result of the artificial neural network (96%). This result shows
the potential application of the memristive spiking neurons in neuromorphic computing. In this paper, the study
of flexible neurons can guide the design of neuromorphic sensing and computing systems.

Keywords: flexible memristor, spiking neuron, neuromorphic sensing and computing
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