Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

HETERZ UL BENINE Rl
W& R NH MR XNTFH A

Artificial synapses based on layered multi—-component metal oxides

LiuQiang NiYao LiulLu SunlLin Liudia-Qi Xu Wen-Tao

5] Fi{# B Citation: Acta Physica Sinica, 71, 148501 (2022) DOI: 10.7498/aps.71.20220303
TEZE [T View online: https:/doi.org/10.7498/aps.71.20220303
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in
FEFR R 2 = E AL AR Y N TS fihes
Artificial synapse based on MoO, nanosheets prepared by hydrothermal synthesis

PIBEAEA. 2020, 69(23): 238501  https://doi.org/10.7498/aps.69.20200928

S BRI 28 5 fih A

Oxide—based memristive neuromorphic synaptic devices

WAL 2019, 68(16): 168504  https://doi.org/10.7498/aps.68.20191262

BT AT REMX ene 07 11 28 5 it A2 BEL s B4 1) 1 /6L IR R 2 fl T 28 P P S92 B

Fabrication of synaptic memristor based on two—dimensional material MXene and realization of both long—term and short—term
plasticity

YrH2EdR. 2019, 68(9): 098501  https:/doi.org/10.7498/aps.68.20182306

AHLEE AL SR P BB R PR A S i

Recent progress of ion migration in organometal halide perovsklte

PIHEEAR. 2019, 68(15): 158801  https://doi.org/10.7498/aps.68.20190853

ST E AR AR AR S SRR RERG R

Phase transitions of Na—ion layered oxide materials and their influence on properties

WIBEAEAR. 2022, 71(10): 108801  https://doi.org/10.7498/aps.71.20220291

T RS 5T P S iz ROV B AR

Brief overview of microscopic physical image of ion transport in electrolytes

WIBEAEAR. 2020, 69(22): 226601  https://doi.org/10.7498/aps.69.20201519



#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 14 (2022) 148501

T EHEERITERYIERTE

ETERZTERANLIH NS RM

xE R KB

A

X|H A AR AT

(FEIT R T RS S EORBT ST, E DG TR S BORE 900 %, Kt 300350)

(2022 4E 2 A 19 HULF]; 2022 4F 4 A 10 AU EMEHH)

B 28T A L T I 2 T A ) M 28 R G 0 e SRR 0 T 3 L = WA B 1 G 2\
G fl L T 58 S (5L S M AL T A i T 2 2500 28 o £35S T L 2 490 i 0
B R4 5 VA A5 SR - e s A BT BLAT JEAR S FI 9 P3 A Nag gNiy My 50, 2 764 IR 64 . 5
HC AL Nat 5 T A B EOEE, BET IR 4 T 3T NaygNiy ;sMny 50, B85 TAE B AR5 i, B0
A o 13 5 B 528 T 6 G AP RS0, D378 R 2K 2 SR B o 3 5, AR X AT it
T3 T VA WAL T XA PE G Al PR U UK 55 e I Pl B FRIB AT S K ol S AT S ik o
0 (L4941 7 40 L o 52 G D [ 88 52 0T S B 4 o 4 4 B 1 51 5 0 o

REEIR: NiERfh, B8, Zooemaft, Rk

PACS: 85.35.-p, 73.40.Mr, 77.22.E;

1 5

UEAFE AR E— DA ZIE ST T AR
FBLTARRCARRMRIL T, S Mk it -2 o a i A =),
e T rE iy i 2 @ R 5 A S ik iy BB A 7O
KA, A BT H AT L SE T AL s A
22 W2 I BT I (4 A5 B LAO AT | SER IO
P H AT L RO B B 1), AS [ S B N
Gl FEL TS L SE ] LIS A= Wy 5 ik, 5 7RSI
Xt R A BB AT R AT, FFa e 3 B
XA TR, A BT Ot S SRS, &
SERT— B AT R

P 3 N 1 2 L - e U A S AR SR T
JCAFFR A Y RS AL, TARAILA] -5 A P 5l B A A
AT, GEAIE NI ) R ARIIRE . 5 TR
SRR AR B Tz SR L st o 4
JiE AR PR R - T A ) = IR A A, b

ail%

DOI: 10.7498/aps.71.20220303

FR RO IRAE — T L HrE T SR (i T AR K
S ARG ESE R, R AL ek 0
A R AL 1209 A5 L/ TR S 0 LA 0
a5 G SRR A I e T A
BN i, FEBLH T 08 S A0IBME T B T, My
BT A TR R R TR TR
ARGERIOIETE 4R B, T ILEAN R T 5
IR LE B 2 /I U1 (R, OB T
WG B (2 - L RO (3 2 A
2, S A Sl T LR T
BT RERDRL. ELAT P3 ARG 12 04 R
LA Nay)sNiy 5 Mny 50, 15— FfE R 192 T4
bR, Noc7E L 54 Fi o 92 BLEE AL % e 1921,
FEE LR B AEFTR (o 516 oL I B Nt ]
FEH PRI T AR P35, (b e 4 B T
J I 9 Na J5 T8, 2, S s PR
Na sNiy 5Mng 5O, HIF A ) Nait Tt th e
1 i i R 2 2224

*ERRNEEREIE S (IS T2125005), REEH AN EER2ER S (#HHES: 19JCIQIC61000) MBI RHE ] (HLHES:

JCYJ20210324121002008) % Bh )i,
t BfE1EE . E-mail: wentao@nankai.edu.cn
©2022 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

148501-1


http://doi.org/10.7498/aps.71.20220303
mailto:wentao@nankai.edu.cn
mailto:wentao@nankai.edu.cn
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 71, No. 14 (2022) 148501

ARSI IE-BERE A T 2 0248 T 4
ﬂﬁ% NaQ/gNil/gMng/goQ, %?ﬂ: Na*lﬁ/‘] Eﬁﬂf‘%ﬁ
R I &5 1 s B I RS R S k. 7
FA L IR ST BR8P A A e fk ]
SAPEIEA TR SR, AN Al S LR (excita-
tory postsynaptic current, EPSC). X ik #f 5 1k
(paired-pulse facilitation, PPF) ik &0 A #fi il

#AVE (spike-number dependent plasticity, SNDP),

Jok AR AR AT ¥ PE (spike-frequency dependent
plasticity, SFDP). Jik vl H, He A< 8 AT 38 PE (spike-
voltage dependent plasticity, SVDP) . Jki-FLLhs}
] 4 i 7T ¥8 P% (spike-duration dependent plasti-
city, SDDP) 4. b, %5 A3k 5 ikt o J2E S8y el
T ) XY FRLAS SN , &4 T LAV D0 2 i
TP 22T FABC e 7

2.1 HEEIE

{ﬁ‘@*}‘r*’l’ Naz/gNi1/3Mn2/302 ﬁﬁﬂ{ﬁ‘ﬂﬁf-ﬁﬂﬁ—c
L AR ST KPR 2R T B i 25290,
B - B R A | B THRAE HLAA R
sl 23 i SO A SO, AN SCR F I 5 20 H AR A
*’I‘ Na2/3Nil/3MH2/302 ﬂzﬁ?ﬂﬂ% ﬁf’ﬁ’l‘%%iﬁ}ﬂg

(b) Input spike

Output M

current

FEIRLLBIR 2:1:1 B CTREN . CTRER . LTRERE T
FESOR P IRA T 228 7K, SIRAME T 2 it
iR B Ek O — T AT e A —E i
HNE G — K EFHERR, IFE 80 C I RFLLe
SR HTAR LA RS, 2 I R A A
[ia] 351G 1) A 7 . K A5 3] 1 5 e T s KRR N T
80 °C HET 8 h JF HUH B BE T M8U% Fr b 3. SR &
BAMMA R — KGR, 6 s 025 F i 7E
400 °C W41 FIB KALBR 3 h. IEA, AR IE R
T AT, FERR R ARG 25 B 4E 900 C 4%
PR ZUGE K AR FE 12 h. Z0FEE e, A] 15 3 25
ELUF Nag sNiy 5Mny 50, KiK.

2.2 B 5SHE

M 28 R G AN I S A BT, TR
HIAAR TR IRRE Y. A 1(a) R, A5
fith Fh1 AH EL I 45 A4 T el 22T 0l 2 L R R ot
RS 2 B 35 ) 1) ) B RA) ol A 3 A1 FL A P S i
TR 2Tl O R AR BB s 1T T, #ho
PYES T IT a6 A i A, 5 200 Sl i R e A i
AR T A7 DA, ) 2 fk [ B o R o i I e K
223 o O i i FE_E A UM B 2 AR AR A A
B S A i 7 A5 1 B 5 G 2200, TE LT R il v

25 [28—:
i [28—30]

F 1 (a) PRI KRR EIE; (b) N T8 2508 B2 (¢) P3AH NagsNiy ;M 50, 45178 1A

Fig. 1. (a) Schematic diagram of biological neuron and synapse structure; (b) schematic diagram of artificial synaptic electronic

device structure; (c) schematic diagram of the structure of P3 phase Nay3Ni; ;sMny50,.
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Fig. 2. (a) X-ray diffraction test diagram of Na,/3Nij/sMny30, powder; (b) scanning electron microscope test diagram of
Nay/3Nij3Mny 30, powder; (c) EDS test diagram of Nay/sNijsMny 30, powder; (d) surface topography test diagram of
Nay/3Nij /3Mny 30, active layer scanning electron microscope ; (e) bottom electrode Al foil, Nay/sNij ;sMny 50, active layer and PEO-
Na electrolyte thin layer scanning electron microscope cross-sectional morphology test diagram; (f) atom force microscope test dia-

gram of Nay3Nij sMny /30, active layer.
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Fig. 3. (a) Single resistance characteristic test; (b) 50 consecutive tests of resistance characteristic stability; (¢) EPSC generated by

applying a single electrical pulse signal with an amplitude of 0.2 V to the device; (d) PPF generated by continuously applying two

electrical pulse signals with an amplitude of 0.2 V to the device; (e¢) PPF and (f) PPF index generated by applying multiple pairs of

electrical pulse signals with different amplitudes of 0.2 V to the device.
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Fig. 4. (a) SNDP and (b) SNDP index generated by continuously applying 10 electrical pulse signals with an amplitude of 0.2 V to
the device; (c) 10 groups of amplitudes varying from 0 V to 4 V to 0 V are applied to the device SVDP generated by electrical pulse
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amplitudes of 0.2 V to the device; (f) SFDP generated by continuously applying multiple groups of electrical pulse signals with the
different frequencies and amplitudes of 0.2 V to the device.
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Fig. 5. Post-synaptic current response generated by applying Morse code electrical pulse signals with content of (a) Na, /35 (b) Ni; /35
(c) Mny3, (d) O, to the device.
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Abstract

Neuromorphic electronics has received considerable attention recent years, and its basic functional units are

synaptic electronic devices. A two-terminal artificial synapse with sandwiched structure emulates plasticity of

the biological synapses under the action of nerve-like electrical impulse signals. In this paper, P3 phase

Nay/3Ni; ;3Mny 30, multi-element metal oxides with layered structure are synthesized by sol-gel process. Owing

to the fact that Na' is easy to embed/eject into its crystal structure, an ion-migrating artificial synapse based

on NaysNij/3Mny /30, is designed and fabricated. The device emulates important synaptic plasticity, such as

excitatory postsynaptic current, paired-pulse facilitation, spike-number dependent plasticity, spike-frequency

dependent plasticity, spike-voltage amplitude dependent plasticity and spike-duration dependent plasticity. The

device realizes the identification and response to Morse code commands.
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