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Abstract: Nowadays, artificial intelligence (Al) is playing an increasingly important role in human society. Running
Al algorithms represented by deep learning places great demands on computational power of hardware. However, with

Moore's law approaching physical limitations, the traditional von Neumann computing architecture cannot meet the

urgent demand for promoting hardware computational power. The brain-inspired neuromorphic computing (NC)
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employing an integrated processing-memory architecture is expected to provide an important hardware basis for

developing novel Al technologies with low energy consumption and high computational power. Under this conception,

artificial neurons and synapses, as the core components of NC systems, have become a research hotspot. This paper

aims to provide a comprehensive review on the development of oxide neuron devices. Firstly, several mathematical

models of neurons are described. Then, recent progress of Hodgkin-Huxley neurons, leaky integrate-and-fire neurons

and oscillatory neurons based on oxide electronic devices is introduced in detail. The effects of device structures and

working mechanisms on neuronal performance are systematically analyzed. Next, the hardware implementation of

spiking neural networks and oscillatory neural networks based on oxide artificial neurons is demonstrated. Finally, the

challenges of oxide neuron devices, arrays and networks, as well as prospect for their applications are pointed out.
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b B B R PUE & g, N TE #e
(Artificial Intelligence, A)EE&) 2 M H T X ANE
o NN, B B EEIT SR, A
M AERAE 7 2R . BT N T8 RS 5 T
FE5 2], AEAE Gt - UK 2 2R R T B A% ORI R
PRSI o BT UE B G Hh A7 i 25 A1 AL BE 5
Yo, XN LR REREIEZAT I 2 I 1
A= ThFE, HE L 2 BB B H 2 386 10 Haf b 38 75
Ko MHEEZT, NREARCES. AR, HEIE
SREEL R, AT AR RBAT NN o) HEWTSE S
5% NG e RPE 2 229 D 1 KM e /= oA HL
I . NI A& 2 101 Mis
JORT 10" AN, o 58 fil by 1 4o 40 S0 R #0146 0
Z A TAT B o SR Ml 2 PP 22 R Gt P AR A 5 S RH R 42 4
ZIUERRE R ARG, AL SRS A
k B HT SR Al A S, I B4R B AL B R R
fit o FH A 28 70 FH SR ik R S PN T 49 20 1) 8% B A7
THET — 1k, WA XGE S B A BT AT R
JCIA AN iE, R et EAR . = Nk g ML
PENLE S A, BHIFN 03 BB AR 2840 tH e, $& T
G AT E T AT, KA TESAL
Bhe, AR EIZ LR WERTE EWS) 1%
N TR M e o as A, HET B B A2 B8 A J2 T 5k
PR R Hoh, NTM&mEEMATTES ML
PE R, RADAE Ayt 48 70 8] 3% B A 17 53 4% 33 A
A fE B . Br, BT EAN& )8 Ay 24k
(Complementary Metal-Oxide Semiconductor, CMOS)
HARKMA RS S EH%RE, A5 IBM 1
TrueNorth 5 APl JERE/RIY Loihi &5 A, 4K
S R L WL R S A R S0 A% A
e T A% G0 - AR & LR, MRS fED)
FEAITHEL R JT A5 3 KM@ S TH. B TrueNorth
1], o R A IR 3 Y S5 08 [F) A B BR IR & it O

R, WEEH 2.56 1CAFAA 100 J5MRZETT, T
FEI Y 63 mW, RIFESTHE3 Y 400%240. 1134 30 fps
(frames per second) LA H ST 22 H b i PRI IR
WA . 48T, CMOS A TEA S IKEFER 4
1) HL B SE I TR il I #H 22 TE D g 72 CMOS #a:
JOT IR Y BAR PR 15 L T, CMOS FEM &
O M DAYR R B s A i R AN IR D FE I 75 K
IR, DLEkHERE . BRI, 1ZHA SR
B 813 TRl kR, FHERA
TR Al AR 22 Tu D REJT T I BRI HY . A )
PRIl £ TR B . CMOS L2 e B M S5 Ah A, TEHr Y
W a8 s AR N Dh R E A RE . A 2 1
e AE A TR R . REREAR, W] DA SR 1 SEEL R A i 2
Fofm 9 U0 O 3 ) T 5 i B4 1) It A 3T s
e B, a3 58 B B AR 0 A4 2 5 2 TS5 . Al
bb TR fik, 0 22 T 1R Dh RE AL HOAF N R HE, IX 2 R N
P22 0 40 LI A A2 DR S AN R 9 FELUR 145 5 Il E,
HBBAT AT IR ph2 o a] LA R R AE 5,
L B2RUE TR T A BAE N, R RIES T, 1M
JE ALK R B E RSP, A E U & T s
ARSFE, N T2 o284 75 2 [F I se Bl Bk 5)
BAT N WIESLHM ML T 1A E, w5
BTz A 2 o B A E B - 22 (Hodgkin-
Huxley, HH) # £ J6 . it J5 — 3R B - & 4 (Leaky
Integrate-and-Fire, LIF)#1 & L HIIRG M40, Hh,
HH #£& 0 B WA s ¥+ 8, T
BN L M B ST MR A EEZ L. EN
HH B8 () faifthie, LIF 4o BARMELL 2L FE 1)
PEENAT N, HILHEREHRR. 5 &% K
H BB L RS R TE AR, RS2 30
FK¥E. 5 HH #&I0A LIF &0 H, RHMs
TG BRI AR Rk, (HH T RGeS BF (1)
B 9% 32 AN 7 0 1 i L SR AL, XS



Ham

PR, S AL TSI B LA 2 R 2 N

347

FRKEME T FILIRA EH EEE X

A F AP LR 0 A A S AP 2 X 4% (1T 5
BRI T TRE S R, B MNEYHA oL MR
Thie &, WER#P 4 oo B A AR R RN Bl )1 2447 M
SRJE, R B R A el 2 e A A 1 BT T AL
HHRE, JRAEAR AR )E I E S HH #4J0. LIF i &
JCARG fH & oo i) AN, HE—20, fERGZH
PRITIE T LIF #1480 100 ok 3 e 28 X 8% Rl T 326 4R
P2 TC AR % 40 2 P 2 R R PAT M AT A 1T
RS I 25 Bda, e 4aTse Bl &b N T
22 R TR I PP, I R AR SR B R SR T 5 .

1 EYMHET

WA 1()fiR, YRR g oA S5 K 1 t i
R, AR R R WRELS N Z, Siiws
JCE R B M, e R Al SIS,
TR TS A S A R Al R ) A AR g A
il R e T2 T —ME TG, A, ME I
e s ) 2 bR R T 158 T (Na ™y KT Ca™' CI4%)
WIE(E 1(b) SME L E RN BT N E B,
FER RS, M4 U P AM ) L 34 22 Rk o i 2
HAL(-70 mV). HEEYCHT R Al M A5 B, o
AN Na [ PN, Moo R sAn e n, Epk
A At 4 Na AR P 5, KA, S
JRER AL N, BR AL . fE R,
Mg e e e ERIEE S BIERALD) . BT KTl
PREIR, 277 A — B B AR T S sE A7 IR B[],
X B T B AR AN LI . 5 SRR, s oo R Ad 42

(a)
N
TR

Input spikes

.....

e 3k e B AR AR Bt AN BE P AR S AR LA . AR ER 3
W BT R A 5 5, CIIEIETT S, JF Ao vE g
MR NIz, W SBUR ot — B Rk AR, )R
H AL B AR T S AL (B 1o AN
LGB NG TR, R B B A
M, JHEEE P RAE R, AR S A sh
PR, FPEe JO M Ha A Bh A5 R 52 2 7 I TE 4L
oA RffE T RE SR H AR A2
JERSHE T 20 AU, A b 4 oo I FL A 2 0
A HE AR Eh &2

2 SHHmET

21 #METHEHFEE

T SN A 28 0 10 AT 32 2 78 7 3R A= P o
SR B RE, il B O R AT A K
R, MR ESIR O 2R & oA, Ho
HH 1 LIF B8 552 5638 . HH BB US04 2 i
A A 2 0 R L S R S TR TE (1 Bh A AT R, OB
MM EEFERIEX R

lay:cmgzigl+6kaggn—vk)+

Ona V(=) +GL(Vn (O -V1) (1)

H () NP Te AR, Co M Vi 53 AR
TOHRE B R A AL, Gk Gna 1 GL 23972 KTy Na'
FERMIE RS, Vi, Vo M VL 205052 K. Na©
A SRR 10 S ) 34 . RV R 4 2 8, HH
TR DU U R AW 2 e T E R SR, H 2

Dendrite
/ - a \ ¥ 2
- ,’f /
A -*
/Z”
Axon
A
Z
=} Threshold ©
e 3
H —
) 2 5
i S 2
X R A - N .
: § |Reset
o 3 E potential Refractory
Excitatory Inhibitory
: input spike

Time /s

K1 AR ou gt K sl 2 m N
Fig. 1 Typical structure and dynamic response of biological neuron
(a) Typical structure of biological neuron; (b) Schematic diagram of voltage-gated ion channels in
neural membrane; (¢) Dynamic changes of membrane potential under stimulation
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Fig. 2 Hodgkin-Huxley (HH) neuron based on VO, memristors

[32]

(a) HH neuron circuit based on VO,-based memristors; (b) Output resonator spiking of VO,-based HH neuron;
(c) Output inhibition-induced spiking of VO,-based HH neuron; (d) Spike frequency adaptation property of HH neuron
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Fig. 3 Leaky integrate-and-fire (LIF) neuron based on antiferroelectric field effect transistor

[43]

(a) Volatile typical transfer curves of an antiferroelectric field effect transistor (AFeFET) (up) and continuous firing events of
an AFeFET neuron under voltage pulses (down); (b) Dynamic of leaky and integration process of an AFeFET neuron under gate pulse with
different amplitudes; (c) Artificial neuron circuit diagram based on AFeFET
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Fig. 4 LIF neuron based on an antiferromagnetic spintronic device

[51]

(a) Schematic of an antiferromagnetic spintronic device; (b) Schematic of a polar magneto-optic Kerr effect microscope setup for
in-situ magneto-electrical transport probing (up) and its measured domain wall position of hall bar under current stimuli (down);
(c) Domain wall position signal (up), neural threshold signal (middle) and output voltage spike dynamics (down) of the
antiferromagnetic spintronic device under current stimuli with inset presenting dynamics of domain wall motion
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Fig. 5 Researches of LIF neurons based on oxide memristors
(a) Typical I-¥ curve of a NbO,-based TS memristor'®); (b) Schematic diagram of artificial spiking neuron circuit based on NbO,-based memristor'*”);
(c) Oscillation and output spiking characteristics of memristive neuron under constant voltage stimuli”®*); (d) Schematic illustration of an
optoelectronic neuron with ITO/IGZO/Ag/Ta,0s/ITO structure!””); (¢) Comparison of fire dynamics of the optoelectronic neuron under dark and

ultraviolet light”); (f) Fire frequency of the optoelectronic neuron as a function of light intensity at different wavelengths

(73]
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Fig. 6 Coupling circuits of oscillation neurons and the output mutual waves
(a) Circuit schematic of three spin-torque nano-oscillators connected electrically!'®®); (b) Unsynchronized oscillatory wave

of the three coupled oscillators*;

circuit consisting of two VO,-based osmllators[96

(f) Out-of-phase voltage oscillatory waves of VO,-based coupled circuit

(c) Synchronized oscillatory wave of the three coupled oscillators!'®!; (d) Coupled
() In-phase voltage oscillatory waves of VO,-based coupled circuit®;

[96]
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Tablel Performancecomparison of HH, LIF and oscillation neurons based on oxides

Auxiliary Operation Highest Energy

Type Device structure Physics - . output  consumption Advanced function Ref.
circuit  stimulus :
frequency  per spike
2S2R2C* . .
Pt/VO,/Pt Mott 2SIR3C* \C,;‘ftr;“: <60kHz  5.61) iz&l’;@; %iﬁ;‘ili((’)‘ical [32]
HH 2S2R3C* V08
W/WO,/PEDOT:PSS/Pt ©roton, CMOS 2V — —  Local graded potential, 5,
migration all or nothing
Si:HfO,-based FeFET ~ Lolarization cp 4y — — Integration of excitatory 1,
switching and inhibitory inputs
Polarization « . . . .
Hf\ sZry s0,-based FeFET switching 5T1C 1.8V Spike frequency adaptation [44]
Hf}, ,Zry30,-based FeFET Pol.arlz.atlon 6TIR* 1.8V — 37 1] Adjustable output frequency [43]
LIF switching
MTJ Spin 1T* — 17 MHz 486 f]  Adjustable output frequency [51]
Pt/Ag/TiN/HfAlIO,/Pt  Filament 2RIC* 15V — 16 1 Adjustable output frequency [111]
Ag/Si0,/810, ¢3/Pt Filament 2RIC* 0.1V — 21] Adjustable output frequency [79]
Au/VO,/Au Mott 2RIC* 5V 1 MHz 2.9n]  Adjustable output frequency [112]
Si/NbO,/TiN Mott IR* 2V 900 kHz 38 pJ  Self-protection [110]
Pt/TaO,/Ta/Pt Filament IR1IC* 4-6V 250 MHz 300 uW  Adjustable output frequency [105]
Oscillati Ag/HfO,/Pt Filament IR* 0.6V ~80 kHz 1.8 uW  Adjustable output frequency [113]
scillation
Pt/NbO,/Pt Mott IR1IC* 4V 33 MHz — Adjustable output frequency [94]
VO, Mott IRIC* 25V 1 MHz 735 mW  Coupling [114]

* S: Source; R: Resistor; C: Capacitor; T: Transistor

3 EFSUWMHEZTHATHRZMEE 2T TaO RMA NbO, MLIuiRE | —Fr 4X4 5
f P SNNo NbO, #2870 bk S B A% S B {E X 5l

Jok i 28 9 2% (Spiking Neural Network, SNN)fi§f IR 29U BE £ A, RIS SE R 1 /CL 4 5 s U AE 7Y
PR KRN TR R TR, o gy OAPERAE B ECRUR SRl N\ o) OR300 5 A
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Fig. 7 Researches on hardware implementations of spiking neural network (SNN) based on oxide neurons
(a) Schematic of an SNN with 8x3 array network for unsupervised learning!"'’; (b) Evolution of input voltages, neuron currents and synaptic weights

in the unsupervised learning process'''®; (¢) Neuromorphic circuit based on hybrid memristor/CMOS neurons

[119].

; (d) Circuit diagram of

the V/VO,/HWO,/Pt-based SNN hardware system''>"); (e) Output spike frequency (Vo) as a function of resistance of R-mode device!'*”!
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Fig. 8 VO, oscillator-based oscillatory neural network (ONN) for Ising Hamiltonian solver

[121]

(a) Eight-node Ising model; (b) Schematic of a phase-transition nano-oscillator consisting of a VO,-based memristor in series
with a transistor (left) and the scanning electron microscopy image of the VO,-based memristor (right); (c) Measured oscillatory
waveforms in no-synchronization state, first-harmonic injection-locking and second-harmonic injection-locking
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