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Fig. 1. (a) Schematics of a pinched hysteresis loop of a
memcapacitive systeml; (b) ¢-V curve of a simulated
voltage-controlled memcapacitor!'¥); (c) C-V curve of a sim-

ulated voltage-controlled memcapacitor!!*,
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Fig. 2. Neuromorphic computation based on memcapacitors.
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Fig. 4. Structure of Au/Ti/HfO,/InP memcapacitor”: (a) device structure and total I-V curves; (b) schematics for the band dia-

gram of the metal HfO,-semiconductordiode at zero bias; (¢) equivalent circuit of device and its C-V curves; (d) R-V curves.
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(c) nonvolatile capacitance changes with frequency.
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Fig. 7. (a) A memory capacitor with an Al/Ti/RbAg,l; /MEH-PPV/SiO, /p-Si/Al structure (inset) and its characteristic curvel®d);
(b) schematic diagram of the ITO/MASnBry/Au structurel!; (c) mechanism of the ITO/MASnBr;/Au structurel®'); (d) memcapa-
citive characteristics of the ITO/MASnBr;/Au device(C-V hysteresis and Q-V loops detected at 1 MHz); (e) device structure and
charge accumulation scheme under negative (top) and positive (bottom) biases of an organic thin film memcapacitor, where the Si

bottom electrode is kept grounded!6?.
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Fig. 8. Short-term plasticity emulated in artificial synapse based on memory capacitance”: (a) Schematic illustrations of the signal

transmission in biological synapse and the Al/copolymer/ITO artificial synaptic device. AFM image of copolymer film; (b) the C-V

curves; (¢) PPF behaviors of the device. A; and A, represent the PSC of the first and second presynaptic spike, respectively. The

red and blue curves represent the excitatory and inhibitory PSC under negative and positive voltage, respectively. The inset shows

schematic of pulse application; (d)PPF index plotted as a function of the time interval.
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Fig. 9. Test structures and electrical characterizations of devices with [Ru(L)y](PFg)?"): (a) Schematic illustration of the three struc-
tures; (b)—(d) the current density versus voltage J(V) characteristics of structures A(b), B(c) and C(d); (e)—(f) the top panels show
the relative permittivity versus voltage characteristics of structures A(e) and B(f), overlaid with the J( V) curves of the correspond-

ing structures. The bottom panels show the corresponding charge versus voltage profiles for structures A(e) and B(f).
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Fig. 11. (a) Photograph of a two-state MEM capacitor®!; (b) measured capacitance as a function of voltage of the two-state capa-

citorP!; (c) elastic poles memcapacitor.
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Fig. 12. Biomimetic membrane assembly and electromechanical behaviours®”: (a) A capacitive planar lipid bilayer that mimics the

structure of a biological membrane forms spontaneously upon contact between lipid-coated droplets and exclusion of excess oil; (b) a

schematic describing the geometrical changes caused by a net membrane voltage, v(?).
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Fig. 13. Dynamic pseudo-memcapacitor(DPM)P%: (a) a scanning electron micrograph of the plan view of the integrated DPM, and a

transmission electron micrograph of the cross-section; (b) charge-voltage relationship of the integrated DPM.
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Fig. 14. Schematic of the memcapacitor emulator: (a) Schematic of the memcapacitor emulator based on the Miller effect!);

(b) memcapacitor-resistor series circuit!”; (c) the proposed mutator circuit!l.
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Fig. 16. Memcapacitor bridge synaptic circuit'f.
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Fig. 17. Memcapacitive synapses!'” (a) Memcapacitive synapses in integrate-and-fire neural network; (b) STDP with memcapacit-

ive synapses; (c) simulation of integrate-and-fire memcapacitive network with only one spiking neuron.
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Fig. 18. Pseudo-memcapacitor synapse?): (a) Schematic representation of a biological neuron generating an action potential after re-

ceiving high-frequency post-synaptic inputs; (b) the integrate-and-fire process of a pseudo-memcapacitor synapse; (c) schematic of
the synapse-transistor; (d) dynamics of the synapse-transistor integrate-and-fire process.

1% m
Qm
Qrpri|+ L
MC, MC,,
= Ql . Qm = B
0 — L

Floatmg G Qo--t++|++ . 1
o
—Qo .-r‘!“ Ve
Vo
Bl 19 12%5-MOS Hi& i & ik 2

Fig. 19. Neuron-MOS transistor couples the memcapacitor
cells?!,

3.3 ETIZEWIERKIRMLEMETT

Kl 19 M12FE-MOC # & oo s fib {55
(R4 21, B MOS B2 A2, Itk
LR R MBS Hh vy, ) v, AR RS
5, Cy i MOS éﬂ@%%ﬁﬁ%ﬁ%@, Cy, -, Coy NIZ
5 fil ) B AAE (LR, i V) = 0 $EML, A%
L

m Oi
V., = Vi, 24
£ ; CTot ( )
/\l:l:l
Cra=»_Ci. (25)
=0

V, B Rl 2 i 28 fu 755

Kl 20(a) R n AMZEE-MOS # & 2T N
gk k. | 20(b) FE 20(d) AIZZE-MOC FHA
ZICHIE S N T R4, DRe A4 sigmoid pRIZL
a2t R B E B T S 5 b, JFRI 25
T— LT, sigmoid PRETHE &5 H R IAX R
1

, — (
].+6Xp (‘/mlv VInZ)
T

Horp, Vpp FEZREREIRRLE, Vi F1 Vi 2351

g inl A1 in2 &b LA . HoAth 38 o — BB E SR

Vout = Vop —Irait-ao-7o- 26)

078701-13


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 % 3R Acta Phys. Sin. Vol. 70, No. 7 (2021)

078701

......

Sigmoi(i
linear

m3 md

MC,, GND

MC,f

Floating G “:"_’—I_ E

P
Neuron-MOS Tr.

—0.5 0 0.5

&l 20 MC-ACURI (a) 2451 B &5 (b) sigmoid # & T HLI; () 76 HSPICE iy B ilh 4k (i) S 3in s £ (40) X1k,
(d) LML ITHL B () 7E HSPICE i i B2k (i) 5B RA M2 (20) X1k
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Fig. 21. Capacitive network for associative learning based on the Hebbian-like mechanism’. Two pre-synaptic signals model the
sight of food and the sound of a bell, respectively. The post-synaptic neuron models the salivation of a dog. The initial weight of the
synapse interfacing with the “food” pre-synaptic neuron was large, while that of the synapse connected to the “bell” pre-synaptic

neuron was small.
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Abstract

The rapid development of artificial intelligence (AI) requires one to speed up the development of the
domain-specific hardware specifically designed for AI applications. The neuromorphic computing architecture
consisting of synapses and neurons, which is inspired by the integrated storage and parallel processing of human
brain, can effectively reduce the energy consumption of artificial intelligence in computing work. Memory
components have shown great application value in the hardware implementation of neuromorphic computing.
Compared with traditional devices, the memristors used to construct synapses and neurons can greatly reduce
computing energy consumption. However, in neural networks based on memristors, updating and reading
operations have system energy loss caused by voltage and current of memristors. As a derivative of memristor,
memcapacitor is considered as a potential device to realize a low energy consumption neural network, which has
attracted wide attention from academia and industry. Here, we review the latest advances in physical/simulated
memcapacitors and their applications in neuromorphic computation, including the current principle and
characteristics of physical/simulated memcapacitor, representative synapses, neurons and neuromorphic
computing architecture based on memcapacitors. We also provide a forward-looking perspective on the

opportunities and challenges of neuromorphic computation based on memcapacitors.
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