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Memristor—The Missing Circuit Flement

LEON O. CHUA. SENIOR MEMBER. IEEE

Abstract—A new two-terminal circuit element—-called the memristor—
characterized by a relationship between the charge q(t) = ['-» i(7) d7
and the flux-linkage ¢ft) = f‘-» v[7] dT is introduced as the fourth basic
circuit element. An electromagnetic field interpretation of this relationship
in terms of a quasi-static expansion of Maxwell’s equations is presented.
Many circuit-theoretic properties of memristors are derived. It is shown
that this element exhibits some peculiar behavior different from that
exhibited by resistors, inductors, or capacitors. These properties lead to a
number of unique applications which cannot be realized with RLC net-
works alone.

Although a physical memristor device without internal power supply
has not yet been discovered, operational laboratory models have been
built with the help of active circuits. Experimental results are presented to
demonstrate the properties and potential applications of memristors.
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Low-Frequency Negative Resistance in Thin Anodic Oxide Films

T. W. HickMOTT
General Eleciric Research Laboratory, Schenectady, New York

(Received February 5, 1962)

14

~

_F: g'
O £
A
(}--OO —-‘.L.' g "
Ot ) BATTERY i
\Y
(Oretet=0 ‘F‘
© A - i
f\C L
N’ _o = L L | ol 1 L 1 P — | [ J
‘ [ E w7 4 s
F16. 1. Preparation of metal-anodic oxide-metal sandwiches. F16. 2. Tracing of X-Y recorder plot of the establishment of con-

Circuit for measuring electrical characteristics. ductivity in a 350-A aluminum oxide film. Au=+, Al=—.
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SWITCHING PROPERTIES OF THIN NiO FILMS*

J. F. GIBBONS and W. E. BEADLE{}
Stanford Electronics Laboratories, Stanford, California
(Received 30 March 1964)

Abstract—This paper describes a two-terminal solid-state switch made from a thin film of nickel
oxide. The switch has a typical OFF resistance of 10-20 MQ and a typical ON resistance of
100-200 Q. Switching times are in the 0-1-10 usec range. The switching action is thought to be due
to the formation and rupture of a nickel filament in the NiO matrix. The formation process is such
that after about 100-1000 switching cycles, the devices to be described fail ‘short’; i.e. they cannot
be switched out of the ON condition with normal switching signal amplitudes. Several experiments
which elucidate the switching mechanism and the terminal properties of the device are described.
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The missing memristor found

Dmitri B. Strukov', Gregory S. Snider', Duncan R. Stewart' & R. Stanley Williams'

Anyone who ever took an electronics laboratory class will be fami-
liar with the fundamental passive circuit elements: the resistor, the
capacitor and the inductor. However, in 1971 Leon Chua reasoned
from symmetry arguments that there should be a fourth fun-
damental element, which he called a memristor (short for memory
resistor)'. Although he showed that such an element has many
interesting and valuable circuit properties, until now no one has
presented either a useful physical model or an example of a mem-
ristor. Here we show, using a simple analytical example, that mem-
ristance arises naturally in nanoscale systems in which solid-state
electronic and ionic transport are coupled under an external bias
voltage. These results serve as the foundation for understanding a
wide range of hysteretic current—voltage behaviour observed in
many nanoscale electronic devices®'” that involve the motion of
charged atomic or molecular species, in particular certain tita-
nium dioxide cross-point switches* %
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Figure 1| The four fundamental two-terminal circuit elements: resistor,
capacitor, inductor and memristor. Resistors and memristors are subsets of
a more general class of dynamical devices, memristive systems. Note that R,
C, L and M can be functions of the independent variable in their defining
equations, yielding nonlinear elements. For example, a charge-controlled
memristor is defined by a single-valued function M(g).



Realization of the Meminductor

Jiahao Han, Cheng Song,* Shuang Gao, Yuyan Wang, Chao Chen, and Feng Pan

Key Laboratory of Advanced Materials (MOE), School of Materials Science and Engineering, Tsinghua University, Beijing 100084, China

ABSTRACT The meminductor was proposed to be a fundamental circuit - = —
meminductor 40{@=Ly(@.i)i
memdevice parallel with the memristor, linking magnetic fluxand current. However, — 1 |\ |\ /[

a clear material model or experimental realization of a meminductor has been
challenging. Here we demonstrate pinched hysteretic magnetic flux—current signals
at room temperature based on the spin Hall magnetoresistance effect in several-

nanometer-thick thin films, exhibiting the nonvolatile memorizing property and

magnetic energy storage ability of the meminductor. Similar to the parameters of the e o (p?Nb) . ®

capaditor, resistor, and inductor, meminductance, Ly, is introduced to characterize
the capability of the prepared meminductor. Our findings present an indispensable element of memdevices and open an avenue for nanoscale
meminductor design and manufacture, which might contribute to low-power electronic circuits, information storage, and artificial intelligence.

ACS Nano (2014) 8, 10, 10043

Large memcapacitance and memristance at Nb:SrTiO,/
Lay 5SrgsMng5Co503.5 Topotactic Redox Interface

W. R. Acevedo'?, C. A. M. van den Bosch’, M. H. Aguirre“'5 S C. Acha®’, A. Cavallaro’, C.
Ferreyra'?, M. J. Sanchez”®, L. Patrone’, A. Aguadero®’, D. Rubi'?’

The possibility to develop neuromorphic computing devices able to mimic the extraordinary
data processing capabilities of biological systems spurs the research on memristive systems.
Memristors with additional functionalities such as robust memcapacitance can outperform
standard devices in key aspects such as power consumption or miniaturization possibilities. In
this work, we demonstrate a large memcapacitive response of a perovskite memristive interface,
using the topotactic redox ability of LagsSrosMngsCogs0s; (LSMCO, 0 < 6 < 0.62). We
demonstrate that the multi-mem behaviour originates at the switchable n-p diode formed at the
Nb:SrTiOs/LSMCO interface. We found for our Nb:SrTiO:/LSMCO/Pt devices a
memcapacitive effect Cyin/Crow ~ 100 at 150kHz. The proof-of-concept interface reported
here opens a promising venue to use topotactic redox materials for disruptive nanoelectronics,
with straightforward applications in neuromorphic computing technology.
arXiv (2020) 1905.05711



Basic Structure of Selector-Memristor Integrated Cell
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Conductive Bridge-RAM/ Oxygen-based-RAM/
Programmable (Electrochemical) Metallization Cell

Valence Change Memories

Nat. Commun. (2012) 3, 732

RESET process

Adv. Funct. Mater.
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Nat. Nanotech. (2010) 5, 2:148

*Other modes: unipolar, threshold (complementary), rectifying (diode-like), & non-polar.
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Journal of Phase Equilibria, 8 (2), 166-176, 1987
The O-Zn (Oxygen-Zinc) System
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Strategies to enhance the performance

Optimization
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Strategies to enhance the performance
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Table 1. Characteristics of ZnO-Based Electrochemical Metallization Memory (ECM) Devices in Published Literature”

“d, CC, Vg, Vg, Vs, NS, FF, B, and U represent resistive layer thickness, current compliance or write current, forming voltage, reset voltage, set

structure d (nm) CC (mA) Ve (V) Vi (V) Vs (V) mode ref

Cu/N:ZnO/Pt 150 10 NS ~—0.45 ~1.47 B 18
Cu/Mn:ZnO/Pt 30 S ~1.9 ~—0.6 ~1.2 B 26
Cu/ZnO/Cu/ZnO/Pt 45 1 FF ~—0.6 ~0.9 B 27
Cu/IGZ0O/Cu 60 3 FF ~0.5 ~1.5 U 28
Cu/Mg:ZnO/ITO 300 1 2.6 ~—1.5 ~1 B 29
Cu/GZ0O-nanorods/ZnO/ITO 100 10 FF -2 ~1.3 B 30
Cu/Zn0,/Zn0O/ITO SS 0.2 ~2.5 -2 ~1.1 B 7
Cu/ZnO/ITO 42 0.2 ~3 —-1.7 ~1 B this work
Cu/ZnO/ITO 23 1 ~1.2 -1.7 ~0.9 B this work
Cu/ZnO/ITO 14 70 FF —-1.7 ~1 B this work

voltage, data not specified, free forming, bipolar, and unipolar, respectively.

Table 1. Switching parameters of ZnO-based transparent memristor devices in the published literature.

No Structure d (nm) T (%) CC (mA) Vi (V) Vr (V) Vs (V) Ref.
1 GZO/Gay03/Zn0/Gay03/GZO 220 92 20 FL —12 14 [12]
2 ITO/GZO-nanorods/ZnO/ITO 250 ~80 10 ~3 ~(=2) ~2 [13]
3 ITO/graphene/ZnO/ITO 50 75.6 5 4 ~(=2.5) ~1 [14]
4 ITO/ZnO/PCMO/ITO 160 79.6 10 FL ~2.3 ~(—2.6) [15]
5 GZO/ZnO,/ZnO/1TO 54 87.4 1 ~5.5 —1.7 ~1.5 (3]
6 ITO/ZnO:Mg/FTO 300 ~80 50 2.8 -3 1.8 [16]
7 AZO/ZnO:Mg/AZO 120 ~73 1 —6 ~(—4) ~3 [17]
8 ITO/ZnO:AI/ITO 110 ~80 10 ~2.3 ~(—0.5) ~0.5 [18]
9 ITO/ZnO:Co/ITO 38 ~85 3 —1.5 1.2 [19]

10 ITO/ZnO:Ga/ITO ~30 86.5 FL —7 ~5 [20]
11 ITO/ZnO:In:Ga/ITO 36 ~75 FL ~3.5 ~(—=1) [21]
12 ITO/ZnO/1TO 80 88 2.7 —24 1.6 [42]
13 AZO/ZnO; _ /ITO 53 ~85 1 —5.5/4 -2 ~1.7 [26]
14 AZO/(NBO)ZnO/ITO 29 ~84 0.1 FL —2.3 ~1 This work

The d, T, CC, VE, VR, Vs, and FL are the thickness of the switching layer, average transmittance in the visible light region, compliance
current, as well as forming (or FL: forming-less) reset and set voltages, respectively.
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Beyond storage : Memrristor could replace tuning transistor
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Beyond storage : Memristor as sensor
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Beyond storage : Memrristor as an Al element
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Biological synapse
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Annual Size of the Global Datasphere
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Emerging Technologies
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OSRFEW 120150 F2 10-30 F#  10-30 F? 10-30 F? 10-30 F#  10-30 F*  10-30 F*  10-30 F? 4 FAIN 4 FAIN

Cell structure 6T 1T-1C 1T 1T-1MTJ 1T-1C 1T 1T-1PCM 1T-1R 1S5-1R 1S5-1R
Non-volatility No No Yes Yes Yes Yes Yes Yes Yes Yes
Write voltage <1V <1V ~10V <15V <3V <4V <3V <3V <4V <3V
Write energy ~fJ ~10fJ ~100 pJ ~1 pd ~0.1 pd ~0.1 pd ~10 pJ ~1pd ~10 pJ ~1pd
Standby power High Medium Low Low Low Low Low Low Low Low

Write speed ~1ns ~10 ns 0.1-1 ms ~5ns ~10 ns ~10ns ~10 ns ~10 ns ~100 ns ~50 ns

Read speed ~1ns ~3ns ~10 ns ~5ns ~10 ns ~10 ns ~10 ns ~10 ns ~1 ps ~50 ns

Endurance 106 106 10*-10° 10" 10" >10° >10"? >10’ >10’ >108

Nature Electronics (2018) 1:442



1. TID (mainly photons)

Parameter: exposure time
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Radiation-induced Electronic Failures
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The trapped charges degrades current
gain and increased recombination rate
in bipolar transistors, & reduced
mobility, threshold voltage shifts, an
increase of 1/f noise, mismatch and
leakage current in MOS transistors



Radiation-induced Electronic Failures

Cluster
. : Year| Ref. |Material | Size (nm)|Method | Damage Production
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Radiation-induced Electronic Failures

3. SEE

Parameter: type of particle (mass & energy), trajectory

incoming particle @
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Impact of Device Architecture
(Keep in mind that SRAM, DRAM & Flash are based on transistor-based architecture)
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Abs. Intensity

TID effect on memristor
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More on TID/DD

Gamma-ray-irradiated
Ta/TaOx/AlOx/IGZO memristor
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Beyond storage : Rad-sensors

Ag/TiO,/Cu Memristors under 0.15V stress
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Rad-hard Electronics Applications
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Open positions
PhD in Radiation-Hard Electronics

A. Nanodevice engineering
Focuses on the device fabrication of rad-hard artificial synapse memristor (1R) and selector

(1S) stacks, their integration (1S1R) in cross-bar array configurations, and exploits their
radiation tolerance and sensitivity.

B. Materials and/or electrical (device) modelling
Focuses on numerical analysis or simulation of the physical, chemical, and/or electrical

behavior of the fabricated nanodevices to elucidate the observed phenomenon or anomaly
due to radiation.

C. Neural network modelling

Focuses on the simulation and implementation of the fabricated devices for neuromorphic
computing applications (such as image processing, pattern recognition, data clustering, etc.)
and investigate the training accuracy irregularity due to the radiation damage and explore the
mitigation algorithm and/or exploit such irregularity for making adaptive electronics.

https://jobs.soton.ac.uk/Vacancy.aspx?ref=1374221PN



Collaborators for this project

UK

*  Rutherford Appleton Laboratory
(ISIS neutron and muon source)
* Surrey Sattelites Ltd.
* ArcOne Instruments Ltd.
* Defence Science & Technology Laboratory

Italy

 RedCat Devices

Belgium UEA

* KU Leuven * Khalifa University






Useful links:

https://cef.soton.ac.uk/
https://www.southampton-nanofab.com/




