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Abstract—Novel functional nonlinear nanodevices In this study, unique behaviors and properties in the nat-
based on “nature-inspired” and “bio-mimetic” techniquesiral world (including those of living things) have been fo-
are discussed. Here, the targeted nanodevices are singlesed upon to design novel, unique, and functional nano-
electron devices in particular. The important factor irelectronic circuits, i.e., single-electron circuits, which are
producing nature-inspired and bio-mimetic circuits or deeur targeted devices. A single-electron circuit can con-
vices is the consideration of how natural world phenomtrol an individual electron by controlling a quantum ef-
ena and biological behavior relate to targeted nanodevicdsct, i.e., the Coulomb blockadefect [1]. The single-

To construct nature-inspired or bio-mimetic circuits, “perelectron circuit has tunneling junctions as main compo-
fect mimicking” and “rough mimicking” techniques can benents. Since it can control only a few electrons in opera-
used. It is essential for each type of system to have notien, the single-electron circuit should show nonlinear op-
linear oscillators because original systems based on naration and extremely low power consumption. However,
ral phenomena or biological behavior can be representede of the single-electron circuit has been somewhat prob-
as nonlinear oscillator systems. Nature-inspired and bitematic. For example, the most appropriate information-
mimetic single-electron circuits are described as demomprocessing architecture has yet to be decided. In addi-
strations. These demonstrations indicate that such circutten, the circuit is very sensitive to noise generated by heat
based on the proposed approaches are representativeoofight. Noise can cause circuit malfunction. For those
nature-inspired and bio-mimetic circuits and that they wilproblems, the approaches of this study present strong can-
be considered useful and functional devices. didates for solutions. Here, the previous studies of the
following actual proposed nature-inspired or bio-mimetic
single-electron circuits and their applications are discussed.
Moreover, it is considered how useful they are on the basis

Nano-scaled devices, e.g., single-electron devices, sifif nonlinearity.
gle molecule devices, and quantum dot devices, are of par-
ticular interest because they have unique properties such
as nonlinearity and high integration, and unit elements of
them can be designed, constructed, and fabricated. There-
fore, many researchers have tried to design and develop
useful and functional systems for the construction of novel
information-processing devices. For instance, CMOS-like ¢ Mimicking the behavior of living things in the natural
nanodevices were proposed at the dawn of nanodevice \yorld
studies. Another approach, the “nature-inspired” or “bio-
mimetic” technique, is based on natural world phenom- — Single-electron “slime-mold” circuit and its ap-
ena and biological behaviors for the purpose of develop- plications [4, 5]
ing novel functional nanodevices. The natural world and
living things often provide us with useful hints on how to
produce new materials and devices. For instance, from the
perspective of electrical engineering, various kinds of nat- — Single-electron “ant group” circuit and its appli-
ural world phenomena or the behaviors of living things can cations [7]
be assumed to process information veffyceently. There-
fore, mimicking such behaviors is important for produc-
ing novel and functional information processing devices.
An important factor in producing nature-inspired (or bio-
mimetic) devices is matching the behaviors of the targeted
devices with those of natural world phenomena or living
things. The successful mimicking of such behaviors is ex- — Single-electron “associative memory” circuit
pected to result in the production of unique devices. and its applications [11]

1. Introduction

e Mimicking the behavior of chemical reaction-
diffusion systems

— Single-electron “reaction-ffusion” circuit and
its applications [2, 3]

— Single-electron “soldier crab” ball gate circuit
and its applications [6]

e Mimicking the function of brains, i.e., neural net-
works

— Single-electron “stochastic resonance” circuit
and its applications [8, 9, 10]
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2. Mimicking Behavior of Reaction-Diffusion Systems OOOOOOQ diffusion of substances
- . . | 0000290 0|0 O
Originally, the reaction-dfusion (RD) system is a chem- 00000100 $
ically complex system in a nonequilibrium, open state OOOC>OOO O<ﬁ>@ <0
where chemical reactions and materiaffution coexist. OOOC)OOO 0/0 ©
In such a system, many elementary reactions proceed with OOOOOOQ charical osgillator
the participation of various chemical substances, influenc- OOOOOOO (enlargemen)
ing one another through the synthesis and resolution of the g

substances. As a result, an RD system exhibits high-order
nonlinear bghawor and produce_s_ various dynamic ph_enorETgure 1: Simplified model of RD systems, consisting of
ena unpredictable from an equilibrium state. A particular

. . ..~ .“many chemical illators [2].
feature of the RD system is its generation of a d|SS|pat|vea y chemical oscillators [2]

structure. As system parameters change, varied dissipa-  single-electron v

tive structures appear as spatiotemporal patterns of chemi-  oscillator % ¢ n

cal concentration. The typical pattern is traveling excitable ’hv‘d\g +Vd?/ \/
waves, and the waves can be used for a certain type of ‘

“wave computing system.” The behavior of RD systems =

can be expressed by the “RD equation,” a partigkedéen- _
tial equation with chemical concentrations as variables: ~__ 17 ’

+Vd
N %
=0 = fW+DAu (U= (Ut o), (1) ?
2 ALRAND AN

wheret is time, u is the vector of chemical concentrations, coupling capacitor C
U; is the concentration of thi¢h substance, and is the di-

@
agonal matrix of diusion codicients. Nonlinear function
f(u) is the reaction term that represents the reaction kinet-
ics of the system. Spatial derivati@Au is the difusion .

term that represents the changeauafue to the ditusion of

the substance. The RD system can be considered an aggre-

gate of coupled chemical oscillators as described in Fig. 1. ) time
Each oscillator represents the local reaction of chemical

substances and generates nonlinear dynaawigdt = f(u)

that correspond to reaction kinetics in Eq. (1). The oscillagjgyre 2: (a) Circuit configuration of single-electron RD

tor interacts with its neighbors through nonlocafasion  jrcuit [2] and (b) snapshots of traveling voltage wave that
of substances; this corresponds to théudion term in Eq. s generated by the circuit (simulated) [2] .

(1) and produces dynamidsi/dt = DAu.

To construct electrical RD systems mimicking the be-
havior of the RD systems, manufacturers can choose onede and biased by a positive voltayg, or a negative one,
of two useful methods. The first method that representsVa. It has a threshold value for electrons to tunnel. When
mathematical models (Eq. (1), for example) as circuitéhe electron tunneling occurs inVg-biased SE oscillator,
or devices can be considered a “perfect mimicking typefor example, the voltag¥noqe Of the node of the oscillator
Conversely, the other one that represents structures (Fiyiddenly changes from positive to negative. This sudden
1, for example) as circuits or devices can be considergdhange of voltage triggers other electron tunnelings in ad-
a “rough mimicking type.” That is, if the manufacturersjacent oscillators. As a result, the circuit can generate trav-
choose the second method, they prepare certain array@ling voltage waves (distinctive spatiotemporal patterns) in
nonlinear oscillators that interact with their neighbors. Arihe same way as the original RD system, caused by the oc-
important point in the construction of electrical RD systemsurrence of an electron tunneling in each SE oscillator in
is the consideration of the correspondence of the naturéle circuit, as shown in Fig. 2 (b). Such results provide
phenomena to the devices or the circuits. The author coividence that the rough mimicking technique is certainly
siders that strict mimicking based on mathematical modelgseful for constructing certain types of nature-inspired cir-
as described above, i.e., the perfect mimicking type, is nétlits.
always necessary. Here, a single-electron RD circuit de-
signed on the basis of the rough mimicking technique i§ Mimicking Behavior of Living Things
described in Fig. 2 (a). The main component of the cir-
cuit is an SE oscillator that consists of a tunneling junc- Here, novel information processing circuits mimicking
tion, C;, and a high resistancB, connected in a series at athe behavior of living things are discussed. In the natu-
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Figure 4: Schematic model of stochastic resonance pro-

posed by Collins, et al. [14].

Figure 3: (a) 24 JR railway network stations in Tokyo, o _ _
Japan, chosen to demonstrate circuit operation (marked fn Mimicking Behavior of Brains
a Google map). (b) Snapshots of generated patterns thaﬁ . . . . . .
can be obtained when dilation and contraction circuits op- .. th!s section, npvel mformgtlon processing circuits
erate [5]. Circuits can show actual JR-network-like pat—'”n"”mcklng the funcuons of brains are d|scu§sed. It is
terns. known that brains have many functions for information

processing. Moreover, recent reports have clarified that

brains can not only overcome noise and fluctuation but can
ral world, evolution favors thefBcient behavior of living also harness them to operate correctly. In contrast, almost
things. That is, the biological systems of living things beall conventional electrical circuits and devices must avoid
have in various ways to keep energy to a minimum (thethem to operate. If the manufacturers succeed in develop-
try to remain in a stable state). Such behavior can be coimg brain-like functions for circuits and devices, they will
sidered as “ficient operation” and “functional operation” be able to harness noise and fluctuation to operate correctly,
from the perspective of electrical engineering. Moreovefpr example. The author has studied some brain-inspired
systems that behave in a highlyfieient manner can be single-electron circuits [8, 9, 10, 11]. Here, a construc-
considered to be highly perfect. Therefore, such systention of a single-electron circuit that mimics a certain func-
should be considered as references for the creation of nédn of the brain is described as an example. It is gen-
circuits and devices. To create highlffieient and high- erally known that circuits are very sensitive to noise and
lyfunctional circuits and devices, manufacturers can applffjuctuation, so many researchers have studied how to pre-
the perfect mimicking or the rough mimicking techniquesrent such noiseféecting their operation. In contrast, the
described above. The author has studied some organishbmains of creatures, consisting of neurons that are very sen-
and creature-inspired single-electron circuits [4, 5, 6, 7Fitive to noise, can operate correctly as a whole in a noisy
For example, when constructing a single-electron slimenvironment because the brain harnesses the noise energy
mold circuit, two phenomena must be represented for the process information correctly. A unique technique that
circuit in terms of preserving the topology of the originalimitates stochastic resonance (SR) behavior in neural net-
slime mold. One is “dilatation” behavior, and the othemwvorks has been focused upon to solve the noise problem.
is “contraction” behavior. Moreover, behaviors such aghe SR phenomenon, which was discovered in studies on
“scanning for food” using dilatation, “securing food,” andthe brains of living things, can be considered as a type of
“effectively obtaining food” by contraction of the body cannoise-energy-harnessing system. If a circuit can take ad-
be considered. It is known that a certain type of unicelvantage of such a phenomenon as a certain function, the
lular slime mold has the capability to solve some nonlineagircuit would not only operate correctly in a noisy envi-
problems, e.g., solving maze problems and making a ringednment but would also show better performance than if
network similar to a real railway network, despite being a were not exposed to noisy conditions. It is known that
unicellular animal [12, 13]. The key points for informa-a certain type of neuron can be represented as a nonlinear
tion processing are the two phenomena mentioned abowescillator. Manufacturers can also construct neuromorphic
The dilation behavior can be represented as traveling wavsisigle-electron circuits and single-electron neural networks
because such waves behave similarly. Therefore, a singlgecause circuits can be constructed as nonlinear oscillators.
electron RD circuit can be used for the dilation circuit. FoActually, neuromorphic single-electron circuits that have
the contraction circuit, for example, the medium of a spethe stochastic resonance function based on a certain neural
cial chemical called cAMP that is generated by the slimaetwork model by Collins [14] (Fig. 4) have been proposed
mold should be represented as the circuit. The designedd confirmed to operate correctly, i.e., the circuits have
circuit has been simulated and shown to operate correctihown better performance in noisy environments than in
as shown in Fig. 3. the absence of noisy conditions as shown in Fig. 5.
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/ihput ' over, natural or biological systems are considered to ex-
ploit noise in their natural or biological activities. There-
fore, nature-inspired and bio-mimetic circuits are expected
to be able to operate correctly or exploit noise in noisy en-
vironments. Therefore, the author believes that such cir-
cuits based on the proposed approaches are representative
of nature-inspired and bio-mimetic circuits and that they
will be considered useful and functional devices.
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