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SUMMARY

The von Neumann computing architecture consists of separated
processing and memory elements; it is too bulky and energy-inten-
sive to be implemented in the upcoming artificial intelligence age.
In contrast, neurons and synapses in a brain perform learning and
memory in an integrated manner and function energy-efficiently
by analog adjustment of synaptic strengths in response to stimula-
tion. Organic artificial synapses provide good emulation of the func-
tions and structures of biological synapses and are easily fabricated
and therefore can be applied to various neuromorphic electronic de-
vices. In particular, organic artificial synapses that consume energy
at a level comparable to that of a biological synapse show great
promise for use in future low-energy neuromorphic devices. Here,
we review the trends of energy consumption of organic artificial syn-
apses and how it is affected by the structure, materials, and opera-
tion mechanism. We also present a strategy to decrease the energy
consumption of organic neuromorphic devices. Our review will help
the development of versatile low-energy organic neuromorphic
electronics.

INTRODUCTION

The biological neural networks in a human brain have a massively parallel configura-
tion of ~10"? neurons and ~10'° synapses in <2 L of space with a weight of 1 kg and
operate at low power of <20 W."? These characteristics are superior to those of the
conventional von Neumann architecture that have difficulties in demonstrating the
future artificial intelligence (Al) due to bulky and rigid structures (e.g., IBM Summit
has ~10,000 CPUs and ~27,000 GPUs in 520 m? with a weight of 340 tons), a
huge power requirement (>15 MW), and serial connection of computing cells and
memory cells through buses, which increase energy use and limit computation
speed.® Also, a human brain efficiently executes memory and recognition processes
at extremely small energy consumption E (10 fJ/synaptic event).*> Therefore, neuro-
morphic electronics that emulate a biological neuronal system are well suited for use
in next-generation computing, machines, and Al (Figure 1).

Neuromorphic electronic devices emulate the structures and functions of biological
neurons and synapses, which are the main components of biological nervous sys-
tems. They generate neural signals and transmit them through a body. The process
exploits synaptic plasticity to achieve various responses.®” In a conventional design
in which a central processor controls separated sensing and reading units, each pixel
must be periodically read out through control and readout circuits even when input
is absent, so a certain amount of standby energy is continuously dissipated.'®"? For
example, state-of-art microprocessors are composed of ~107 transistors but input
events are intermittent, so an enormous amount of energy is wasted on the periodic

Context & scale

Organic artificial synapses are
emerging devices for future
neuromorphic electronics that will
overcome the high energy
consumption and bulky structure of
conventional von Neumann
computing systems. Event-driven
operation of organic artificial
synapses is expected to be much
more energetically efficient than the
clock-rate-type operation of
conventional von Neumann
processors. Organic synapses have
demonstrated spike-dependent
synaptic plasticity, which is the basis
of learing rules in a brain and of
signal transmission in a body; these
results have proved the potential of
organic artificial synapses for
application as core components of
future cybernetic electronics and
robotics. Organic artificial synapses
with diverse device structures,
working mechanisms, and materials
have demonstrated low energy
consumption. In addition, artificial
organic peripheral nerves that
operate onan eventbasis can realize
robots and neural prostheses that
consume energy more efficiently
than conventional systems.

In this Perspective, we review the
progress of organic artificial
synapses, focusing particularly on
energy consumption, describing
current challenges, and suggesting
future research directions for
researchers to demonstrate organic
artificial synapses with low energy
consumption.
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Figure 1. Comparison of high-electric-power von Neumann supercomputing/machine system and
an energy-efficient biological system

Use of neuromorphic architecture with artificial synapses to replace conventional systems could
improve energy efficiency of electronics and robotics.

scanning of pixels."* To increase energy efficiency, neuromorphic electronics should
emulate event-driven biological systems, which consume energy only during input
events.

By mimicking the biological nervous system, artificial synapses can demonstrate
spike-driven brain-inspired computing systems by modulating the synaptic weight ac-
cording to the delivered neural signals.'* The synaptic weight is a key parameter to ex-
press the strength of a synaptic connection between neurons, which enables spike-
timing-dependent control of short-term plasticity and long-term memory states, so
event-driven artificial synapses of neuromorphic computing are much more energy
efficient than conventional central processors that operate at a fixed clock rate.

Artificial synapses can also emulate afferent/efferent nerves by imitating the mech-
anism by which sensory and motor nerves transmit signals.®’""%'*"29 Advanced bio-
inspired soft robots and neural prostheses can be implemented by realizing robots
that use a spike neural network, which emulates a body’s system that uses action po-
tentials (AC signal). This architecture is superior to the conventional sensors that use
DC and robots that use pneumatic activation or are driven by high voltage.”’** Use
of action potentials can be exploited to generate artificial neural signals from artifi-
cial sensory organs and to transfer the signals to the brain, which processes the
perceived stimuli.'%"*~?% Especially, artificial synapses can be used to stimulate bio-
logical or artificial motor organs to induce appropriate responses.’®'"'® A neuro-
morphic system that operates at low power and that emulates a biological neural
system would enable development of next-generation brain-inspired computing,
bio-inspired robots, and neuro-inspired electronic prostheses and bionics.

The first artificial synapses were constructed using silicon complementary metal-ox-
ide-semiconductor (CMOS) chips and circuit architecture. These artificial synapses
emulated signals of biological synapses but each synapse was composed of several
transistors.”*?° Therefore, these silicon CMOS chips have complicated circuit con-
figurations and are fabricated using a hyper-scaling lithography process. They also
spend ~10 pJ/synaptic spike (e.g., IBM TrueNorth and Intel Loihi), which is ~10°-
times higher than that of a biological synapse (10 fJ/synaptic event).’*'32¢-30
Also, supercomputers that use CMOS circuits (e.g., SpiNNaker, which is a digital sys-

tem for simulation of neurons and synapses at the software level) also have bulky and
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rigid structures (10° processor cores and 102 transistors in 10 m®) and high power re-
quirements (several tens of kilowatts).”*~** Along with efforts to improve operational
efficiency, simplify the circuitry, and reduce energy spending in silicon-based syn-
apse, alternative devices with simple geometry and easy operation with two-termi-
nal resistive memory and three-terminal transistors that directly emulate synaptic
functions have been developed.®™434-%¢

Organic artificial synapses are promising candidates for future neuromorphic elec-
tronics, because of advantages such as (1) compatibility with solution-printing and
micro-patterning lithography processes; (2) easy tunability of molecular, chemical,
electrical, and mechanical properties for many purposes; and (3) mechanical flexi-
bility/stretchability with low elastic modulus similar to those of biological neurons.
Moreover, in the aspect of the device size, which has an important effect on E,
organic materials can be patterned to submicron dimension by low-cost solution
printing or photolithography™?’; such microminiaturized organic synapses can
potentially realize low E.

Organic artificial synapses that operate with field-driven ion migration can produce
sensitive and adaptive synaptic responses to weak stimulation®®*%; this reaction
mimics the responses to neurotransmitters by biological synapses. Therefore, use
of organic artificial synapses that consume low energy may yield energy-efficient
brain-inspired computing, memory, Al, biomimetic robotic sensory and motor ner-

vous systems, and neural prosthesis that are comparable with a bodly.

Energy consumption of biological and organic artificial synapses

A biological nervous system is mainly composed of two kinds of synapses: electrical
and chemical. Neurons with electrical synapses are almost directly linked to each
other with a gap junction of 3.5 nm, which is much shorter than the synaptic cleft
(~20-40 nm) of chemical synapse.*” Electrical synapses can pass nerve impulses
directly between the presynaptic membrane and postsynaptic membrane (mostly
bidirectional transmission) by electrical coupling, so signal transmission is much
faster than in chemical synapses that use neurotransmitters to transfer neural im-
pulses.®” The simple structure and mechanism of an electrical synapse enables rapid
signal transmission but limits synaptic behaviors related to learning and memory.*°
Chemical synapses engage in complicated synaptic activities, can precisely control
synaptic strength, and demonstrate various kinds of synaptic plasticity.”” In a
chemical synapse, neurotransmitters diffuse from the presynaptic membrane to
the postsynaptic membrane through the synaptic cleft, and the capture of the neu-
rotransmitters by the postsynaptic membrane stimulates the opening of ion chan-
nels (Figure 2A). lons move through the channels; the consequent depolarization
of the postneuron elicits an excitatory response, or hyperpolarization elicits an inhib-
itory response. This procedure consumes 107 adenosine triphosphate (ATP) mole-
cules per action potential and 10> ATP molecules per synaptic transmission. Each
ATP yields 0.1 aJ of energy, so the sum of these usage rates is 100 pJ per action po-
tential and 10 fJ per synaptic transmission.”' Therefore, a synapse can conduct syn-
aptic activity related to learning and memory by consuming extremely low energy.
Artificial synapses are designed to emulate the structure and signal transmission
of biological synapses, with the goal of developing neuromorphic electronic devices
that consume a similar amount of energy as biological synapses.

Most organic artificial synapses mimic the mechanism of a chemical synapse that

uses neurotransmitters. In chemical synapses, synaptic strength is precisely

7.14

controlled (synaptic plasticity),” ' and this ability is very important for neuromorphic
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Figure 2. Energy dissipation of organic artificial synapses

(A-C) Schematics of (A) biological synapse, (B) 2-T organic artificial synapse, and (C) 3-T organic artificial synapse.

(D) Schematic of presynaptic voltage pulse and postsynaptic current curves over time; they are used in calculation of energy dissipation.

(E) Energy consumption per synaptic event of organic artificial synapses depending on structures and working mechanisms. E of synaptic transistor that
uses inorganic material (Indium tungsten oxide) is included for comparison.*?

electronics. Two-terminal (2-T) and three-terminal (3-T) organic artificial synapses
have been reported as basic units of neuromorphic engineering (Figures 2B and 2C).

In a 2-T artificial synapse, one electrode mimics the presynaptic membrane that ap-
plies presynaptic impulses; the other electrode mimics the postsynaptic membrane
by reading the conductance change of an active layer sandwiched between two
electrodes (Figure 2B). The structures of 2-T synapses are similar to that of biological
synapses and much simpler than 3-T devices, so when a multipixel synapse array is
necessary, the structure and operation would be more straightforward for 2-T de-
vices than for 3-T devices.

In a 3-T artificial synapse, a gate electrode generally applies presynaptic voltage
pulses and a drain electrode reads the change in conductance of the active layer
(postsynaptic current) between the source and drain electrodes (Figure 2C). A 3-T
artificial synapse with multiple gate electrodes or source electrodes receives spatio-
temporal information and processes logic operation. External sensory stimuli are
additional presynaptic sources to control the synaptic weight of devices. Therefore,

4 Joule 5, 1-17, April 21, 2021



Please cite this article in press as: Lee et al., Organic electronic synapses with low energy consumption, Joule (2021), https://doi.org/10.1016/
j.joule.2021.01.005

Joule ¢ CellP’ress

the utility of 3-T devices can be expanded by using them to endow additional func-
tions on multigated synaptic transistors, global-gated synaptic transistors, and stim-
ulus-sensory synaptic transistors.

Power and energy consumption are important characteristics of an artificial synapse.
Power consumption P [W] of devices is the product of current | [A] and voltage V[V]
as P=1[xV. E[J]is the product of Vand the integral of the curve of | versus time t[s],
to consider the rise and decay of I,** but for convenience a simple formula generally

considers maximum land tas E = P X t (Figure 2D).>%7

To calculate the E of an artificial synapse, its operation can be divided into two
steps: programming (i.e., writing or switching) and reading. Calculation of the E
of the programming step must consider the programming presynaptic voltage.
Generally, in 2-T devices, the reading voltage is much smaller than the program-
ming voltage, so programming voltage is a dominant component of voltage.
Calculation of P of a 2-T device for the reading step considers only a small reading
voltage. However, this calculation for a 3-T device requires partitioning of voltage
into gate voltage (V) and drain voltage (Vp) and of current into gate current (Ig)
and drain current (Ip), as P = Vg X Ig + Vp X Ip. In systems that are operated
with decoupled switching and reading steps or are operated with large Vg or Ig,
the gate component (Vg X Ig) should be considered for the calculation of P. In
contrast, in many cases, Ig is regarded as dielectric leakage current and metal-ox-
ide-semiconductor (MOS) capacitor charging current and is negligible compared
to Ip. Therefore, P in 3-T devices has generally been simplified to P ~ Vp X Ip. In-
terests in organic neuromorphic electronics are increasing, and E of organic artifi-
cial synapses varies widely depending on the device structures and working mech-
anisms (Figure 2F).5710.14-19,34-38; 42,44-80; 81-110 1) thjg perspective, we will review
the progress of organic artificial synapses in terms of driving mechanism, materials,
device size, and their effects on P and E.

The reported 2-T and 3-T organic synapses exploit similar operation mechanisms
(e.g., charge trapping, ion migration, electrochemical reactions, and ferroelec-
tricity) except for a metallic-filament formation mechanism observed only in 2-T
devices. Calculated E of organic synapses has been mainly dependent on the oper-
ating mechanisms rather than on the device configuration (2-T or 3-T) (Figure 2E).
Therefore, we will describe E of a 2-T synapse that uses metallic-filament formation
mechanism and E of 3-T synapses that use other mechanisms and materials.

In a 2-T device that uses a metallic-filament mechanism, synaptic memory character-
istics exploit resistive switching by formation of a conductive filament.**=? Initially,
the device has high resistance; applied voltage pulses oxidize the active electrode
(e.g., Ag or Cu) and the resulting metal ions migrate to the polymer matrix in which
they are reduced to metal nanoparticle clusters that self-assemble to form filament
bridges, which are conductive, so the device develops low resistance.**~>' The con-
ducting path connects both electrodes, so current (microampere to milliampere) and
energy dissipation are large. When the electrical stimulus is removed, the filament
bridges can gradually be broken by spontaneous rupture due to minimization of

interfacial energy or the Gibbs-Thomson effect*®°° or by electrochemical oxidation

d}45'49'50

of metal filaments when reverse voltage pulses are applie in these cases, the

device returns to a high resistance state.

The programming voltage of devices varies widely according to device structure and
operating mechanism. Artificial synapses that exploit charge trapping in charge-storage
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materials usually use charge tunneling or trapping by electric-field-induced charge
transport.”*™? Floating-gated synaptic transistors with charge-storage materials
embedded in the insulating layers show synaptic memory responses that exploit field-
induced charge tunneling and trapping, which strengthen the local electric field and
modulate the threshold voltages of transistors. For example, application of a strong elec-
tric field to the control gate electrodes induces hole tunneling from the p-type organic
semiconductors (pentacene or dinaphtho[2,3-b:2’,3'-f] thieno[3,2-b]thiophene) to the
charge-trapping materials (Co or Al).>*>* On the contrary, photo-induced excitons of
photosensitive materials (perovskite nanoparticles) embedded in the insulating layers
of poly(methyl methacrylate) (PMMA) and SiO, are dissociated and holes are transferred
to the pentacene layer; trapped electrons yield a consequent shift AV, in threshold
voltage (Vi) and an additional internal electric field.> Polar groups on the surface of a
polymer insulator can also trap photo-induced charge carriers at the interface between
an organic semiconductor and a dielectric layer.*”®" Because of this interfacial charge-
trapping effect, electrons from photocarriers of organic semiconductors fill the shallow

or deep traps, so excessive holes in the organic semiconductor cause a AVy,.*%’

Aferroelectric copolymer, poly(vinylidenedifluoride-co-trifluoroethylene) (PVDF—TrFE),
has been used as a dielectric of the transistor; the dipoles are aligned by the electric field
thatis caused by Vs and modulate a channel current. Generally, the transfer curve shows
alarge current hysteresis.®*** PVDF-TrFE is widely used in non-volatile bistable memory
devices because of its large on/off current margin and stable retention and endurance.®*
In organic ferroelectric synaptic transistors, the presynaptic voltage pulses gradually
align the orientation of the dipole.®>*® Hole accumulation by organic semiconductors

can be controlled, so synaptic potentiation and depression can be achieved.®>*

These devices are operated by charge transport driven by an electric field, so
voltage amplitude is dependent on the capacitance of an insulating layer. To
decrease the voltage amplitude, use of high-dielectric-constant insulators would
be a superior strategy. For example, high programming voltage pulses (>|10] V)
were required to modulate the Vi, of pentacene/Au nanoparticle (NPs) blended
film with SiO, dielectric layer by storing field-induced holes from pentacene to the
Au NPs.>”® Through the use of an aqueous electrolyte dielectric with high electric
double layer (EDL) capacitance, the programming voltage spike amplitude was
reduced to 50 mV.>’ Blending of ionic liquid with PVDF-TrFE can induce formation
of an EDL by ion accumulation and, thereby, reduce the amplitude of the presynap-
tic voltage pulses from >|10] V in the PVDF-TrFE-only device, to <|2| V.44

The E of the two mechanisms was compared in a single cell. Synaptic transistors in which
the active material is molybdenum disulfide (MoS,) showed synaptic properties with two
modes: electronic mode with a SiO, dielectric that exploits interfacial traps and iono-
tronic mode with an ionic liquid dielectric that exploits an EDL.°® The electronic mode
was operated by a much larger voltage pulse amplitude (—50 V) with higher E (~13
nJ/synaptic event) than the ionotronic mode operation (voltage amplitude = 2V, calcu-
lated E~4.8 pJ/synaptic event).®” In a similar device structure in which the active material
was indium tungsten oxide, the electronic mode was operated by voltage pulse ampli-
tude (20 V) with higher E ~600 nJ/synaptic event than the ionotronic mode (voltage
amplitude = 1.5V, E ~9.3 fJ/synaptic event) (Figure 3A).*

In synaptic transistors that use electrolyte and that have low driving-voltage pulses, the
postsynaptic current level varies depending on the conductivity of the pristine active
channel materials. For example, poly(3,4-ethylenedioxythiophene):polystyrene sulfo-
nate (PEDOT:PSS) is a conducting polymer that has high pristine conductivity, so
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Figure 3. Energy consumption of organic artificial synaptic transistors depending on working
mechanisms, materials, and device size

(A) Energy consumption of organic artificial synapse depending on operation modes (ionotronic
versus electronic). Reproduced with permission.*” Copyright 2018, American Chemical Society.
(B and C) Overview of typical operation of (B) drain current-gate voltage (Ip-Vg) curves and (C) drain
current (synaptic weight) modulation of electrolyte-based organic artificial synapses with
depletion-mode-operated high-conductivity conducting polymer (PEDOT:PSS) and accumulation-
mode-operated low-conductivity semiconducting polymer (PBTTT).

(D) Dependence of energy consumption on device size of organic artificial synaptic transistor.
(B-D) Reproduced with permission.?” Copyright 2017, Nature Publishing Group. Reproduced with
permission.”’ Copyright 2018, Wiley-VCH.

electrochemical synaptic transistors that use PEDOT:PSS for a channel showed a high
resting current and operated in a depletion mode that lowers the conductivity of PE-
DOT:PSS according to the presynaptic voltage pulses (0.1 V).*” A device that has an
organic battery-like switching mechanism with PEDOT:PSS for a gate electrode and
de-doped PEDOT:PSS by poly(ethylenimine) (PEI) for a channel. Channel conductance
is changed by proton (H") exchange between the gate, electrolyte, and channel with
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very small electrochemical overpotential (|1.5| mV) (Figure 3B).%*”/° However, the de-
vice is normally in the "ON" state with high current before stimulation, so the E is ex-
pected to be much higher than normally “OFF"” devices that use a semiconducting poly-
mer (Figure 3C).”"

Poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene]) (PBTTT) is a semi-
conducting material that initially has low conductivity. Organic battery-like synaptic
devices that use PBTTT for a channel and PBTTT doped with FATCNQ (7,7,8,8-tet-
racyano-2,3,5,6-tetrafluoroquinodimethane) for a gate electrode operate in accu-
mulation mode, which increases channel conductivity when a voltage pulse (|2]
mV) is applied (Figures 3B and 3C).”" Therefore, electrochemical synaptic transistors
that use a low-conductivity semiconducting polymer should have lower E than the

device that uses a high-conductivity polymer, under similar voltages.*””"

The output current of a device is generally proportional to its channel area, so E can
be reduced by minimizing the device size. A battery-like electrochemical synaptic
transistor with channel area of 107> mm? and that used PEDOT:PSS/PEI for a channel
and PEDOT:PSS for a gate electrode had calculated E ~10 pJ, which is projected to
be decreased to ~35 aJ in a device that has a channel area of ~10~8 mm?, which can
be fabricated by optical lithography (Figure 3D).%*” A 300-nm-scale organic synap-
tic device that consumes energy at the level of the biological synapse (~10 fJ) was
fabricated by simple, low cost, and direct nanowire printing,” instead of a high-
cost, multistep, and slow lithography. These size-dependent, low currents can be ex-
ploited to reduce E.

Short pulse width can reduce E and enable conductance modulation at high speeds.
Biological neurons switch on a millisecond scale, whereas electronic devices can be
fabricated to switch on microsecond and nanosecond scales, which are advantageous
to reduce E. In battery-like electrochemical synaptic transistors that use PEDOT:PSS/
PEI for a channel and PEDOT:PSS for a gate electrode, a pulse that had a duration of
a few milliseconds was used when the synaptic response was induced by ion migra-
tion.”’ Simulation suggested that reduction of switching time to <1 ps would be possible
with further optimization of the device and the circuit by miniaturizing the device feature
size to reduce device capacitance, operating with many conductance states within a
small dynamic range and preventing self-discharge of the device with an additional
element (a resistor or a selector).”? The predicted switching E and switching time are
170 fJ and 500 ns fora 1 um X 1 um X 200 nm (length X width X thickness) channel
with 100 conductance states, respectively. The timescale should be matched with the
targeted applications; for example, short pulses (~1 ps) are required in electronic de-
vices but may not be necessary for biocompatibility.

ENERGY CONSUMPTION OF ARTIFICIAL SYNAPSES INTEGRATED
WITH SENSING/MOTOR ELEMENTS

Artificial synapses integrated with sensing/motor elements or artificial sensory/mo-
tor synapses can be developed to mimic the sensing and responding dynamics in
biological systems and could be core technologies for soft robotics and neural pros-
thetics. In biological systems, sensing of stimuli is achieved by afferent nerves,
whereas responses with muscles use efferent nerves.

This section addresses the challenge of reducing E in artificial synapses integrated

with sensing/motor functions and merging synaptic characteristics with biomimetic
sensing elements.
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Figure 4. Power comparisons of organic artificial synapses integrated with different sensory
elements

(A-C) Schematic diagrams of artificial synapses (A) with externally powered sensing elements and
(B) with self-powered sensing elements (a polymer actuator is also connected to demonstrate an
artificial motor nerve), and (C) sensory artificial synapses that integrate sensing and synaptic
functions in a unit cell.

First, synaptic devices are integrated with sensing elements that are powered by external
sources (Figure 4A). For visual perception systems, ferroelectric/electrochemical-modu-
lated artificial synapses were integrated with photosensitive elements and showed a dy-
namic range of synaptic signals from volatile to non-volatile, depending on incident light
intensity, wavelength, and frequency.®® For artificial tactile perception systems, two
organic devices with synaptic and tactile sensing functions were compactly inte-
grated;”*”*#7197 these tactile perception systems could distinguish English characters
after a training process®” and could memorize signals of “touch” and “hit" at different
pressure levels.”* For a pressure-sensory alarm system, a flexible artificial nociceptor
was connected with a piezoresistive sensor.”* A biological nociceptor's characteristics
of threshold, relaxation, allodynia, and hyperalgesia behaviors were mimicked by mem-
ristors by exploiting formation and rupture of the Ag filament.”* 3-T devices, a dual-
organic-transistor-based tactile perception element (DOT-TPE) was obtained by
combining the gate electrode of the synaptic device with the source of the sensing tran-
sistor.'%" This DOT-TPE system could distinguish intensity, frequency, duration, and the
number applications of pressure.’?’ These systems could process detected information,
depending on the external stimuli. However, these systems inevitably had higher Ethana
single synaptic device because operation of the sensing units requires additional energy.

Typical sensory receptors showed maximum P in the range of milliwatts (transistor
type)''%7""? or microwatts (resistive type)''*"'"® per sensor but the total P is still
huge. Thus, synaptic devices with externally powered sensing elements usually
demonstrated average P in the milliwatt range (Figure 4). P of the sensing parts
can be further reduced by integrating the artificial synapses with self-powered
sensing elements or by using artificial sensory synapses.

Artificial synapses have been combined with self-powered sensors, such as tribo-
electric, piezoelectric, photovoltaic, and thermoelectric devices (Figure 4B). In these
artificial synapses, most of the energy is usually used by synaptic devices. A self-
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powered triboelectric nanogenerator (TENG) was used to convert pressure informa-
tion to voltage pulses without consuming power.'®””""” The TENG transferred
output voltage pulses to the artificial synapse, which demonstrated various kinds
of synaptic plasticity such as paired-pulse facilitation, spike-number-dependent
plasticity, and spike-rate-dependent plasticity.”” A self-powered photodetector
(PD) has been used to demonstrate an optoelectronic sensorimotor synapse.16
Pulses of light stimulated output voltage signals from the organic PD; they were
applied to series-connected organic stretchable synaptic transistors to demonstrate
a sensory nerve and generated postsynaptic responses. The postsynaptic electrical
signals operated a polymer actuator, so an optoelectronic sensorimotor synapse
was demonstrated.’® This use of a self-powered photosensor in integrated systems
reduced Eto 1.8 nW in the "off” state and 2.8 nW in the “on" state, which correspond
to the energy dissipated only by the synaptic device.'®

Artificial synapses with self-powered elements'®?”""” have an estimated average E
in the microwatt range (Figure 4). It should be noted that the E depends on the appli-
cation. To stimulate biological neurons in a prosthetic device, the P of the artificial
synapses must be large (3 V x 100 pA = 300 uW)."'® However, applications for ro-
bots do not have such requirements on the output amplitude of the synaptic devices,
so this is favorable in terms of low E.

Functional artificial synapses that combine sensing capabilities in a single device
have been pursued because compactness without the requirement for additional
sensing elements enables low E and high-density integration (Figure 4C).""” These
artificial sensory synapses have P in the microwatt range, which is comparable to
that of artificial synapses that have self-powered sensing elements and lower than
that of artificial synapses that have externally powered sensing elements (Figure 4).
The human olfactory system has been emulated by a synaptic transistor that is sen-
sitive to a hazardous gas (NO,)."?° During exposure, NO, molecules were captured
at the surface of the organic semiconductor layer and provided electron-trapping
sites. The result was an increase in the number of holes that accumulated in the
organic semiconductor layer and an increase in the current level in response to
NO, gas exposure. This artificial NO,-sensing synapse showed various synaptic
properties depending on NO; exposure information.'”” A chemical-sensitive artifi-
cial synapse composed of PEDOT:PSS as electrodes can detect dopamine.'”" The
sensing ability may be a result of attractive and repulsive forces between dopamine
and PEDOT:PSS."?" In addition, dopamine released from PC-12 cells into the cell
culture media (an electrolyte) was detected at the PEDOT:PSS postsynaptic gate
electrode due to the dopamine oxidation.'?” This dopamine oxidation was irrevers-
ible, so ityielded long-term potentiation (LTP) characteristics.'?? A pH-sensitive arti-
ficial synapse has also been reported; the mechanism may be a result of a decrease
in the number of H* ions in PSS as the pH increases.?’” Tactile synaptic transistors
have been demonstrated by using a pyramid-patterned ion gel or a nanocompo-
site ferroelectric polymer as the gate insulator.”®'%? In the case of the pyramid-
patterned ion-gel gate insulator, when pressure was applied to the negatively
biased top electrode, anions in the ion gel migrated into the organic polymer
channel, poly(3-hexylthiophene-2,5-diyl), and the device showed synaptic proper-
ties.”® In the synaptic transistor that used nanocomposite ferroelectric polymers as
gate insulators, tactile stimuli induced dipole alignment in the ferroelectric gate
insulator of PVDF-TrFE by triboelectric-capacitive coupling, so this device could
emulate various synaptic properties in response to tactile information.'”” Photoac-
tive organic memristors (2-T) and synaptic transistors (3-T) have been reported.
Especially for 3-T devices, most of the photonic synapses exploit charge trapping
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99.93.123 or additive

at the functional groups of gate insulators,®®®" floating gates,
nanomaterials'“*; these mechanisms require relatively high energy. E in all of these
devices might be further reduced by adopting low-E mechanisms such as ion

migration and redox reaction.

ENERGY CONSUMPTION OF ORGANIC NEUROMORPHIC PERIPHERAL
SYSTEM

To replicate sensing and responding functions in biology, artificial synapses with
sensing/motor functions are typically built in a von Neumann architecture that
uses rigid silicon chips as sensing/motor units, decoders, analog multiplexers, and
controllers.'® Applications in human-like robots and neural prostheses would
require a huge number of sensor/motor pixels. Each pixel requires periodic scan-
ning, which wastes an enormous amount of energy, so the event-based operation
of a neuromorphic system is advantageous for reducing energy dissipation.’'%'?*
Therefore, several researchers have attempted to develop neuromorphic systems

that emulate the energy efficiency of biological nervous systems.

The systems demonstrated in Energy consumption of artificial synapses integrated
with sensing/motor elements (the previous chapter) lack signal encoders such as
ring oscillators (ROSCs)°7487101 and, therefore, cannot transform external stimuli
to signal spikes. Instead, external stimuli such as light and pressure are applied
directly to the systems in the limited form of spikes, but this method is not adequate
for practical applications. Operations in the real world use various forms of stimuli in
addition to spikes.

Pulse-frequency modulation is advantageous for low E because the method is relatively
insensitive to noise interference so that the voltage amplitude is not required to be un-
necessarily high."?® Thus, signal transmission by use of voltage spikes is useful, especially
for mechanically stretchable and flexible electronic systems in which noise from contact
and wiring resistances varies severely during stretching and bending deformations.

ROSCs have been applied in a bio-inspired artificial mechanosensory system to
convert external stimuli to frequency-modulated signals.’” The goal of the study
was to mimic the functions of biological mechanosensory nerves, i.e., to achieve
bio-inspired artificial afferent nerves. In biology, pressure information from multiple
mechanoreceptors is collected and transferred to synapses for information process-
ing. Then, the processed information is conveyed to the efferent nerves to stimulate
response by muscles to the external stimuli. The operating principle of the bio-
inspired artificial afferent nervous systems is as follows. An artificial mechanore-
ceptor (a pressure sensor) was combined with an artificial nerve fiber (a ROSC)
that converted pressure information to action potentials (voltage pulses). The
voltage pulses from multiple artificial nerve fibers were integrated in a synaptic
transistor for information processing.’® A hybrid reflex arc was constructed by con-
necting fabricated artificial afferent nerves to biological motor nerves (muscles in a
cockroach); the arc successfully actuated muscles in response to pressure informa-
tion. This result verified the applicability of this approach to neuroprostheses.' Sig-
nals in biological systems are similar to voltage spikes, so use of voltage-spike

encoding ensures biocompatibility of signal forms in prostheses.’?’

An array of organic artificial afferent nerves that emulate both the function and the

structure of biological afferent nerves can be operated with lower P than required
by a conventional sensory system which mimics only the function of biological
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Figure 5. Comparisons between a conventional sensory system with silicon-integrated circuit
chips and organic artificial afferent nerves

(A and B) System illustrations of (A) conventional sensory system that uses an 1-transistor/1-resistor
pressure sensor array operated by silicon-integrated circuit chips (decoders, analog multiplexer,
current-to-voltage converter, ADC, control chip, DACs, ROSCs, and synapses) and (B) an array of
organic artificial afferent nerves with organic pressure sensors, organic ROSCs, and organic
synaptic transistors connected in series.

(C) Comparison or power consumption by conventional sensory system with silicon circuits (black)
and organic artificial afferent nerves with pseudo-CMOS ROSC (red) and with CMOS ROSC (blue).
(D) Power comparison of an organic artificial afferent nerve as a function of duty cycle. Reproduced
with permission.'® Copyright 2018, American Association for the Advancement of Science.

afferent nerves and is composed of 1-transistor/1-resistor sensor array and low-po-
wer silicon-integrated circuit chips (a decoder, an analog multiplexer, a current-to-
voltage [I/V] converter, an analog-to-digital converter [ADC], a control chip, a dig-
ital-to-analog converter [DAC], a ROSC and a synapse; Figure 5A)."° To detect
electrical changes in stimulated pixels, the conventional system must periodically
read and control all pixels; this continuous scanning of every pixel requires
"“idle” P, which increases the overall P. In contrast, organic artificial afferent nerves
do not require external silicon-integrated readout and control circuit chips because
each sensor pixel has its own individual output line in a manner similar to the struc-
ture of biological nerves (Figure 5B)."° This sensing by artificial afferent nerves only
in response to an event spends minimum standby power (Figure 5C) but needs a
large number of output lines, so this architecture is not favorable for electronics
and robotics. This also can be resolved by data preprocessing of artificial afferent
nerves.

Although the organic system emulates the operating principles and signal forms of
biological systems in a rather complete manner,'® the P of each component can be
further optimized. The combination of a pressure sensor and a ROSC consumed
8 uW < P < 24 pW depending on the duty cycle (the proportion of time that the
pressure sensor is fully compressed), whereas a synaptic transistor consumed only
0.6 nW < P < 1.2 pW, which is tiny compared to the requirements of sensing and
signal-encoding elements (Figure 5D)."°
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As a strategy to reduce P, the types of ROSCs in the system can be optimized. More spe-
cifically, an ROSC that uses a pseudo-CMOS can be replaced with an ROSC that uses a
CMOS. ROSCs that use a pseudo-CMOS that only uses monotype (p- or n-type) single-
threshold voltage transistors have been widely investigated because the manufacturing
process is inexpensive and simple.'**"'?” However, CMOS-type ROSCs consume nano-
watt-scale power, which is much less than that of ROSCs that use a pseudo-CMOS (Fig-
ure 5C)."?® The Pwas simulated with 3-stage CMOS organic ring oscillators."*? However,
actual application of CMOS type requires that several problems must be solved,
including instability of n-type materials, mismatch in carrier mobility u and Vi, between
n- and p-type devices, and complicated manufacturing processes.'*® E can be further
reduced at the transistor level of ROSC components, and the methods include scaling
down of device dimensions, reducing the energy barrier between organic semiconduc-
tors and source/drain electrodes, and using a gate insulator that has a high dielectric
constant and organic semiconductors that have high u.

CONCLUSIONS AND OUTLOOK

We have reviewed recent research related to organic neuromorphic electronics and
have discussed how to reduce the E of organic artificial synapses and artificial nervous
systems. Unlike silicon CMOS-based artificial synapses, which require complicated
circuits and large E for successful emulation of biological synapses, organic artificial
synapses have been developed to replicate biological synaptic functions by using
straightforward operations and simple structures (2-T and 3-T devices). These de-
vices are advantageous because of their (1) compatibility with solution-printing
and micro-patterning lithography; (2) easy tunability of molecular, chemical, electri-
cal, and mechanical properties for many purposes; and (3) mechanical flexibility/
stretchability with low elastic modulus similar to those of soft biological systems.
Therefore, organic neuromorphic electronics constitute promising candidates for
next-generation computing devices, biomimetic robots, and neural prostheses.

At the level of an artificial synapse, E is simply proportional to applied voltage, drain
current, and duration of the programming pulse. To minimize applied voltage, arti-
ficial synapses that exploit ion migration have a high EDL capacitance in electrolyte
gate insulators, so these artificial synapses are preferred because they require only a
low driving voltage. Active layers should be “normally OFF" because “normally ON”
devices with relatively conductive active layers such as PEDOT:PSS exhibit high cur-
rent states even before programming, so they use much more energy than “normally
OFF" devices. Other options to reduce E are to decrease the duration of program-
ming spikes and to scale down device size.

Avrtificial synapses integrated with sensing/motor functions should be developed to
mimic complicated sensing/motor functions in biological systems for soft robotics and
neural prosthetics. For these systems, synaptic characteristics must be integrated with
sensing elements; three types of devices can be achieved: artificial synapses integrated
with externally powered sensing elements, artificial synapses integrated with self-pow-
ered sensing elements, and artificial sensory synapses. Artificial sensory nervous systems
that use externally powered sensing elements dissipate additional energy (microwatts to
milliiwatts) from the sensing elements, which is much higher than that of typical synaptic
devices. As a solution to reduce energy dissipation from sensing elements, artificial syn-
apses have been integrated with self-powered sensing elements, so most of the energy
is dissipated only by the synaptic devices. Another approach is to use artificial sensory
synapses, thatis, functional artificial synapses with sensing capabilities in a single device.
In addition to low P, these artificial synapses have the advantage of being compatible
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with high-density integration. That is, to reduce E in artificial sensory nervous systems,
artificial synapses with self-powered sensing elements and artificial sensory synapses
are preferred over artificial synapses that use externally powered sensing elements.

Our discussion of methods to achieve low E in organic neuromorphic electronics may
guide development of a wide range of actual applications in humanoid robots, smart
sensors in the internet of things (IoT) systems, bio-implantable neural prostheses, and
cybernetic electronic devices. Combined with low-energy artificial synapses, robot sys-
tems can demonstrate sophisticated movement by consuming low energy like biological
nervous systems. For advanced robots and human-like sensory electronics, environ-
ment-adaptable perception behaviors in biological systems can be emulated by adap-
tive organic devices with synaptic functions. For loT systems, artificial synapses with
sensing functions enable localized memory functions in every smart sensing device;
this ability would eliminate the possibility that private data could be revealed, as is
possible in central processing systems (e.g., cloud computing). Moreover, neuromor-
phic cognitive systems with local processing can process numerous data from surround-
ings and make decisions by themselves without sending a large amount of data to the
central processing systems; the reduced amount of communication will reduce E.

The biocompatibility of organic materials will permit the use of organic artificial syn-
apses in bio-implantable electronic devices, but depending on the application, they
can be used in the form of hybrids with CMOS devices.

In addition, low-energy-consuming organic artificial synapses combined with highly
efficient power sources (e.g., thermoelectrics and solar cells) will facilitate actual
daily-life application of these neuromorphic electronic systems in the real world.
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