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ABSTRACT

Neuromorphic systems built from memristors that emulate bioelectrical information
processing in a brain may overcome limits in traditional computing architectures. However,
functional emulation alone may still not attain all the merits of bio-computation, which uses action
potentials of 50-120 mV at least 10-time lower than signal amplitude in conventional electronics
to achieve extraordinary power efficiency and effective functional integration. Reducing the
functional voltage in memristors to this biological amplitude thus can advance neuromorphic
engineering and bio-emulated integration. This review aims to provide a timely update on the effort
and progress in this burgeoning direction, covering aspects in device material composition,
performance, working mechanism, and potential application.
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1. Introduction

Conventional electronics built upon CMOS technology face the challenge in sustainability due
to the foreseeable physical limit in device scaling.!”” The computing efficiency is further
constrained by the data traffic associated with centralized (e.g., von Neumann) architecture,
making it more challenging to keep up with the pace of information upgrade in the big-data era.!-
7 Alternative strategies for computing have been actively sought over the past decades.®'* Among
them, constructing neuromorphic systems that share structural and functional similarity to the
biological brain, the role model of computing efficiency,!” is considered a promising route.? 3 16-
18 A specific emphasis is to emulate the local integration of memory and logic functions in bio-
computation for in-memory computing,* 12! in which data is stored at the local site to reduce
energy consumption and delay inherently associated with von Neumann systems. Memristor that
can store the modulable (memory) state within the device thus is exploited to construct in-memory
computing such as crossbar architecture, in which the memory state is directly retrieved for vector
matrix multiplication. Extensive reviews have covered the progress and prospect of memristor
devices and memristor-based computing systems.!-7> 16, 18-26

While the main effort in the field has been functional development, a distinct aspect in the
signal amplitude may be worth noting. Specifically, bio-computation uses action potentials of 50-
120 mV (Fig. 1a),?” whereas typical integrated memristive systems function with much higher
amplitude (e.g., >1 V).?2 2830 Ag energy consumption has a quadratic relationship with voltage,
functional emulation alone may still fall short of attaining the superior energy efficiency in bio-
computation. Meanwhile, a large amplitude also limits the memristive systems from effectively
interfacing sensory components or even living systems for constructing intelligent systems.
Reducing the functional voltage in memristors to the biological-voltage (bio-voltage) region (e.g.,
50-120 mV) thus carries the significance for both computing and interface engineering.

Despite the potential implications, the development of bio-voltage memristors (BMRs), which
are defined as memristors having a Set (V) or Reset (Vieset) Voltage threshold < 120 mV (Fig.
1b), is still at the beginning stage. Here, nonvolatile memristors having only the Ve or Viese in the
bio-voltage region are still classified as BMRs, considering that 1) the functional property and
principle in half of the bio-voltage region can be still useful for device application and engineering
guidance and 2) further development may enable both V. and Ve to fall into bio-voltage region.
In this review, we aim to provide a timely update on the progress, with the hope that it may provide
a useful summary and guidance for the continuous development. The review starts with the
discussions of typical device material composition and performance, followed by the discussions
of proposed enabling mechanisms. Then it extends to the discussions of assembling neuromorphic
components/systems by harnessing the unique properties in BMRs, concluded by the discussions
of future potential and challenges.

2. Materials for BMRs

Typical memristors assume a tri-layer structure with the middle dielectric layer sandwiched
between two electrodes.> 23 The electrodes often serve as not only the addressing terminals but
also active components contributing to memristive behaviors.!:7 While many conductive materials
have been used as electrodes in conventional memristors, existing BMRs show a dominant
preference for electrodes made from active metal elements of Ag (~70%) and Cu (~12.5%) (Fig.
2a). Previous studies show that these metals can be readily oxidized to ions, migrate across the
dielectric layer, and be reduced to atoms piling up at the other electrode.??> The continuous process
yields filament formation, which bridges the two electrodes to transit the device from an initial
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high resistance state (HRS) to a low resistance state (LRS).3! Facilitation to this process by the
dielectric layer is considered key to reducing the functional voltage.

Among these Ag- or Cu-electrode BMRs, both inorganic materials and organic biomaterials
have been used as the dielectric layers. Perovskites such as CsSnls,3> CsPbls,3% 3% MAPbDI;,>
Cs;3Biylo-CsPbl;,3¢ and CH3NH;PbIs,37 have been frequently used to construct BMRs. Oxides,
including Si0,,*® TiO,!6 3% Ta0,%-42 Zr, sHfs0,,% and ITO,*-46 are another frequent category
employed as the dielectrics in BMRs. Sometimes, an oxidized interface in a non-oxide dielectric
layer is also found to be key to achieving bio-voltage switching.#’ Layered two-dimensional (2D)
material sheets have also been used. MoS, is one of the popular materials used to construct
BMRs.#-50 In addition, Lei et al. reported a Ag-electrode BMR using nanosheets of bismuth
oxyiodide as the dielectric layer, which achieved a Set voltage (Vi) of ~50 mV.>! Other thin
semiconducting materials such as InSe>? and GeSe>? were also used to serve as the dielectrics in
Ag-electrode and Cu-electrode BMRs, respectively.

Some BMRs do not directly use Ag or Cu electrode but pre-introduce these elements in the
dielectric layer,>* which in effect can be considered pertaining to the same category. The elements
were introduced either in a reduced metal form in composites such as Ta;Os-Cu,> AgNWs-TiO,-
PVA,*¢ and DDP-CuNPs,>* or an oxidized ion form in compounds such as Ag,S,>7? Agl,® and
AgyAsS,.%! Pre-introduction of the elements in the dielectric can still facilitate voltage reduction
in some BMRs already having Ag or Cu electrode.>>-6!

Biomaterial dielectrics are not the mainstream in conventional memristors but may make a
more valid argument for constructing BMRs, which may have the unique combined advantages of
bio-voltage function and material biocompatibility for bio-interface implementation. A Cu-based
BMR using recombinant protein rDnal as the dielectric achieved a Vi ~120 mV right at the bio-
voltage boundary.®? A Vi strictly falling into the bio-voltage region was realized in a Ag-based
BMR employing protein nanowires as the dielectric.?® 9364 These ultrasmall-diameter (e.g., 3 nm)
protein nanowires are outer-membrane biofilaments synthesized by microorganism G.
sulfurreducens living in wild environments, so they are designed with stability for realistic device
applications.®>%7 The protein-nanowire BMR achieved a V as low as 40 mV with a narrow
distribution between ~40-80 mV.?8 Other Ag-based memristors using silk fibroin as the dielectric
were also shown to attain bio-voltage switching under some controlled conditions.%% ¢°

BMRs without the involvement of Ag or Cu elements, though much less frequent (Fig. 2a),
are possible. Bio-voltage V. was reported in memristors made from Au/Rb;Bi,ly/Pt,
Au/Cs;Bislo/Pt, and Ti/VO,/ITO structures.*> 7 Zhou et al. reported an illumination-assisted
reduction of V. to the bio-voltage region in a memristor based on Au/CH3;NH;Pbl;_Cl,/FTO
structure.”! In some case, a bilayer device made from the same ITO material was engineered to
have a bio-voltage V...** 46 All these memristors achieved bio-voltage Vi, although the Ve in
some devices used to switch to HRS had values outside the bio-voltage region. The switching in
them is generally attributed to field-driven modulation of defects (e.g., vacancies) in the dielectric
materials, although the electrodes can still facilitate the modulation through the reduction of
interfacial energy barrier.

Besides BMRs constructed from conventional tri-layer solid-state materials, devices made
from biomembrane sandwiched between two aqueous solutions also exhibited bio-voltage
memristive and memcapactive behaviors.”>7® Bio-voltage signal can induce sufficiently high
electrical field across the biomembrane due to its ultrathin thickness (e.g., 3-5 nm), which was
believed to change the structure (e.g., through peptide insertion) or interfacing area (e.g., through
electrowetting) in the biomembrane for resistive or capacitive modulation, respectively. The

4

Page 4 of 25



Page 5 of 25

Nanoscale

modulation was found to be reversible, thus yielding volatile switching behaviors. The material
composition in the biomembrane affected the switching dynamics such as On/Off ratio, retention,
and threshold voltage. Vi as low as 25 mV was achieved.”> Compared to conventional solid-state
BMRs, biomembrane BMRs share closer feature with biological organelles in structure,
composition, and charge transport mechanism, which can be advantageous for creating synthetic
neuromorphic components/systems in bio-realistic (e.g., solution) environment. More extensive
discussion of biomembrane BMRs and comparison with other biomaterial-derived devices can be
found in another recent review.”’

3. BMR Performance

Retention. The retention or the time a memristor stays at a programmed state after removing
external input varies. Different retention properties can be exploited for constructing different
computing functions. Several studies reported BMRs achieving retention over days or year,3> 38, 62
which can be attractive for low-power data storage. However, in these studies, it is not fully clear
if the nonvolatile state was actually programmed by a bio-voltage input (Table 1), since many
BMRs can also operate outside the bio-voltage region and the retention can be amplitude-
dependent. Some BMR showed retention (e.g., millisecond level) falling into the temporal scale
of many biological dynamics, benefiting the construction of bio-emulated dynamic functions.?®

We may further classify a BMR into a volatile or nonvolatile one if its retention is shorter or
longer than certain time scale (e.g., tens of seconds). Statistics show that the V from both types
is distributed mainly in the range of 40-120 mV (Fig. 2b). Lower V. in the range of several mV
was observed in Cu-based BMRs using Pt/DDP-CuNPs/Au** and Au/Cu/ZnO-ZnS/ZnS/Pt/Ti%’
structures. The former showed volatile property with the 4 mV V, while the latter showed the
feasibility of achieving nonvolatility with larger V. These BMRs may be useful for emulating
sub-threshold neural activities to expand neuromorphic functions.

About half of the nonvolatile BMRs have a bio-voltage V. but a Vi outside the bio-voltage
region (Fig. 2¢). For example, BMRs based on bilayer ITO/ITO* and ITO/VO,/Ti* structures
achieved extremely low Vi of 14 mV and 6 mV, respectively. However, a Vieset >190 mV was
needed to switch the devices to HRS. Nonvolatile BMR having both Vi and Vi in the bio-
voltage region can be more attractive. Lei et al. reported a nonvolatile BMR based on Ag/BiOl/Pt
structure, which had a symmetric Vy/Vieser 0f +/-50 mV .31

Delay. The delay or the incubation time needed for the conductance change after applying
programming voltage,” often characteristic of switching speed, varies significantly among
different BMRs (Table 1). A short delay is generally preferred for developing fast computing
applications, although the delay period can also encode rich dynamics and be exploited for
constructing neuromorphic functions. While sub-millisecond bio-voltage Vi pulse is able to elicit
temporal synaptic modulation in some BMRs, the full switching from a HRS to LRS often requires
pulse width beyond milliseconds in existing reports. This can be considered a trade-off understood
from the general mechanism, in which ionic transport is always involved in metallization or
valence-change memristors. A reduced voltage amplitude or a reduced electric field can prolong
the ionic transport.

The concomitant voltage-dependent switching dynamics is generally observed in many
filamentary memristors,>? with the Set delay decreasing in an approximately exponential manner
with the increase of the input voltage amplitude. This trend was also observed in many BMRs that
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can also operate outside the bio-voltage region. For example, the delay in a protein-nanowire-
based BMR was reduced from ~10 ms with a 100 mV input to ~0.2 ms with a 500 mV input.®> A
short delay of ~100 ns was indicated in a Ag/TaO,/Pt BMR operating with a voltage of 200 mV
close to but still larger than the bio-voltage value.*? Other studies did not report the delay using
bio-voltage input, but showed even shorter delay in the nanosecond or even sub-nanosecond
region® by using input amplitude > 1 V.38 These current results show that it can be challenging to
realize fast switching in BMRs. Since ionic diffusivity or conductivity strongly correlates to the
activation energy,’® reducing this energy through material engineering may be a way out for fast-
switching BMRs. Note that although it is challenging to obtain a fast Set process with bio-voltage
Vit @ fast Reset process (e.g., ~100 ns) using bio-voltage Vi of -120 mV was possible in a
Al/Cu/Ti/MoS,/Pt structure.*® This is because the Reset process can be mainly driven by thermal
effect for the rupture of filament without the ionic transport.

Memristive states. A majority of the BMRs show threshold switching with distinct LRS and
HRS states. This binary switching can be implemented in digital memory, selector, and binarized
spiking neural network,” which may prefer a high On/Off ratio.®* 80 8 Filamentary BMRs
typically achieve a high On/Off ratio (e.g., > 10°). Some BMRs made from perovskite?6: 70 and
oxides!® 40 were shown to achieve an On/Off ratio of ~10%. On/Off ratio as high as 10'° was
achieved in a BMR made from Ag/TaO,/TaO,/TaO,/Ag structure *!

Multistate switching is favored for constructing analog neuromorphic systems.? 8283 However,
multistate nonvolatile BMR has been rare. Hu et al. demonstrated three-state nonvolatile BMR
with the 1%t and 2" LRS programmed by V of 6 mV and 200 mV, respectively.*” Choi et al.
demonstrated five programmed states in a BMR made from organolead halide perovskite,*’ by
modulating the compliance current under a fixed operation voltage (~125 mV) slightly larger than
the bio-voltage value. The nonvolatile property in these achieved multistate conduction was still
not fully revealed.

Endurance. Employing the memristive states for realistic applications requires the reliability

over repeated operation or endurance. Systematic study in the endurance of BMRs has been limited.

Reported BMRs operating strictly in the bio-voltage region showed endurance up to 104.2° Higher
endurance was demonstrated in other BMRs, but the operational voltage was outside the bio-
voltage region.*!- 4349 These results indicate that the conduction path may progressively drift to a
more resilient configuration over time, which requires larger amplitude/energy to alter. This can
be understood from the general mechanism, in which the lower activation energy in the ionic
species responsible for the bio-voltage function can also contribute to an easier (irreversible)
dispersion over time. Engineering confined conduction pathways in the memristor structure may
improve endurance in BMR.8

Flexibility. BMRs, due to amplitude match to biosystem, may find more room in bio-
interfaces,!% 83-88 which often require soft/flexible form factor. The thin structure and small size
in typical memristors readily enable them to accommodate certain flexibility without
compromising performance. Flexible BMRs were demonstrated on substrates made from
polyethylene terephthalate (PET),3> 3% 62 ¢ Polyimide (PI),** and polyethylene naphthalate
(PEN).>° The BMRs were shown to maintain performance under standard bending test (e.g., 10*
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cycles), suggesting tolerance to normal mechanical deformation in realistic settings.®* It is worth
noting that the switching dynamics in many memristors are affected by the environment (e.g.,
humidity). Therefore, packaging for long-term stability in a bio-realistic environment constitutes
another important factor, which is less examined.

4. BMR Mechanisms

Ag- and Cu-based metallization cells constitute the majority of BMRs. Generally, a three-step
process involving metal oxidization at the anode (M—>M™*+e), ion migration, and ion reduction at
the cathode (M*+e>M) is involved in the filament formation responsible for memristive
switching.?® As a result, facilitating one or more steps in the process is considered key to reducing
the functional voltage.

Since 1onic transport is always involved in metallization cells, concentrating the electric field
by geometric engineering has been a common practice in BMRs (Fig. 3a). For example, typical
memristors based on Ag/SiO,/Pt structure operated with voltage > 0.2 V.3% 0 Cheng et al.
engineered a confined Ag/SiO,/Pt memristor with interelectrode distance ~1 nm to attain a Vi
~100 mV, showing direct evidence that field concentration by geometry can be an enabling
factor.® This can be generally understood from that, other than field enhancement through
thickness reduction, a confined emission source (i.e., electrode) can also facilitate the field
enhancement.”! In a Au/Cu/ZnO-ZnS/ZnS/Pt/Ti structure,’’” Hu et al. also suggested that a
confined distance in the filament defined by the oxidized and unoxidized ZnS interface effectively
reduced the field or voltage requirement. Along the line, 2D material layers were used to define
the ultrashort interelectrode distance. Li ef al. used an ultrathin bilayer InSe channel (~1.6 nm thick)
to fabricate Ag/InSe/Au BMR and obtained Vi and Viesee of 120 mV and 40 mV, respectively.>?
2D MoS, layers (~2 nm) was used in a Ag/MoS,/Ag BMR to achieve both Vi and Vieser ~ 100
mV.>° Cu-based BMR using MoS, layers (2.4 nm) showed a Vi as low as -50 mV, although Vi,
was larger (150 — 200 mV).*°

Under given field, facilitating the ionic transport through microstructure engineering in the
dielectric matrix constitutes another common route (Fig. 3b). Huang et al. suggested that the grain
boundary in the TaO, dielectric could provide an easier pathway for Ag™ migration;* reducing the
granular size or increasing the grain boundary in the TaOy dielectric in a Ag-based memristor was
thus found to lower the Vg to the bio-voltage region. This grain-boundary mediated voltage
reduction was also considered the enabling mechanism in a BMR fabricated from perovskite
material.?® In other cases, the introduction of intermediate nanoparticles was also considered to
serve a similar role. For example, AgF nanoparticles were introduced in the TiOF, dielectric in a
BMR based on a Ag/TiOF,/Ti/Pt structure.’® These AgF nanoparticles were suggested to serve as
passing docks to facilitate and guide Ag" migration. Similarly, graphene oxide quantum dots were
introduced in the ZrgsHfysO, dielectric in a Ag-based BMR.#* Pre-introduction of Ag or Cu
nanoparticles in the dielectric can represent the similar scenario.

It is noteworthy that above device engineerings are expected to introduce different levels of
defects (e.g., lattice distortion, grain boudary, interstitial atom) in the dielectrics. These structural
defects are generally expected to lower the activation energy in metal,’> > which underlies the
facilitation in cation transport. Correlation study is needed to determine if the the activation energy
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(e.g., revealed through temperature-dependent conduction measurement)®! plays a key role in
bringing down the switching threshold in BMRs. However, such kind of investigation is scarce in
existing BMR studies, which can serve as a call for future practice in the field.

Many BMRs function without the need of an ultrashort interelectrode distance or micro-
engineered pathway, suggesting that the enabling mechanism can be a mixed interplay between
multiple factors. Chemical interaction with the cation is also considered critical in affecting its
transport, and thus, the voltage amplitude (Fig. 3c). Biomaterials often have innate high-density
functional groups, which were also employed to construct BMRs.

Jang et al. observed that the switching amplitude was closely related to the pH value of the
recombinant protein rDnaj being prepared, with an optimal pH ~ 6 yielding bio-voltage switching
(Veet/ Vieset = 120/80 mV).%? They suggested that pH-mediated improvement of metal (e.g., Cu®)
chelation affinity to the protein was key to reducing the switching amplitude. In another case,
protons in the peptide were regarded to facilitate Ag redox, although bio-voltage switching was
not achieved;’* combining other aforementioned device engineering methods (e.g.,
geometric/microstructural engineering) may further reduce the functional voltage.

In contrast to the description of a general/overall chemical facilitation, Fu ef al. designed a
device for the possibility of pinpointing the key enabling step.?® They harvested biosynthetic
protein nanowires from the microorganism G. sulfurreducens, which are specifically designed to
facilitate Ag" reduction, to construct a Ag-based memristor. The device could be switched with
voltage as low as 40 mV. The result suggested the facilitation in the Ag" cathodic reduction to be
the determining step for amplitude reduction, which was further supported by experimental
evidence that the protein nanowires shifted the Ag" reduction peak in a cyclic voltammetry
measurement. This proposed mechanism was also consistent with the biological function designed
in the protein nanowires, although the details warrant further study.

BMRs not involving Ag or Cu filaments, though constituting a small percentage (Fig. 2a),
have been also constructed. In contrast to the contribution from extrinsic Ag or Cu sources in
metallization BMRs, structural change intrinsic to the dielectric layer was generally considered as
the mechanism in these BMRs. In a valence-change BMR based on Ti/VO,/ITO structure,** Wang
et al. suggested that the distribution of V,>* at the TiO,/V interface enlarged the diffusion space,
weakened the oxygen-cation bond, and generated an additional field to facilitate the migration of
oxygen vacancy.” In a light-mediated BMR, Zhou et al. proposed that light-induced holes were
trapped at the perovskite/Au interface and lowered the Schotty barrier for voltage reduction.”!
Other studies considered similar mechanisms attributed to structural change in the dielectric layer.
Cheng et al. proposed that the changeable 1-T phase in the MoS; layer was responsible for the bio-
voltage switching in a Ag/MoS,/Ag structure.*® Choi et al. considered the defect ions (e.g., iodine
vacancies) the key to enabling bio-voltage switching in a Ag/CH;NH;Pbl;/Pt structure.?” It should
be noted that since both types of devices involved the Ag element, the Ag-filament mechanism or
combined effect may not be completely excluded. Compared to Ag and Cu cations that can
independently exist in various dielectrics, these other charge species are coupled component of the
dielectrics. This may explain why Ag- and Cu-based BMRs constitute the majority (Fig. 2a).
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Overall, the mechanistic understanding in many BMRs is largely at the hypothetic proposal
stage. As a result, detailed guideline regarding how to engineer low-amplitude switching and
improve other associated performance is missing. This may not be too surprising because multistep
processes that are further intricately correlated to defects and material properties are involved.
Systematic mechanistic study in each device category is highly encouraged and deemed valuable
for long-term development.

5. Implementation of BMRs

BMRs enable the potential of constructing neuromorphic devices that transition from mere
functional emulation to also including parameter match with neural components.?® This may yield
not only low-power computing3? 93 but also efficient sensor-computing interfaces.’®°’” To the end,
preliminary bio-voltage neuromorphic functions have been explored with BMRs.

Artificial synapse. The plasticity in a biological synapse underlies the modulation of signal
transmission key to cognitive learning and memory (Fig. 4a).°® Emulating synaptic plasticity is
thus considered important for implementing hardware-based neuromorphic computing. Bio-
voltage short-term plasticity (STP) and long-term plasticity (LTP) have been demonstrated with
BMRs (Fig. 4b).

STP is related to short-term memory and features a temporal weight change in the time scale
of a few seconds to several minutes.”® Both nonvolatile and volatile BMRs can be used to emulate
STP behaviors.?836.47.59 A pulsed input below the threshold input (either in duration or amplitude)
of a full switching may still induce conductance change, which decays over time to yield STP.
This decay can be compensated by the continuous input, depending on the frequency, to yield
modulable conductance increase/decrease. Although not all BMRs were demonstrated with STP,
it is believed that all should have such property to certain level, expected from the common
competing effect between the drift and diffusion processes involved in various mechanisms.
Volatile BMR experiencing full switching can still be employed to construct dynamic synapse by
exploiting the above mechanism. Fu et al. demonstrated a dynamic synapse,?® in which the
synaptic strength was dynamically modulated by the frequency of emulated action potential input
(100 mV, 1 ms) to show both paired-pulse facilitation (PPF) and paired-pulse depression (PPD).

Conversely, LTP features weight change that lasts longer (e.g., > minutes).!® Nonvolatile
BMR thus is usually employed for this functional emulation.36 47- 4. 3 Kim et al. demonstrated
LTP, including potentiation and depression, in a synapse made from
Ag/PMMA/(Cs;Bislg)y 4—(CsPbls) ¢/Pt structure by using 100 mV pulse input.3¢ Due to the bipolar
switching in typical nonvolatile BMRs, pulses of opposite polarities were often used to emulate
the presynaptic and postsynaptic signals to yield timing-dependent plasticity (STDP).

The competing mechanistic picture also suggests the feasibility of transition from STP to LTP
if the constructive input rules over decay over time to build up a full conduction path, which can
emulate the memory consolidation process.!?! The pulse interval is often employed as a tunable
parameter to realize such a transition. Ono et al. showed that reducing the pulse interval from 20
s to 2 s in a series of bio-voltage input (80 mV, 500 ms) yielded STP-to-L TP transition in a synapse
made from Ag/Ag,S/nanogap/Pt structure, which was employed to emulate human-memory
forgetting dynamics.>® External stimuli such as light can induce carriers to facilitate switching,
which can be exploited as additional input to modulate STP-to-LTP transition.’!> 102 Lei et al.
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demonstrated a bio-voltage photonic synapse, in which the STP under the dark was elicited to LTP
under light.>!

The employment of synaptic weight for constructing bio-voltage neural network has not yet
been demonstrated. Nevertheless, the temporal dynamics in a single device can still be exploited
to preprocess signals to reduce dimensionality for reservoir computing (Fig. 4¢-i).33 Specifically,
the temporal distribution of the sequential spiking input is expected to yield different patterns of
conductance evolution within a given time bin. This frequency-dependent synaptic behavior from
a BMR based on Ag/CsPbl;/Ag structure was exploited to pre-sort neural recordings for the
efficient recognition of neural activities (Fig. 4c-ii).>3

Artificial neuron. A neuron can be considered an independent computing unit in the sense
that it has a decision (e.g., firing) mechanism based on the integration of spatiotemporal inputs.!03
Artificial neurons that emulate this integrate-and-fire function can be used to construct spiking
neural networks.!%* 195 The incubation and spontaneous relaxation in a volatile memristor can be
naturally exploited to emulate the polarization and depolarization in a neural firing.!%

Fu et al. analyzed that the dynamics of the filament formation were qualitatively similar to the
dynamics of a neural firing (Fig. 5a).2% Specifically, the net flux of the cations used for filament
formation was analog to the net flux of charge in a neuron for soliciting firing, and the injected
and diffusing ionic currents corresponded to the injected and leaky neuronal currents, respectively.
As a result, the governing equation describing the filament formation shared a similar format to
that describing the neuron model. Artificial neurons constructed from a protein-nanowire-based
BMR could integrate emulated action potential (e.g., 100 mV, 1 ms) and show frequency-
dependent firing consistent with the model. Importantly, the frequency dependence was found to
be close to that in a real biological neuron, demonstrating the feasibility of close parameter match
with bio-computation (Fig. 5b).

The employment of artificial neurons for constructing bio-voltage spiking network has not yet
been demonstrated. Nevertheless, an individual artificial neuron with independent decision can be
still exploited for sensory information processing. The bio-voltage function can eliminate the
inherent signal mismatch to sensory input, enabling the potential of direct sensor-driven
computation similar to the unitary information flow in an afferent biological circuit that underlies
the time and energy efficiency. Fu et al. demonstrated that passive sensors!% powered by
environmental energy generated from ubiquitous ambient humidity,'%” despite the low-amplitude
output, could directly drive a bio-voltage artificial neuron for decision (Fig. 5¢).%* The polarization
dynamics could be further adjusted through a parallel capacitor, such that the artificial neuron was
also able to do the frequency-driven computation for bodily condition (e.g., respiration) monitoring
(Fig. 5d).

Peripheral device. Other than serving as the neural components, the switching dynamics in
memristors can be also used to support the construction of neural networks.®® One such example
is to exploit threshold volatile memristors as selectors to prevent the sneak path current in a neural
network (Fig. 6a). Steep transition and high On/Off ratio are generally preferred for this selector
function. However, the choice of the switching threshold (Vy, §) in the selector is tricky. Only when
Vin_s 1s half the programming threshold (¥}, ;) in the nonvolatile memristor, a maximal reading or
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analog input window (¥4, ,/2) is attained with the common half-read theme.!® This makes the
addressing theme non-generic and reduces at least half the input resolution. A BMR thus is not
necessary the optimal choice for typical programmable memristor network using programming
threshold >0.5 V.

Fu et al. developed a generic addressing theme that works with all programmable memristors
and retains the full input window by exploiting the unique dynamics in a BMR (Fig. 6b).%3
Specifically, a unipolar volatile BMR was used to act like an ultralow-threshold diode to prevent
sneak path current during reading and forward programming (Fig. 6¢). The transient retention
offered a bidirectional window and enabled the reverse programming needed in many bipolar
programmable memristors (Fig. 6d). The strategy provides a generic solution because the
activation threshold of the BMR selector is much lower than the programming thresholds in
existing nonvolatile memristors. All the input shifts to the programmable memristor once the BMR
selector is activated to realize the full-input utilization.

6. Summary and Prospect

The BMR research is still at the very beginning stage. While existing studies have
demonstrated the feasibility and potential of constructing devices/electronics functioning with bio-
voltage amplitude (e.g., <120 mV), efforts to address associated challenges are needed to push
many current proof-of-concept work to realistic and sustainable development.

Although the bio-voltage amplitude is generally considered favorable for low-power
computation, it is not the only parameter that determines energy consumption. Some filamentary
BMRs show field-driven switching, and hence, programming current lower than 1 nA can be
achieved.?® % However, achieving a nonvolatile state typically requires much larger programming
current and longer programming time, presumably due to the fact that reaching a stable filament
size requires certain charge transport. As a result, current nonvolatile BMRs may not be favored
in terms of speed and power. It is tempting to consider that engineering confined device size (e.g.,
like that in phase change memory) to regulate the conduction path may improve power efficiency.
Still, the engineering effort is preferred to be guided by the mechanistic understanding, which
currently is largely at the hypothetical stage in most systems. Engineering reliable multistate
nonvolatile BMR that is important for implementing analog neural networks can be more
challenging, as naively easing the programming (e.g., with lower activation energy) also eases the
state drift.

Therefore, at present, computation based on volatile BMR such as spiking neural network and
reservoir computing, which harness the temporal evolution and may not require current threshold,
maybe a more readily direction. Importantly, reliable device performance is needed. Report on the
reliability (e.g., endurance) of BMRs is scarce. The lower-amplitude switching may also be
indicative of an easier dispersion in the conduction pathway and, thus, the tendency to fail over
repeated programming. Re-activation (e.g., with higher-amplitude programming) or engineering a
confined conduction path may be a practical strategy for improving BMR reliability.

Neuromorphic devices and components constructed from BMRs can be a good candidate to
implement in sensory interfaces. Constructing a fully self-sustained and sensor-driven intelligent
system can be challenging at present, as it is tied up with the assembly of bio-voltage computing
network. Nevertheless, harnessing their low amplitude to directly preprocess sensory information
can provide a realistic way for constructing more efficient smart/responsive systems in real-world
environments.

11



Nanoscale

The potential of interfacing neuromorphic devices with biological tissue has been explored in
recent studies, in which proof-of-concept demonstrations of biochemical signal processing and
bioelectrical simulation was achieved.'?-!'! Nevertheless, the current demonstrations required
external energy input. For the long-term vision of a seamless ‘cyborg’ integration,'!? a self-
supported energy sustainability is needed. A desirable way out is to directly use
biochemical/bioelectrical signal as also the energy source for powering, leading to direct
communication similar to signaling pathway between cells. These neuromorphic components may
be further integrated on minimally-invasive substrate!!? 1'% to enable on-site, closed-loop bio-
integration. Neuromorphic devices constructed from BMRs offer the unique possibility, because
the bio-voltage signal processing can readily match the voltage amplitude in biochemical signals
(e.g., resting/action potentials). Still, progresses in BMR device engineering (e.g., reducing power
to biological level,?® improving reliability), bioelectronic sensor development (e.g., improving
energy/signal retrieval), and system integration (e.g., circuitry, interfacial engineering) are needed
for this visionary goal.
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Figure legends
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Figure 1. Bio-voltage signal and device. (a) A biological brain uses action potentials of 50-120 mV (right)
for bioelectrical computation. (b) Memristors that can be Set or Reset (right) with voltage amplitude less

than 120 mV are defined as bio-voltage memristors (BMRs).
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Figure 4. Artificial synapses constructed from BMRs. (a) (Right) The flux of metal element in a filament
governing the conductance change can mimic the (left) flux of Ca?" in a bio-synapse underlying the
plasticity. (b) Schematic of conversion from short-term plasticity (STP) to long-term plasticity (LTP). (c)
(i) Synaptic evolution in a BMR stimulated with pulses of different frequencies. (ii) The synaptic BMR was
employed to classify neural firing pattern. Reproduced with permission.?* Copyright 2020, Springer Nature.
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Figure 5. Artificial neurons constructed from BMRs. (a) (Right) The ion flux in a forming filament is
qualitatively analogous to (left) the charge flux in a potentiating neuron. Specifically, the injected Ag*
current /5.4, the diffusive leaky current /”4,;, and net accumulation of Ag element (NV,,) in the filamentary
volume (dished line) resemble the injected excitatory postsynaptic current (EPSC) 7, leaky current through
the cell membrane /°, and net cytosolic charge accumulation Q, respectively. A similar governing equation
can be written to describe the dynamic process. (b) An artificial neuron constructed from a protein-nanowire
BMR shows frequency-dependent firing close to that in a real biological neuron. (a-b) Reproduced with
permission.?® Copyright 2020, Springer Nature. (¢) An artificial neuron constructed from a protein-
nanowire BMR can be directly potentiated (blue) by bio-voltage sensing signal for firing/decision (red). (d)
A wearable interface integrated with BMR neuron that can differentiate respiratory rates. (c-d) Reproduced
with permission.® Copyright 2021, Springer Nature.
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(a) Schematic of the programming scheme. (i) An input (Vyeqivation) 18 first applied to turn On (orange) the
BMR switch in the selected path. Rest switches in the sneak path remain Off (green) due to the pinch-off
switch (cross) under reverse bias. (ii) During the On retention (orange) in the selected switch, a subsequent
programming voltage V. or Vi is directly applied to program the associated programmable nonvolatile
memristor (blue). Programming in the sneak path is suppressed because it has one pinch-off switch (red
cross) or two pinch-off switches (blue cross) during Vi or Vi Operation, respectively. (iii) The selected
memristor assumes a different state (dark blue) after the Vi or Ve programming pulse. The associated
switch returns to Off (green) after the transient retention. (b) An Ag-protein nanowires-Pd BMR is
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(d) a transient retention window for bidirectional programming. (a-d) Reproduced with permission.®?
Copyright 2022, Wiley-VCH GmbH.
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Dielectric . . | Vietl | Vreset| On/Off Delay Retention
Type Device Structure Device Size (mv) (mv) Ratio Cycles Time Time Ref.
Ag/protein 2x2 um to 6 " 13 ms 29 ms (100
nanowires/Ag 20%x20 um 60 10 10 (100 mV)  mV, 20 ms) 28
Ag/protein 2x2 um to s o
nanowires/Pt 20x20 um 65 10 100
Ag/protein . 89 ms 50 ms (100 ,
Bio- nanowires/Pd 10x10 pm 67 10 >00 (100 mV) mV, 15 ms)
material
] 220 ps (350
. - - 6 - 68
Ag/silk:AgNO;/Au 80x80 um 100-170 3x10 100 mV, 4 ms)*
Ag/fibroin—AgNCs/ITO  D=500 um 30-350 30-100 107 300* - 10% s* 69
Cu/rDnal/Pt 30x30 um 120 80 106 100 - 106 s* 62
Planar 200x 3 <1 ms  39.1 ms (100
Ag/CsPbls/Ag 200 nm 80 10 a6 (100mV)  mV, 2 ms)
Ag/PMMA/ CsPbl,;/Pt 50x50 um 100-180 100 100 300* - 103 s* 34
Ag/PMMA/Cs3Bi,lg 8 3% 4 <% 36
~CsPbly/Pt 50x50 um 110-190 90-150 3x10 10 10%s
100 ps
3,
ITO/Ag/MAPbI3/Al 500x500 um 100 80 107 6x10°* (1.9 V)* >2 years* 35
Perovskite  Ag/pPMMA/CsSnls/Pt  50x50 pm 130 80 103 600* - 7x103 s* 3
Au/Rb;Bi,lo/Pt - 90 250 2.9x107  200* - 103 s* 70
Au/Cs3Bi,le/Pt - 100 300 9.5x107 400* - 103 s* 70
Ag/CH3NH;Pbl; /Pt 50x50 um 110-130 50-130 106 350%* - 1.1x10% s* 37
Au/CH;NH5Pbl;.Cl, D=200 pm 100 450 10* 400* - 13 H* 7
/FTO
Ag/BiOI/Pt 10%25 pm 50 50 10° 50* - 2x10% s* 51
Ag/InSe/Au 50x50 um 120-250 40-90 10° 400* - - 52
Al/Cu/Ti/MoS,/Pt 10x10 pm 150-200  50-150 100 7x108% ) - a9
TMD&2D
Ag/MoS,/Ag - 66 98 103 103* - - a8
Ag/MoS,/MoS,/Ag 130x170 um 100-200 100 106 3x10%* - 104 s* 50
Cu/GegsSe, /Pt 3;150 1130 o, 100 200 10%* - - 53
. 190-
Ti/VO,/ITO D=180 um 6-50 380 10 110 - 10% s* 44
200-
ITO/ITO 30x30 um 14-18 500 50 100 - 103 s* 45
75 ns
Ag/Ta0,/Ta0,/Pt D=50 pm 110 60 108 100 (2v)* - 40
Ag/Ta0,/Ta0,/Ta0y _ 10 % 75 ns 500 ns (3V,
e D=50 um 90-180 10 10 (3v)* Sus)*
Ag/TaOx/Pt D=500 pm 40-90 1060  10° 1513 100 NS @
Metal ) (0.2 V)*
Oxide Au/Cu/ZnO- 200,
= ’ 6 ¥ 47
ZnS/ZnS/PY/Ti D=100 um 6 100 25 1500* 10°s
) . D=200 - 500 . . 100 ms . 39
Ag/TiO,F,/Ti/Pt um 70 110 10 300 (70 mv) 10H
Ag/ZHO/GOQDs _ " x 14 ns - -
JZHO/Pt D=100 um 80-300 10-140 10 10 (2v)* 10%s
ITO/ITO(O,)/TiN - 40-60 60-180 10 107* - 2x10% s* 46
- 150 ns 3 ps(2V, 20
Ag/Li,TisO:,/Ag D=50 pm 60 - 108 - (2v)* ) 16
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75 ns 6 weeks*,
Ag/SiO,/Pt 15x15 nm 120 100 6x10° 5x10%* (iV)* 40 ps (1.4 Vv, 38
20 ps)*
p 2 3 100, 54
t/DDP-CuNPs/Au 50 nm 4 0.5 10 600* - -
Cu/Ta,0s- . * -
Cu/PTCDA/Pt 50x50 um 130 80 10 10 years
Ag/AgNWs-TiO, in D=100 - 500 s - ) - 56
PVA/Pt um 98 102 10 10 106s
Ag/Cu- Ag/Ag,AsS,/Pt AFM Tip 70-100 100 100 - - - 61
based
Ag/Ag,S/Ag STM Tip 50-100 90 2 (-) - - 57
Ag/Ag,S/Pt STM Tip 90 20 200 - - - 58
2x2 pm to 3 } 30 ns 60
Ag/Agl/Pt 10x10 um 80 20 10 (2v)*
Ag/Ag,S/nano gap/Pt - 80 30 10 - - - s

*Performance was not tested by the bio-voltage signal or testing conditions were not mentioned.

Table I Summary of bio-voltage memristors made from solid-state materials.
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