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Rapid agvameessimathe semiconductor industry, driven largely by device scaling, are now approaching
fundamenhal limits and face severe power, performance, and cost constraints.

Multifuncti@nal materials and devices may lead to a paradigm shift towards new, intelligent, and

C

efficient ¢ systems, and are being extensively studied. This Review attempts to examine

how, by co the internal ion distribution in a solid-state film, a material’s chemical

compositi ysical properties can be reversibly reconfigured using an applied electric field, at

LS

room tempe€rature and after device fabrication. Reconfigurability is observed in a wide range of

N

materials, inc commonly used dielectric films, and has led to the development of new device

a

concepts s istive random-access memory (RRAM). Physical reconfigurability further allows

memor ogic operations to be merged in the same device for efficient in-memory computing

and ne ic computing systems. By directly changing the chemical composition of the

M

material, coupled electrical, optical, and magnetic effects can also be obtained. A survey of recent

[

fundamen ial and device studies that reveal the dynamic ionic processes is included, along

with discus systematic modeling efforts, device and material challenges, and future research

directions.

th

1. Introduction

U

A

This article is protected by copyright. All rights reserved.

2



10

11

12

13

14

15

16

17

18

19

20

21

22

WILEY-VCH

The rapid growth of modern electronics has had unparalleled impact on the ways humans work,

live and socialize in the past a few decades. This exponential growth has mostly been driven by

i

P

device scal constant shrinking of the size of transistors that form the basic building block of

integrated wing Moore’s law.!"! However, continued geometrical scaling will likely come
toa haIFW| inthe next decade as the device size approaches fundamental physical limits at ca. ~
5nm. New materials that offer new functionalities and provide new state variables that can be used
for comput

ata storage are of great interest to maintain the growth of the semiconductor

industry.

A close examination of today’s electronics systems reveals that they are mostly based on

LUSCI]

“functional igurable” materials and devices. That is, the device’s electrical and optical

1

properties odulated upon the application of a stimulation, normally an electric field, but the

change is t@m( W and the device will recover its original form after the stimulation removal. For

d

exampl ing diodes (LEDs) can emit light when a voltage is applied but the material itself

is not modifie ng the process. Light emission will stop when the voltage is removed. Similarly, a
transistor can be turned “on” by a gate voltage but will return to the “off” state when the gate
voltage is rgoved. On the other hand, if a material is not only functional reconfigurable, but also
”physicallyQurable” at the atomic scale, its electrical, optical, mechanical and magnetic

properties c odified on the fly in a non-volatile yet reversible fashion, thus can potentially

facilitate a!aradigm shift in building highly efficient computing systems. For example, compute-in-

memothe—with—memory concepts have received tremendous interest recently as an

alternative arcEfS&ure to perform “big data” tasks compared to conventional computing

architectures. Hf:zver, the performance of these memory-first approaches is often limited by the

This article is protected by copyright. All rights reserved.
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properties of the memory, and by the ability to integrate large amounts of memory directly with the
logic components. Emerging memories based on physical reconfiguration effects, such as resistive
randomhnory (RRAM), offer advantages of nonvolatile storage, high-density, and fast and
random ac dramatically simplify the memory hierarchy and improve the system

perform-an“n an RRAM, the different stored data are represented by the different resistance

values oft e material, through physical ion migrations and associated chemical redox
processes e film.>*® By directly changing the properties of the storage material itself, the
device als tI odulates the signals propagating through it, thus allowing logic functions to be

performe ;me physical locations as the memory element, leading to significant speed and

energy be

For any:hysical reconfiguration involves moving matter (i.e. atoms) within the device. In

this revies on devices where the reconfiguration of the material and device is achieved

throug d driven redistribution of ions over large distances (compared to the lattice

constant/ato cing), allowing the devices and circuits to be reconfigured conveniently in-situ,

through simple changes in bias voltages®® One representative example of such reconfigurable
devices is FSAM, which exhibits resistive switching effects as a result of the reversible ion migration.
In this Rerlm to first provide a summary of the coupled electronic and ionic processes that

govern resi itching effects, by analyzing recent experimental observations and theoretical

simuIation!Afterwards, applications of these reconfigurable materials and devices that offer

tunableMptical, and magnetic properties will be introduced, with a focus on memory,

logic, and neuroﬁphic computing systems. Finally, discussions on new research directions that can

lead to promisintultifunctional systems will be provided.

This article is protected by copyright. All rights reserved.
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2. Coupledilectr’ics and ionics: mechanisms
In conv @i blectronic devices such as transistors, the information is processed by controlling

the mokileeamniensy €.g., electrons, schematically shown in Figure 1. lons such as dopants are
necessary he device during fabrication, but are not actively modulated/programmed during
device opegation. Bhus, no physical changes to the devices and materials are involved during device
operation.

ntrary, physical reconfiguration of a material requires moving masses (atoms or

ions) durin ice operation. Although devices based on ionic processes have been extensively

USC

studied for, types of applications (e.g. batteries), these devices are normally based on

materials tliat are incompatible with semiconductor electronics and have not been seriously

n

considered a onic devices. For example, fast ion transport and storage are desirable for

convention@hi evices such as Li-ion batteries and supercapacitor devices,"”® while electronic

g

effects sidered secondary. As a result, traditionally, electronic devices and ionic devices

utilize asses of materials (the former aiming for materials with high electronic mobility and

M

essentially zero ion mobility, while the latter aiming for materials with high ionic mobility) and target

[9-11]

I

dramatical nt applications.

Recent

O

in thin-film and fabrication technologies, combined with developments in

characteriz@tion and measurement techniques, have now made it possible to control the migration

n

of individugl atomss(ions) in even conventional insulators and semiconductors.'® These devices can

t

be progra igh speed with other operation parameters also compatible with conventional

U

electronic , and thus enable the merge of ionics with electronics. For example, ionic-based

A
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resistive switching devices that operate by controlled physical reconfiguration of the switching
material, schematically shown in Figure 1, have been extensively studied with excellent performance
metrics.Hally, these devices possess the simplicity of a resistor — with the whole device
structure ¢ nly two electrodes sandwiching a “switching” medium. Unlike a simple
resistor% mer,he device offers the capability to change its resistance on demand, and more
importantly,the gbility to store (memorize) the new resistance state as needed, thus the name

)[12-14]

memristor + resistor or RRAM in memory applications. The resistance change and

storage (tewistive switching, RS) effects are achieved by the redistribution of ions (atoms) in
the switchi which in turn modulate the local resistivity and the overall electrical resistance
of the device. this case, the functionality is realized through ionic processes but the information
is sensed afid processed through electrical signals, achieving efficient data storage and computing

functions i mely compact structure.

s such as resistive switching devices can be classified in several different ways

ching mechanisms, to switching characteristics and applications.™**® Based on
the switching mechanism, commonly studied resistive switching devices can be generally divided
into two gr!ups: devices based on the migration and redistribution of metal cations such as Ag or Cu

ions; and dQsed on the migration of anions such as oxygen ions, leading to redistribution of

oxygen vac o0S). In both types of devices, the RS process is generally triggered by ionic

migration Igding to the formation of conductive paths for mobile carriers (e.g. electrons), while
each tprmay exhibit its own distinct characteristics due to the different material

properties anE |n5nal dynamics involved in the RS process. In this section, characteristics of each

device group wili: reviewed based on the microscopic RS mechanism.

This article is protected by copyright. All rights reserved.
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2.1 EIectroFemic' metallization (ECM) devices

RS devi @ on cation migration are usually termed electrochemical metallization (ECM)

0

cells, sompetimesmaiso called conductive bridge random access memory (CBRAM) in the
Iiterature.[hbasic structure of an ECM cell consists of an electrochemically active electrode

such as Ag'@r Cu, afl “insulator” layer serving as the switching layer, and an electrochemically inert

C

counter el & 5615181 The insulator layer in ECM cells plays the role of a solid electrolyte for Ag

S

or Cu cation mi ion, and can be based on either conventional electrolyte materials such as
. [2,17] . . . . [18] [19,20] .
chalcogeni r even common dielectric materials such as SiO,""*, Al,O3 or amorphous Si
During RS’ entially new material is created in the switching material in an ECM cell, through

d

electrochemical Processes and ion migration processes. For example, a Ag filament can be created in

an a-Si switc er under the applied bias, converting the device from the insulating “off” state

'

tothec n” state through this physical reconfiguration process.'”*?? Three steps are

normally inyolved during this material reconfiguration process: oxidation, migration and reduction of

§

[2,6,15,17]

the cations t the filaments , schematically shown in Figure 2a. First, the active anode

O

material (e Cu) becomes ionized into Ag or Cu cations under an external voltage bias. The

ionization g@te can be exponentially speeded up under the applied bias, as described by the Butler-

n

Volmer equation.'%*" Second, facilitated by the applied electric field, the Ag or Cu cations migrate

t

towards th ectrode through the solid electrolyte. Again, under high field this ion-transport

U

A
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process can be exponentially speeded up with the barrier lowering effect, allowing fast ion transport

in the switching layer at room temperature, as shown in Figure 2c and Equation (1).>%

=

. _ Eay, cinp9eE

Herev is-t)Eer velocity of the cation, a is the distance between two sites that can store the ion

fis an attempt frequency, E, is the energy barrier for ion migration, E is the

, kp is Boltzmann’s constant, g is the ion’s charge and T is absolute temperature.

Note the hjgh fieldicondition can be readily met in nanoscale thin films even at moderate voltages

S

(e.g. 1V)." -distance migration of the ions is a key feature in RRAM and differentiates these

U

devices fro non-volatile memories that are also based on ion/atom re-arrangements such as

phase-change memory (where local-ordering of the atoms are changed) and ferro-electric memory

f

(where the, acement is within a unit cell).

d

Fina

ced Ag or Cu cations become reduced to elemental Ag or Cu atoms after

capturing ele » leading to the nucleation and growth of metal clusters within the switching

Vi

layer through nucleation and deposition processes, eventually resulting in the creation of nanoscale

metal filam@nts (Figure 2a).”

F

The co @ pf a metal filament creates an electrically conductive path inside the dielectric

layer that | low-resistance state (LRS), with an abrupt conductance increase in the I-V curve

as sho

h

d.281517.28 The reverse process, where a segment of the filament is broken by

1

physically @hd chemically removing a portion of the filament material, leads to the reset process that

3

switches the devicé/ back to the high-resistance state (HRS).

A
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The dynamics of the physical and chemical ionic processes during RS in ECM devices have been

studied through cyclic voltammetry (CV) measurements using very slow sweep rates. (lonic) Current

t

P

peaks corr ding to characteristic oxidation and reduction processes of Cu ions were clearly

t device?”*

observed i , as shown in Figure 3a. These measurements help identify the
partial e*e ochemical redox reactions of the cations during the RS process. For example, during the

subsequent pegative sweep after a positive sweep, Cu ions are reduced and thus the concentration

CrIl

of Cuions Cu/SiO, interface is significantly decreased. As a result, the current is limited by

the diffusi ulions injected into SiO, through the first oxidation process, leading to the negative

S

current pe d as J,.q in Figure 3a. In addition, the peak current values are proportional to

U

the square he voltage sweep rate, as shown in Figure 3b, as expected from the Randles-

Sevcik equation for electrochemical processes:

)

5 x 732 X ¢, X NJaD,v (2)

jp = 2.

d

=

Herejp, .

R

ox, and v are the peak current density, the number of electrons transferred

during ction, the concentration of the ions, the charge transfer coefficient, the

diffusion coefficient of the ions and the sweep rate, respectively. These quantitative analyses rule

1

out parasit such as the capacitance effect as possible causes of the observed current peaks.
Additionaleen found that kinetic parameters such as the ion diffusion coefficient and the

ion mobilit on the ion concentration, which is in turn affected by the voltage sweep rate, as
shown i nd d.5% specifically, the ion diffusion coefficient and the ion mobility decrease

t

U

as ion conc increases (Figure 3d), indicating that the electrolyte near the reactive electrode

behaves a trated solution instead of a diluted solution in CV measurements.??? In other

words, io teractions are not negligible and thus transport of ions is more retarded under

A
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higher ion concentration, leading to smaller diffusion coefficient and ion mobility. In particular, a

high ionic diffusion coefficient is expected at high sweep rates, supporting the feasibility of

t

P

electrochemi assisted ion migration even in conventional dielectric materials and at low
temperatu temperature).[zsl Clear redox peaks were also observed from CV

measure-m s in other ECM systems, such as Ag/SiO,/M and Ag or Cu/Ta,0s/M (where M = Pt, Ir,

1

Ru, etc.).l

C

A key characteristic of the ECM cell is the use of an active electrode which provides the active

S

ionic speci cations), while the switching layer acts mainly as a physical storage medium (to

first order) and do®s not participate in the chemical redox processes.'>**>'2%I For example, it has

b

been found or Cu does not form chemical compounds with common insulator-based host

switching uch as Si0,, and instead exists as elemental metal inside the dielectric.?*? As a

result, drafat nges to the material properties can be obtained as the new material (filament) is

aln

d from the switching material. Additionally, during reset it is possible to fully

remove the fil t material to create a gap region that maximally recovers the excellent insulating
property of the host material (schematically shown in Figure 2a), thus the reset can lead to a very
high off-st!e resistance in ECM devices and a high on/off resistance ratio, as seen in the I-V

characteris g RS of a typical ECM device (Figure 2d).
2.2 Valenceg,change memory (VCM) devices

Physical and ch®mical ionic processes can also occur in oxide-based solid electrolytes, where the

active ionic specigslare oxygen ions or oxygen vacancies. Resistive switching devices based on such

This article is protected by copyright. All rights reserved.
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devices are sometimes termed valence change memory (VCM) or simply referred to as oxide RRAM

in the literature.” In VCM devices, inert electrodes are used at both the anode and the cathode, and

the active ge jes (e.g. Vps) are present internally inside the switching material stack (e.g., in a non-

stoichiom ide!333]

aTi elec!roce ayer-**") as shown in Figure 2b.

RS in V@M devi@es is driven by the internal redistribution of oxygen vacancies between the Vo-

or at an interface formed through an oxygen gettering material such as

rich and the Vo-poor layers, again involving physical ion migrations and chemical redox processes.
Specifically$ high applied field, oxygen vacancies migrate from a Vo-rich reservoir layer into

the near-stoichio§tric switching layer that initially has high resistance. As the Vo concentration in

the switchitncreases, percolated paths for electron conduction can form at high Vg

concentrat switch (set) the device from a high-resistance “off” state to a low-resistance
“on” state f{° everse process corresponds to the reset step that switches the device from “on”
to “off”

One ure of VCM devices is that the switching layer will also actively participate in the
redox chemical processes, e.g., during set that forms a conducting sub-oxide channel (filament) the

metal catihxide is reduced to a lower oxidation state*>*°! and recovers back to the near-

stoichiome
species, Vo ive defects in these oxides that also chemically react with the switching material,
itis diffi letely remove all Vs from the switching layer and fully restore the near-

stoichiome®ric composition during reset. As a result, the off-state resistance of VCM devices is

2 composition during reset, schematically shown in Figure 2b. Because the active

generally leakier ;;n that of ECM devices, leading to smaller on/off ratios'™*"), as shown in Figure

2e.0On t{nd, VCM devices generally exhibit more reliable switching characteristics with

This article is protected by copyright. All rights reserved.
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better write/erase endurance due to the use of native ionic species instead of foreign ionic species

as in the case of ECM devices, as the repeated insertion and removal of foreign cations in a solid

t

rip

dielectric f lead to plastic deformation of the film and irrecoverable damage if programming

conditions ally set.*#

3. Fundame@ntal experimental studies and modeling

*

3.1 In-situ obServations

S

To experimentally reveal the microscopic origin of resistive switching processes, material

u

[31,32,40,43-47]

characteriz hniques such as transmission electron microscopy (TEM) energy

I

[50-52]

dispersive ctroscopy (EDS)E*8*) X_ray absorption spectroscopy (XAS) , electron energy

loss spectr@sc ELS)“****7] bhotoemission electron microscopy (PEEM)®***! and conductive

S

atomic copy (C-AFM)®?%°% have been employed. As the most direct method, physical

reconfigurati he switching layer have been analyzed via microscopic imaging techniques.

)Y

Specifically, several TEM-based studies using high-resolution imaging and spectroscopic analysis

tools combied with electrical measurements have provided direct evidence of (long distance) ion

9

[31,32,40,43-45,47,50,57-59]

migration processes for both ECM and VCM types of devices.

ho

3.1.1 EC j

t

Figure 4a and bhighlight the formation/rupture of nanoscale Ag filaments after set/reset in an

u

Ag/SiO,/Pt-b M device (fabricated in a planar structure on a SiN, membrane, inset).[31] The as-

A
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fabricated device was turned into the low-resistance state with an abrupt increase in current after
application of a constant positive voltage bias, as shown in Figure 4c. The electrical resistance
change VHO accompany changes in the electrode and the switching material (Figure 4a and
c), where t ctrode material, i.e., Ag, was found to be injected into the insulating SiO,
layer (ac ir}*gaseswitching layer) under the applied electric field. The device is switched “on”
when the twg elgctrodes are connected by the Ag filament, abruptly changing the device’s electrical
resistance. Itage bias of opposite polarity, the device switched back to the high-resistance
state (Figuwrresponding to the rupture of the filament (Figure 4b) due to similar redox
reactions a igration in the reverse direction. These observations unambiguously reveal the
physical n he RS process, where the physically displaced Ag atoms lead to dramatic changes

to the devi@e’s electrical properties.

Besidesfall direct observation of the metal filaments during RS, in-situ TEM analyses provide

importaatsi j
Figure 4e sho

from an in-situ TEM study.®" The filament growth process can be directly correlated with the

on concerning the microscopic dynamic ionic processes during filament growth.

I-time structural evolutions of an Ag/a-Si/W device under a constant voltage bias

electrical rSasurements, allowing one to identify the different steps during filament growth in real-
time. Subs stematic in-situ TEM analyses provided a complete picture of the different

dynamic pr that can occur in an ECM device, e.g., filament growth direction, geometry, and
morpholoé:m] Based on these experimental studies, a model that incorporates key kinetics factors

such as Mility and the oxidation/reduction rate has been developed that can reconcile

previously reporfa, seemingly contradicting experimental findings, depending on which ionic

process becomei:te—limiting.[s’az’m]

This article is protected by copyright. All rights reserved.
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Specifically, the filament growth/dissolution dynamics in ECM devices can be classified into four
categories based on the ion mobility and the redox reaction rate (Figure 4f). Note both parameters
depenerial properties but can also be affected by programming conditions such as the
applied ele d temperature:m] (1) In cases with high ion mobility and high redox rates, the
active ca iimjeced into the electrolyte during set will be reduced at the inert (cathodic) electrode
due to the high ign mobility, leading to filament growth initiated from the inert electrode. A large
amount ofuy due to the high oxidation rate results in the formation of cone-shaped
filaments me base at the inert electrode interface.®™ Such inverted cone-shaped filaments
have been in ECM devices using classical solid electrolytes such as GeTe!** that are known
to be goodqductors. (2) In cases with high ion mobility and low redox rate, filaments will
grow fromSe cathode because of the high ion mobility, similar to the previous case. The filament

shape and mdissolution behaviors, however, will be different because the oxidation process is
-li

slow and ra ng, so that the supply of cations is limited. The limited cations will be more likely
to get redu he tip of existing filaments where the field is enhanced, leading to the formation
of bran i ts such as the case observed in porous sputtered-SiO, (Figure 4a and b).2"*”¢%

(3) and (4) correspond to systems with low cation mobility, which will exhibit a different filament

growth direc!lon compared to the high cation mobility cases because ionic transport is now the rate-

limiting prarticular, the nucleation of metal clusters could occur inside the electrolyte
before the each the inert electrode interface due to the slow movement of ions.***% The
precipit%lusters inside the electrolyte will extend the filament growth from the active
electrode t, e inert electrode during set.*? Indeed, forward growth of filaments was

experimen rved in ECM devices using non-conventional electrolyte such as amorphous Si**"!

<C
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and oxides such as Zr0,"® and PECVD-grown SiO," that are known to have lower ion mobility

compared to conventional electrolytes. The differences in redox rates can further lead to different
filamen'chh continuous extension of the anode towards the cathode when the redox rate
is high, cas discrete nanoclusters and overall forward cone-shaped filaments when the

[31]

redox raEe _! ow, case (4), as shown in Figure 4e

The exp@hentidhfield-acceleration, a key feature of the ionic-based RS devices, has also been

C

verified by systematically examining the wait time for the abrupt current change as a function of the

S

applied fie | studies have demonstrated that the wait time depends exponentially on the

electric field, and Shows an Arrhenius relationship with the temperature," as shown in Figure 4g

Gl

and h resp onsistent with predictions from Equation (1) in cases where ion migration is the

rate-limiti

an

3.1.2 VCM de

VI

Similar to ECM devices, there have been extensive studies aimed to observe conductive filaments

and to ide the origin of RS behaviors in oxide-based devices such as Ti0,"%*% Ta,0:***"! and

F

Zno™¥ sys g TEM techniques in conjunction with spectroscopic analysis,.

¢

Figure igh-angle annular dark-field (HAADF) scanning TEM (STEM) images of the same

locatio

N

/Ta,0s.,/Ta0,/Pt device, after applying negative (set) and positive (reset)

{

voltages, respectively, using an in-situ experimental setup. Clear contrast differences in the HAADF-

STEM ima

U

observed, indicating changes in the composition of the film at different

resistanc . Regions corresponding to localized, nanoscale conductive channels with a different

A
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composition compared to the host material are indicated by the yellow arrows in Figure 5a. EELS

line-scan analysis confirmed that the contrast changes in the STEM images are due to differences in

t

D

oxygen concentration in the switching regions. Specifically, the local oxygen concentration after the
set operati d compared to the off-state, shown in Figure 5d, verifying the role of Vo

migraticﬂw ring the operation of VCM devices.

[

Like m ion ECM devices, the migration of Vs and the associated redox processes cause

G

direct changes tg.the chemical composition and physical properties of the switching layer. In this

S

case, ther ilgftion of oxygen vacancies modulates the stoichiometry of the oxide-based

switching layer an@lin turn the film’s electrical conductivity, although the changes in material

Ul

properties ss dramatic compared with ECM devices where complete new materials are

1

created in Similar to ECM devices, the modulation of the chemical composition and the

electrical p of the switching material in VCM devices can be reversed by applying a voltage

a

bias in polarity. In this case, typically longer write/erase endurance cycles can be

obtained in V vices due to the involvement of only native ionic species during the chemical and

physical processes.>*>"

3.2 Other ntal techniques

or

61 since the

1

Itis gen€kally more challenging to directly observe filament evolution in VCM devices

L

filamen native defects, i.e. oxygen vacancies rather than foreign metallic species. Careful

spectroscopic analysis is typically required to confirm the composition changes. A host of state-of-

U

[51,52]

the-art techni uch as X-ray absorption spectromicroscopy , photoemission electron

A
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(53551 'and electron holography'®® have recently been employed to

microscopy (PEEM)
comprehensively characterize the changes in film microstructure, composition and chemical states

accompanying the resistive switching effects in VCM devices. However, continued improvements in

D

spatial and solution are still needed to clearly reveal in real-time the nanoscale filament

growth Ey mics.

chi

3.2.1XAS I

S

Spatiall d XAS using scanning transmission X-ray microscope (STXM) was performed to

U

non-destructively investigate the chemical and structural changes during RS.”% After electroforming

F)

and set/reset cycling, a localized region showing a different absorption spectrum from that of the

surroundi was clearly observed in STXM image of a TiO,-based device, as shown in Figure

d

6a.”% The alteréd absorption spectrum after the electrical cycling matches that of reduced titanium

oxide, in whi valence state of the Tiions is reduced from +4 to +3, while the absorption

\l

spectru nium oxide layer in virgin-state with no prior electrical treatment is consistent

with stoichiometric titanium dioxide (Figure 6b). Electron diffraction measurement revealed that the

[

localized re nsists of the Ti;O; Magneli phase with metallic conductivity, supporting the

formation d conducting channels due to oxygen vacancy migration during resistive

o

switching. Bocalized conducting channels with reduced oxygen concentration after electrical

N

forming/sef were also found in a Ta,0s-based device from X-ray measurements, consistent with

{

[63,64]

results obt m cross-sectional TEM and EELS studies.

U

A
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Thermally-driven radial migration of oxygen ions/vacancies and the associated local composition
changes were also verified by X-ray photoemission electron spectromicroscopy upon application of
muItipIeMe puIses.[SZ] Figure 6¢c shows the O K-edge X-ray transmission intensity map of an
electrically -based device, where a ring-like feature with a bright inner core and a dark
perimegr wed. Besides field-driven drift of oxygen ions/vacancies in the vertical direction
(parallel to the figld), temperature gradients due to Joule heating near the localized conduction
paths prod ophoretic forces that cause lateral, inward-migration of Vs (i.e. Soret

Diffusion)[Wis in turn balanced by Fick diffusion driven by the Vo concentration gradient. As a

result, late ation of oxygen-deficient and oxygen-rich regions occurs, corresponding to the
bright and as in Figure 6a, respectively. It was found that electrical cycling with high power
amplified lateral Vo migration, eventually inducing irreversible changes to the material, including
strong clus defects and accelerated device failure. The change of the Ta oxidation state (due

to Vo migratton her than the Ta concentration (due to Ta migration) in the oxygen-deficient
region was ified by Ta L-edge X-ray transmission analysis, consistent with the now-generally
accept CM devices. On the other hand, it has been recently observed that cation

[66]

migration is also possible in VCM devices under high bias,” which should be generally avoided and

may affect the reliability of the device operations.

In additQhas been employed to investigate the detailed information of local structural

changes a! chemical reactions during the operation of RRAM devices. Specifically, the X-ray fine

structurMhnique can provide short-range structure information (e.g., local atomic

arrangement, EoSdistances, and coordination number) from extended X-ray absorption fine

structure (EXAFSf:aIysis, as well as local chemical environment (e.g., oxidation state and local
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coordination) through X-ray absorption near-edge structure (XANES) analysis.leﬂ For example, the

[68]

short-range structural changes in the TiO,., switching layer™ and the intermediate nanoscale oxide

t

)

layers that Spontaneously form at the Me/MeO, interface (where Me = Ti, Hf and Ta, and MO, =

Ta,0s, HfO (6]

were observed by comparing electron momentum-weighted oscillation
spectra,%z in EXAFS, as shown in Figure 6e. The observed dependence of the electrode oxidation

rate on the gxidels thermodynamic stability and the metal’s oxygen affinity in Ref. 69 was found to be

consistent

Ol

RS behaviors of Ta,0s-based devices with different electrodes, as well as

predictiondifrofin filgt-principle calculations.”” More importantly, this sensitive technique helps point

S

out the rol terfacial oxide layer as an oxygen reservoir in mediating reliable ionic migration,

U

and the m of device failure due to the transition of short-range ordered interfacial oxide

toward dis@kdered main oxide matrix.'*” In another study, chemical dissolution of Ag into a GeS,

[

[71]

electrolyte nied by Ag ionization was revealed through XANES analysis'’~ that is known to

d

be sensitive chemical bonding and thus the metal’s oxidation state'®”’. Specifically, higher-

energy shi served in the XANES derivative spectra peaks from a Ag/GeS, film compared to a

Y

Ag foil, a from a Ag/SiO, film showed no change compared with the Ag foil.”* This

observation indicates that the valence number of Ag in SiO, is null (e.g., Ag exists as elemental Ag°)

{

while Ag in GeS is positively charged, implying that not only metallic Ag atoms but also the formation

of the cond w g-Ge-S ternary compound may account for the RS behavior in chalcogenide-based

ECM deviceS”

th

3.2.2 XPEEM analySis

3

A
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Besides binary oxides, complex perovskite oxides such as SrTiO; are also known to exhibit
resistive switching behaviors based on the redistribution of oxygen vacancies.”>”*! Nanoscale redox
reaction#‘;,were verified by X-ray PEEM analysis in a device with a graphene top electrode
that provi trical conductivity and photoelectron transparency to allow electrical
program-mql!ianspectromicroscopy measurements simultaneously in situ, in a non-destructive
fashion." enthe device was switched between the LRS and the HRS, noticeable differences
were obsemEM images in localized areas (Figure 7a and c), which can be attributed to the
formation/w;n of a conductive filament. The decrease of the O concentration in the LRS was
observed fi K-edge spectra (Figure 7b and d), revealing the correlation between the

changes in properties and the chemical composition modulation, controlled by in-situ

electric stir!uli. In addition to O migration, redox reactions involving changes of the cation valence

3+

state (e.g., ) were verified, by comparing the relative spectra intensity at different photon
energies that'a nsitive to specific Ti oxidation states. Specifically, the Ti** concentration
decreas§reset process and increases again after the set process, as shown in Figure 7e,
indicati ce state change of the Ti ions induced by the O ion migration during resistive

switching. Iiimilar results are also consistently observed in other studies.”>**** On the other hand,

even the H oes not show the same spectra as in the reference area, as shown in Figure 7d,

indicating pIete restoration during the reset process in oxide-based devices. Due to the
considera t of oxygen vacancies left in the switching layer that cannot be completely
remove%nce of the off-state in oxide-based devices is much lower than in the prior-
forming, viggi , leading to a small memory window as discussed earlier.

<C
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3.2.3 C-AFM analysis

Besidesiirect ’)servations of changes in the switching material’s composition (e.g., Ag/Cu

injection im or cation/oxygen ratio in oxides) and chemical states (e.g., oxidation state of
cations in ) ges in material properties such as the local electrical conductivity can be

H I
measured QY the 3D conductive atomic force microscope (C-AFM) tomography technique. 3D

conductivi@aphy is based on scraping the material of interest layer-by-layer through a
conductive dja d tip in a C-AFM setup, allowing the local conductivity of the film to be revealed
even for re s g@rmally buried under an electrode, as schematically shown in Figure 8a. Figure 8b

and ¢ show 3D coiuctivity tomography results obtained in a Cu/Al,O; device in the LRS and the

HRS, respecti 28 Dye to the high spatial resolution of the scanning probe microscopy and the
subnanom ision in the material removal process, the shape and size of the conductive
filament crater determined with nanometric resolutions in all three dimensions.
Specifi ive filaments observed in the Cu/Al,O; device exhibit a conical shape with the

narrow constri formed close to the inert-electrode (Figure 8d), consistent with observations
through earlier TEM studies and predictions from the electrochemical theoretical framework
discussed i!Section 3.1.1.B%32 The ruptured region of the filament in the HRS (Figure 8c) was found
to be near -electrode interface, as expected from the geometry the filament since rupture is
expected to at the narrowest region of the filament. These results identify the actual physical
location ofge switching events, and is critical for continued device optimizations. The scraping C-

AFM tec\M also successfully employed for oxide-based VCM devices (Figure 8e).*®

Specifically, EwecSweasurements from the 3D conductivity tomogram verified that the conductive

filament size car: controlled to be less than 7 x 7 nm? in a Hf/HfO, device, by controlling
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programming conditions such as the current compliance as shown in Figure 8e, thus supporting the

excellent scalability offered by RRAM devices below the 10 nm regime as demonstrated in previous

{

studies.”*

P

|

3.3 Theore lations and modeling

C

Accomp he experimental findings, modeling efforts with different levels of physical details

have beenpegformed to examine the underlying physical processes in these coupled ionic/electronic

S

systems. T els in turn help predict the device switching characteristics and provide the

U

needed insights towards continued device and material design and optimization.

Recent simulations”®”” based on molecular dynamics provide a feasible physical

picture forfghe devices during RS processes. The simulation implemented reactive interatomic

all

potenti the effects of electrostatic potential on partial atomic charges, to describe the

complex ch eactions involved in the RS process beyond conventional molecular dynamics

approaches.”®#”® Upon the application of a set/reset voltage, the formation/rupture of a conductive

bridge conRgcting the two electrodes were successfully observed”®””, as shown in Figure 9a and b.

E

More imp he growth of the filament by the progressive reduction of dissolved Cu ions was

0O

observed du e forming process (Figure 9c-f), which is consistent with experimental

1

observatiof in systems with fast ionic transport.®" During reset the filament became ruptured in

L

the pro inactive electrode as a result of the dissolution of Cu atoms connected to the

positively-biased electrode (Figure 9g-i), again supporting earlier experimental results on the

Ul

location of the ent rupture.® The concentration of Cu ions in the SiO, electrolyte increases in

A
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the gap region after the initial forming and reset cycle, which facilitates the re-construction of a new

filament at a lower voltage during subsequent set processes, again consistent with widely reported

g_t

experimen dings.!>?**%% additionally, simulations on the atomic trajectories during the atomic

reconfigur insight into critical kinetic parameters that allow stable switching at

nanoscafe. or example, the aggregation of Cu atoms with more than three metal-metal bonds lead

£

to metallic clustggs and subsequently stable filaments by the percolation of the clusters, while single-
atom-chain are found to be not thermodynamically stable in this SiO,/Cu system, probably

due to the ctiMation energy for Cu migration.

SC

Atomistic simul@tions based on molecular dynamics and first-principles calculations using density

Ul

functional t FT) have also been performed to investigate the physical processes during VCM

]

device swi e changes in electronic structure induced by the modulation of oxygen vacancy

concentration Os were confirmed by density-of-state calculations using amorphous cells having

d

differe

try.B%® Additionally, a Vo-rich region providing continuous conduction path for

electrons was ved in a cell with low O concentration.® Attractive cohesive interaction

M

between oxygen vacancies was found in TiO,, supporting experimental observations of a conductive
Vo-rich fiIaSent with Magneli phase and ordered vacancies.**®? In addition, first-principles
calculation en performed to calculate important thermodynamic and kinetic factors such as
the Vo form nergy and the migration barrier more accurately, without using empirical
parametergs a priori. The calculated formation energy for oxygen vacancies and the migration
barrier i“ides show good agreement with experiments®® providing not only clear

theoretical Ea5|s 5 the roles played by oxygen vacancies but also guidelines for device design and

optimization. For:ample, the predicted effects of the filament growth conditions (e.g., the oxygen
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chemical potential and thus the vacancy formation energy) from theoretical calculations were

successfully implemented to experimentally engineer devices with improved I-V characteristics by

t

selecting p materials as the reactive electrode./%%”

Althou tic simulations are based on accurate underlying physical processes, the
|

spatial and§emporal scales analyzed in the simulations are normally experimentally unattainable.

For examp|€; the dgnamical evolution of the atomic filament configuration was simulated within a

C

very short time, 2ns, in Ref. 76. Additionally, comprehensive, atomic-level descriptions of VCM

devices th ture all relevant dynamic processes and can be closely linked to experimental

S

observations still ain to be developed. On the other hand, macroscopic-level, phenomenological

U

models tha ntitatively describe resistive switching behaviors in oxide-based devices have

n

been exte died. By solving a set of partial differential equations (i.e., ionic drift/diffusion

and continfity tion for ion transport, electronic continuity equation for current conduction, and

O

Fourier Joule heating), the dynamic switching processes including the evolution of the

atomic confi ns and the associated conductance changes can be reliably modeled.®®®! The

obtained /-V characteristics from a simulated cell that mimics the actual device structure (Figure

10a) exhib!remarkable agreement with the experimentally measured data, as shown in Figure 10b.
Dynamic swi rocesses including the depletion of oxygen vacancies close to the top electrode
during thchess, and the refilling of the gap during the set process, were accurately
captured aghown in the Vg concentration profile (Figure 10c and d). In addition to binary resistive

switchin“omena based on controlled oxygen vacancy redistribution, such as multiple

conductance staESfor multilevel storage, analog conductance modulation that is useful for

<C
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[90,91]

neuromorphic computing, and complementary resistive switching (CRS) effects, can be

accurately captured in the model and used to support experimental findings.””

The ricmled dynamic processes observed in coupled ionic/electronic systems make
these devi g candidates as a reconfigurable platform for multifunctional devices and
H I
circuits. A Bgoad range of material and device parameters, e.g., the ion migration activation energy,

, electrode material, and oxide stoichiometric/thickness, that can affect the RS

characteristics e been examined in simulations and experiments, through techniques such as

[95]

controlled ! interface/stack engineering'®”, and control of the electrical forming process

In addition, the rol@ of Joule heating was extensively analyzed during the operation of VCM devices.

Ul

The heat g ien inside the filament due to Joule heating, as shown in Figure 10d, can greatly

facilitate t

N

activated processes including ionic diffusion and drift, and can thus be further

utilized to linp he RS characteristics such as the dynamic range of the device®®. Additionally,

d

utilizin

ionic dynamics may allow realistic emulation of synaptic behaviors in these

solid-state de including activity-dependent synaptic plasticity where the local temperature acts

M

[97]

as a short-term state variable (discussed in more detail in Section 4.2.4).

4. Applicat

hor

4.1. ResistiVe switching devices — memory

{

The most obvious application of the conductance modulation effect is in the form of RRAM for

3

non-volatil nsity and fast data storage. RRAM devices an attractive candidate in

applicati as storage-class memory (SCM), by potentially combining the desirable

A
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characteristics of DRAM and Flash memory and bridging the performance gap within the memory

hierarchy.™**%® specifically, in RRAM the resistance change is associated with material-

t

P

reconfigurati riven by redox reactions and ion transport that can be exponentially accelerated by
electric fie perature during programming.®#% This extremely non-linear response to

stimulaflon ensures that the new atomic-configuration state will remain unchanged when the

I

voltage bias is removed or under low-bias read conditions, thus enabling the devices’ ability of both

G

d[99,100]

fast progra ithin ~ns) and long data retention (~years). Indeed, sub-ns switching spee

[34,101]

and decadés-lghg fétention time along with other excellent performance metrics, e.g., large

S

[18,19]

on/off rati nergy consumption and high endurance®®?* have been demonstrated.

U

Extensive r efforts have been made to further improve the performance of RRAM devices for

very large sgale, practical applications in the last decade, and continued device optimizations are still

)

currently u

d

riability

=

One of the most challenging issues in device-level research is to improve the device uniformity,

[

for both EC VVCM devices. Specifically, RRAM devices are inherently stochastic during the

resistive s rocess, originating from the stochastic, thermally activated ion migration and

O

[102]

redox procgsses. These stochastic effects lead to temporal variations'™~, in which the switching time

n

or switching voltage is broadly distributed from cycle to cycle even for the same device."®** The

{

stochastic the filament, combined with the disordered nature of the amorphous switching

U

material, a ts in large device to device variations. To minimize bit errors during programming,

A
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feedback schemes that verify the device state after each programming operation, or excessive
programming voltage/pulse width conditions can be used at the expense of system speed or device
reIiabiIitHely.“os] In addition, device variations can arise from non-ideal fabrication
processes ogeneous film thickness, film stoichiometry, and line edge roughness, which

can be n%tlmia ed through tighter process control.*

Engineefffing ofthe switching materials and the device structure has been extensively carried out

G

to improve RS upiformity. Doping of the oxide layer in VCM devices, such as Al'"*®, Gd™", and Ge!"®®

S

doping in been reported to result in narrower distributions of the HRS/LRS resistance and

the forming, set, alid reset voltages. Dopants can lower the oxygen vacancy formation energy and

U

thus oxyge es are likely to be formed near the dopants instead of randomly, thus help

1

confine th ent formation to the same location among cycles and improve cycle-to-cycle

uniformity@m d uniformity in the operating voltages and resistance states was also achieved by

d

s[109-111]

introdu

and nanocone-shaped electrodes!**?. The concentrated electric-field

resulting fro engineered nanostructures can help guide ion transport and redox reactions,

M

thus suppressing random and uncontrolled filament growth.* The positive effect of filament

confinemef@t on device uniformity was also verified in a graphene-inserted RRAM device, where the

[

ion transpo, wed only through an engineered nanopore in the graphene film working as an

Q

ion-blockin 7 leading to a confined/controlled filament with improved device variations. 913

th

4.1.2 Mem w and set/reset current in VCM devices

U

A
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Other crucial parameters that need to be further optimized for RRAMs, particularly VCM devices,
include the set/reset current and the memory window.™* Relatively high operation current (*mA)
and small * ratio (<~107) are typically observed in VCM devices. A lower operation current is

desirable hieve low power consumption but also to mitigate the series resistance issue

from the-iErconnect wires in high-density arrays, and to relax the current driving capability

requirememprogramming circuitry and the selector element;™ while a larger memory

window wi n/off ratio relaxes device variation requirements and allows larger arrays to be

build. m

Multi-layered d@vice structure may be used to reduce the operating current, in which additional

semicondtelectric layers are inserted in the device stack to control the supply of oxygen

vacancies s a barrier layer. For example, an asymmetric and gradual profile of Vo chemical

potential %ed by employing multiple oxide layers with different O-scavenging effects,

leading ined filament formation with lower current levels.**>**®! A reduced operation

current was al erved when the supply of oxygen vacancies is limited only through an
engineered nanopore in a graphene layer, in which the operation current was found to be directly
proportion! to the diameter of the nanopore."*” Simply scaling the device size may also lead to
lower oper rent of VCM devices. Along with increased HRS resistance due to suppressed
leakage cur ough the bulk film, higher LRS resistance values (> 0.1MQ) were obtained in
aggressive‘scaled devices”*">"! especially when the device is scaled to the sub-10nm dimension,

i.e. com“e nanoscale filament size of ~10nm®®.. Following a similar concept, low-current

operation o: a H:5based VCM device was demonstrated in a C-AFM based structure, where the C-

AFM tip serves ife top electrode having a sub-10nm diameter.® It is important to note that in
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these cases the on/off ratio is maintained with significantly increased HRS resistance, contrary to

cases when the low programming current is obtained in large size devices through current

t

P

compliance which typically leads to the degradation of the on/off ratio. Scaling the filament size by
limiting th ancy supply may further increase the HRS resistance since only a small

number-of oS need to be removed to completely restore the excellent insulating properties of the

£

[118]

host material duging reset (i.e. achieving a deep off-state)" thus resulting in a high on/off ratio that

has been h irable but difficult to achieve in VCM devices.

USC

4.1.3 Switchi bility in ECM devices

Even th@ugh the operations of both VCM and ECM devices originate from similar physical

F)

mechanismis; t RS characteristics are typically observed in these devices. For example, large

4

memory windows and low operation current levels can be readily obtained in ECM devices, while

such properti ain elusive for VCM devices, as discussed in the last section. Even with an

\(

ultralo ng current (~ 1nA), a Cu/Al,03-based ECM device still exhibits excellent on/off

ratio with good retention characteristics.*>*'* The feasibility of very low-current operation in ECM

I

devices can ributed to the microscopic origin of the RS process, that is, the injected Cu and Ag

cations do ically react with the host material in certain insulator-based switching layers and

O

can thus bé&completely removed from the switching layer, leading to efficient recovery of the

N

excellent insulatorgproperty at HRS. Indeed, although compounds may be formed in some solid

{

[17,71]

electrolyte chalcogenides, in insulator-based switching layers such as SiO, it has been

U

found that cted Cu and Ag cations exist as pure metal element instead of chemical

A
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compound. For example, selective area electron diffraction (SAED) patterns of filaments in a Ag/a-Si
device, and fast Fourier transformation (FFT) patterns of a HRTEM image on nanoclusters in a
Ag/SiOZMndexed are elemental phase of Ag.®*? As a result, the deep off-state provides
sufficient in even in cases with a very low on-state current, in devices based on a

[19,120]

barrierMJrgHe ing layer or a partially formed filament using an external current compliance

On the @ther d, the repeated insertion of foreign materials into the switching layer in ECM

G

devices can potentially cause inevitable mechanical stress and result in deteriorated device

S

reliability. , the reported write/erase endurance of ECM devices is typically limited to the

order of 10°, comparably lower than that of VCM devices (~ 10*%).5%** improved endurance has

Ul

[120] [122]

been repor introducing an additional layer such as TiIW™, Al,05™, and graphene™ in the

device sta

n

vents excessive cation injection into the switching layer. However, resolving the

endurancefand bility issue still remains a critical challenge in ECM device development,

a

particul -type applications where long endurance is needed.

M

4.1.4 Crosshar arrays

[}

A main f RRAM is the high storage-density the device offers. Specifically, RRAM’s simple,

Q

two-termina cture enables device integration in a crossbar form with high-density and high-

1

connectivith having one device formed at each crosspoint in the crossbar, as shown in Figure 11a. In

[

the cros re, each device can be randomly accessed and the cell size is the minimum 4F (F

representing the siallest feature size), allowing highest possible 2D density. Additionally, RRAM

b

fabrication typi involves only a few additional steps, using low-temperature processes and

o
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materials that are mostly compatible with complementary-metal-oxide-semiconductor (CMQS)
processes. This makes it possible to directly integrate RRAM arrays on top of CMOS circuitry in the
same chms 3D stacked memory structures with even higher density. Combined with the
sub-10nm iscussed earlier, RRAM is generally viewed as a promising candidate for a

broad ra-n%roappications from high-density data storage, hybrid CMOS logic circuits to

portable/wearahle electronics.?***!
Figure 11b s s an RRAM crossbar array directly integrated on top of a CMOS chip. Each Ag/a-Si
switching € n the 40 x 40 array can be successfully programmed into two distinct resistance

states with a read fpargin of at least 20x in the worst cases. Different 1600-pixel bitmap images were
programm;m x 40 array through CMOS decoders underneath, and successfully retrieved, as

showninF

The sucmperation of large-scale crossbar arrays requires the development of non-linear

“selecto es to suppress leakage currents via sneak paths in the passive crossbar, along with

optimiz ramming and read bias schemes.™***! various selector devices based on

(126127) crested tunneling barriers,"***?°! Mixed-lonic-

mechanisms such as Schottky barriers,
EIectronic-*on (MIEC),[BO] threshold switching[m] and metal-insulator-transition'***** have
been prop¢ @ se devices either show a rectifying behavior that suppresses the reverse current
conduction non-linear /-V characteristic that suppress leakage current in the low-bias
regime. noted that even though rectifying selectors are helpful during the read

programm 1251 As a result, selectors with high I-V nonlinearity is preferred. Recently, large

operation, te: do not reduce power dissipation through the half-selected devices during the

nonlineari has been reported in a Ag/HfO,-based threshold switching device, with the
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formation of the Ag filament at high bias and spontaneous rupture at low bias providing the desired

nonlinearity.™*>**® |n addition, RRAM devices with intrinsic nonlinear characteristics, e.g. by adding

ript

a barrier laYer in the device stack,'*>***38 can simply the fabrication process by not having to build

a middle e 27,1351

4.1.5 Threegdimensional (3D) integration

To furth@ér i pr@ve the storage density, three-dimensional integration of memory structures is

$C

necessary. architectures can be achieved since only low-temperature processes are

U

needed and the device does not rely on a single crystalline substrate. There are generally two types

F

of 3D archifectures.!”* The first involves stacking multiple 2D crossbar arrays on top of each other,

as showni 1d and e, in which the storage density increases as the number of stacked layers

d

increases. The ication and functionality of 3D stacked structures have been demonstrated using

[141]

Ag-based EC ices™® polymer(PI:PCBM)-based organic resistive switching devices**”, and

\

TaON-b vices™?. To resolve the sneak current issue, a current rectifier, e.g.,aTaO,

diode show in Figure 11f, was inserted in series with each RRAM cell in the cross-point 3D structure

[

in Ref. 142. 3 cking offers ultra-high scalability with minimal changes to the fabrication

processes. , the number of lithographic steps and masks used in the process increases

O

linearly witf'the number of stacks.™*'**!

£

[

Asa e 3D architecture, the vertical RRAM structure was proposed.™ In the vertical

RRAM structure theé MIM cells are formed in parallel at the sidewall of a vertical electrode (Figure

Ul

11g-i). Several es have demonstrated the feasibility of the proposed vertical RRAM structure,

A
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mostly based on transition metal oxide-based systems e.g., TaO,***, HfO,***! Ta0,/TiO,**”!, WO, 8,

and AlOs/Ta,0s./Ta0,!**®. The integrated RRAM devices in the vertical structure exhibit typical

resistiveam“‘behaviors, e.g., >1000x on/off ratio, >10* endurance, 10*s retention at 125°C."**
More impm uniformity between devices at different layers was observed, supporting

the feas%il!mtical 3D integration.™®** Since the electrode size in the vertical RRAM structure
is determined bygthe width of the vertical electrode and the thickness of the horizontal electrode,
potentially caling can be achieved since film thickness control during deposition is generally

easier tharwsize control during lithography. For example, a graphene layer with atomic
thickness mployed as a horizontal electrode in a vertical RRAM structure, with improved
power conmdue to the reduced device size.!**” Approaches to overcome the sneak current
problem infertical RRAM structures have also been carried out, using devices having intrinsic

nonlinearimrectifying behaviors'™*”), or through the implementation of a vertical transistor**®
u

or a metal-i r-transition (MIT)-based selector™* device.

=

4.2. Resistive switching devices — synaptic devices

L

4.2.1 Neuro jic computing approaches

Beyond memory applications, an emerging, attractive field for resistance switching devices is bio-
inspire@hic computing.™ >3 Non-conventional computing architectures are now being
seriouslwd since the current digital computing architecture, in which the central processing

unit (CPU) is physiilly separated from the memory, increasingly suffers from the von Neumann

bottlem& resulting in the loss of energy efficiency and throughput due to intensive data
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movements. Furthermore, rapid advances in social networks, mobile devices and sensors require
efficient, real-time storage and analysis of large amounts of data, while current hardware systems
are not op#dfor these data-intensive tasks. Neuromorphic computing systems, taking
inspiration man brain, can potentially offer enormous computing capability through
massive-parielsm at extremely low power consumption, and have attracted strong interest as a
promising optionsin the search of new computing paradigms.**** In this section, we will review
recent pro ifthe development of neuromorphic computing hardware based on resistive
switching w particular, key requirements for practical emulation of biological elements and
learning ru discussed, followed by discussions on recent network-level implementations of

functional orphic systems.

In thes:ns we will follow the memristive systems theoretical framework, due to both

fundamenments that this framework elegantly incorporates the native, internal dynamic

process ice, as well as practical reasons that the analog switching characteristics, desired
by neuromorphie@émputing systems, can be readily predicted and modeled using this approach.

4.2.2 Memristi stems theoretical framework

The conce memristors and memristive systems was first proposed by Leon Chua and further

generalizes few ;ears later by Chua and Kang.™**¥ In the generalized memristive systems

framewHice dynamics are described mathematically as:
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dw

S = fw, D) (@)

where v“e the voltage, current and an internal state variable of the device, respectively.

From Equa @ and (4), it becomes clear that in a memristive system, the resistance cannot be

determnem by the instantaneous inputs (voltage and current). Rather, only the change of
the deviceh be predicted through the current state and the instantaneous inputs, as shown

in Equationl(4). As @ result, the device’s state (represented by variable w) is naturally history-

C

dependentgih ple but powerful mathematical description fundamentally explains the history-

S

dependent nystefesis behaviors observed in RS devices, and implies that the inherent memory effect

is a distinct featurgiof a memristive system.

U

The mefristive framework started to draw significant attention after the work by HP labs in 2008

[F)

that directl he experimentally observed RS effects in a TiO, based device with the memristor

d

concept.[14 e ally, the device was modeled as two resistive elements connected in series,

correspon the Vo-doped region and undoped region, respectively, with an adjustable

V]

bounda

nfiguration, the thickness of the doped region considered as the internal state

variable, which is in turn modulated by the electric field-induced Vo migration. The dynamic, time

I

evolution e variable in response to the applied voltage is mapped to the dynamic Equation

(4) in the @ e system framework, and the device exhibits characteristic pinched hysteresis

9

loops with equency-dependence, as expected from the memristor model.

N

Bey al importance, the memristive device framework is a very flexible and powerful

{

tool that can he ide the understanding and optimization of devices, as different /-V and dynamic

U

equations, often plex and non-linear, can be used in Equations (3) and (4) to accurately predict

A
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the device operation, along with properly identified state variable(s). For example, a model with two
resistive elements in parallel was proposed to successfully describe the incremental, analog
resistanMoften observed in oxide-based RRAM devices, **” in which the conductive
channel ar ified as the internal state variable that reflects the nature of localized
conducalem!as.dditionally, exponential ionic drift, instead of the linear drift model as originally
used, was emaployed to more accurately capture the Vo migration dynamics at high fields, and a

decay term be included in the rate equation (4) to account for spontaneous, lateral diffusion

of ions.[16°’m

Based on thesefanalyses, it has now been generally accepted that all resistive switching devices

can be moﬁ]in the memristive framework by mapping the current Equation (3) and the

dynamic E ) to the corresponding physical processes during the device operation, with

properly internal state variable(s).""***®* |t should be noted that the dynamic Equation (4)

also oft hysical reconfiguration of the material, e.g., through the change of the

conductive regi ngth or area due to ionic transport, so that key features of memristive systems,
such as incremental conductance changes and other history-dependent changes of the material’s
propertiesSirectIy reflect the reconfigurability of the system. Therefore, proper understanding and

modeling o ynamic processes are essential to effectively utilize the reconfigurable elements

towards suc system-level implementations such as building efficient neuromorphic computing

hardware.s
H

4.2.3 Syna icity implementations

<C
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A biological network consists of interconnected neurons through reconfigurable connections —
synapses, as illustrated in Figure 12a. The connection strength, the synaptic weight, can be

strengthenéd (via potentiation) or weakened (via depression) depending on the neurons’ firing

pil

patterns, e iming and rates. The synapse can retain the updated weight“G‘” from tens of

[165]

miIIiseco-n 0 a few minutes in the form of short-term plasticity" >, and from minutes (and hours)

£

to days (andgnonths) in the form of long-term plasticity™***®®. These effects, termed synaptic

C

plasticity, a ed to play a critical role in the processes of learning and memory.™ The ability
of memrist@rs dulate its conductance and evolve into different states, dependent on the input

history, m devices ideal building blocks as artificial synapses for hardware implementation

Us

of neurom stems.[#1631701721 Additionally, analog-type switching, in which the device

conductangg changes incrementally in response to a series of input signals (spikes), allows simple

A

implement, nline learning.*”® Such incremental conductance modulation effects, as shown

d

in Figure 12B¢ experimentally implemented in different types of memristive devices including

WO0,, Ag/a-S® and Al,04/Ti0,. 1931511601741

\Y

Different synaptic learning rules including timing- and rate-dependent plasticity that enable the

efficient og€ration of biological systems have been successfully demonstrated in memristors. For

[

example, s ng dependent plasticity (STDP) is a critical biological phenomenon during

O

learning, an s that the synaptic potentiation or depression depends on the relative timing of

the pre- an@ post-synaptic neuron firings. Specifically, if the pre-synaptic neuron fires before the

h

post-sy n, causality may exist between the two events and the synaptic connection

{

between the two Reurons should be strengthened. Additionally, the potentiation should be stronger

U

if the firing eventsa@re closer (representing stronger causality). This timing-based synaptic weight

A

This article is protected by copyright. All rights reserved.

37



10

11

12

13

14

15

16

17

18

19

20

21

WILEY-VCH

[175,176)

change has been emulated in several different memristive systems, where carefully designed

pulses are employed to convert the relative timing information from the spiking events to a

t

rip

parameter that can directly program the device, i.e. pulse height or duration, depending on the

different o ns of the pre- and post-neuron pulses.

4.2.4 Biore@listic eulation of synaptic effects

C

Beyond{usifig thie gradual conductance changes to emulate desired synaptic weight updates

S

through e of the programming pulses, an intriguing alternative is to use the internal ionic

U

dynamic processes in memristors to directly emulate the underlying physical and chemical processes

in biologic napses, naturally at different time scales. This approach not only allows more bio-

F)

realistic e but also offers significant power advantages and enables direct processing of

[177,178]

a

temporal, spiking inputs.

For exa iological synapses the timing information is naturally encoded internally, and

WA

spikes do not overlap with each other. In fact, spiking events are sparse (thus overlapping is very

rare) and sp@rsity is a key factor that makes such systems so power efficient. Recent experimental

]

and model s have shown that the internal dynamic processes within the synapse, e.g. the

G

rise and deca e Ca’* concentration in short-term, essentially provides an internal timing

mechanis at enables the different timing- and rate-based synaptic functions observed

4

{

experim 81 Closer examination of the memristor model shows that similar internal

dynamics can alsofe implemented in semiconductor memristive devices, where the (short-term)

Ul

dynamics of o te variable can natively encode the relative timing information of the external

A
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stimuli, and eventually lead to the (long-term) change of another state variable that controls the
device conductance, i.e. synaptic weight. These devices, with multiple state variables that evolve at

experimenf such a second-order memristor as illustrated in Figure 13a, the dynamics of

different tite ales, are termed “second-order” memristors and have been recently demonstrated
‘ "

the ﬁrst-stEe variable, such as the conductive channel area that directly determines the device

conductance, is affected by a second state variable that evolves at a much shorter time scale, such

[97]

as the inte erature®”’ and the oxygen vacancy mobility™?. Similar to the Ca** dynamics in

biological sfnapses) the rise and spontaneous decay of the short-term state variable provide an
internal ti hanism and allows the device to naturally emulate the rate- and timing-
dependen c effects, in a biorealistic fashion.

Experiﬂ:ﬁfferent synaptic functions at both short-term and long-term scales such as pair-

pulse facilim)F) and STDP have been directly implemented in a second-order memristor,

withou signed complex waveforms or overlapping pulses, as shown in Figure 13b and

c.’ The sam ept was recently applied to a system based on two memristors, one with short-
term dynamics (so-called diffusive memristor) which in turn modulates the second device with long-
term cond!tance changes. The short-term dynamics in the diffusive memristor were directly
observed fr, itu TEM studies (Figure 13d), in which Ag nanoclusters were found to

spontaneou use and disperse due to interfacial energy minimization effects.!**®

The ccond—order memristors and diffusive memristors reveal that rich internal

dynamics can exist in a memristor device, despite its simple appearance. Different physical processes

involving ion driftSiffusion, chemical reactions, and Joule heating can be included in the dynamic

Equatiowow the device to exhibit diverse dynamic behaviors beyond simple conductance
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changes. The ability to directly and biorealistically emulate the underlying synaptic processes will

likely in turn open the possibility to significantly extend the function and efficiency of hardware

t

systems buflt with such dynamic devices.

On the , the electrochemical processes during the memristor device operation can
|

lead to chef@ical potential gradients arising from the Nernst potential due to the difference of metal

(M) chemig@ po ial from one interface to the other, the diffusion potential because of

S5G

inhomogeneousdistribution of M* and OH’ ions and the Gibbs-Thomson potential due to the
differences iffice free energy between the electrode and the nanoscale sized filament.!”®*! These

chemical potentialfgradients, formed in a non-equilibrium state during device operation, in turn

Ul

introduce e tive forces and result in the experimentally observed nanobattery effect.®*

n

Specificall argued that the electrochemical origin of the nanobattery effect resembles the

electrochefinic cesses observed in neurobiological systems, and allows the solid-state ionic-

d

based evices to faithfully emulate the fundamental underlying physical and chemical

processes in bj al structures such as neurons and synapses, beyond what conventional

electronic devices can afford.

4.2.5 Mem ssbar as neuromorphic network hardware

hor

Anim ant feature of the cortical system is its large connectivity, enabling massively parallel

L

processi ple, the human brain has roughly 100 billion neurons with on average 7,000

synaptic connectiohs per neuron™®. The two-terminal structure of memristive devices can

Ul

potentially off h connectivity, high density, and random access that are required to implement

A

This article is protected by copyright. All rights reserved.

40



10

11

12

13

14

15

16

17

18

19

20

21

WILEY-VCH

large-scale neuromorphic systems, in the form of memristor crossbar arrays. Indeed, a neural

network can be readily mapped onto a crossbar structure as shown in Figure 12c and d. In this case,

(e.g. conn tical electrode) with a memristor device acting as a synapse. Equally

each inputle:::n (e.g. connected to a horizontal electrode) is connected to every output neuron

importaHtl!_! since current directly flows through the memristor between the input and output

neurons, tht”rej tive” feature of the device allows it to directly modulate the information (in the

form of cur through Ohm’s law. In this sense, the device allows memory and computing

functions twormed simultaneously at the same physical location, without having to move

data betw:ent components.

Specific iamascrossbar array, when input voltage pulses are applied to the rows of the crossbar,
the output at the columns are determined by the product of the input voltage and the

stored conm values in the crossbar matrix. In this way, the memristor crossbar naturally

[163,170,174,185,186]

perfor ) vector- (stored synaptic weight) matrix multiplication operation ,

a key operatig achine learning, analog computing, and other data intensive computing tasks.
Note here the vector-matrix operation is achieved directly “for free” through physical phenomena
(e.g. Ohm'!aw and Kirchhoff’s law, where the output is obtained via a single read of the output
current), wj ving to perform computation and move data between separate processor
weight stor s. The ability to change the device conductance in situ in turn allows the network
to adapt toithe input patterns and learn useful features from the input data using online learning

63,170,178,174]

algorith thus making the crossbar-based system a natural fit for mapping machining-

learning anE E|0—|§pired computing algorithms.

<C
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Experimental implementations of functional memristor-based neuromorphic networks have been

recently demonstrated. In one example, a single layer perceptron was mapped to a 12 x 12 crossbar

{

P

(174] W

array, u refully optimized Al,O3/TiO, stacks with nonlinearity and low forming voltages as

synapticd ification of 3 x 3 black-and-white images into three classes, e.g., z, v, and n,

] - . .
was succesgfully demonstrated, as shown in Figure 14a-d. The neuromorphic network was trained

[

online using@ supervised training algorithm, using 30 input images including three ideal letters and

G

nine noisy i of each letter. After applying each training pattern, the corresponding memristor

[187]

conductan s Updated using the Manhattan update rule™"", a binary-quantized version of the

batch-mod le, as shown in Figure 14c. The weight update was performed in parallel for each

us

column of sbar, validating the intrinsic parallelism of the crossbar-based neuromorphic

system du learning as well during inference. As shown in Figure 14d, all patterns were correctly

q

classified a erage 23 training iterations, from six training runs with different initial states.

d

Ina ple, a Ta,0s-based memristor network was used to perform principal component

[18

analysis (PC by extracting features (e.g., the principal components) from sensory data and

M

performing data clustering using unsupervised, online learning.”*® 9-dimensional unlabeled data,

representiNg breast cell mass properties measured in 9 categories from the University of Wisconsin

[

Hospital, w, ed to a 2-dimensional output space using a 9x2 crossbar array (inset of Figure

Q

14e) to sepa enign cells from cancel cells. The two principal components were represented by

3

memristor Weights associated with the first two output neurons, and obtained through online

learnin

|

nger’s rule!™®. After the unsupervised learning process, the memristor network

successfully clustefed the 583 test data points into two groups. With the help of a decision boundary

Ul

obtained using logiStic regression, the memristor-based hardware system achieved a classification

A
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accuracy of 97.1%, as shown in Figure 14e. These results, obtained experimentally from a small
memristor network, are already comparable to results (97.6% accuracy) obtained from direct

experimen the presence of device variations further suggests that memristor-based

caIcuIationtf :i: eigenvectors in conventional PCA analysis. The high accuracy that can be obtained

| . . _ . .
neuromorpEc ardware can indeed be reliably used for efficient feature extraction, using

unsupervise: ofne learning algorithms.
A particularlyattractive property of biological neural systems is their excellent energy-efficiency

in processi agéive, complex data. Sparse coding, in which massive sensory inputs such as vision,
auditory, and toucSare represented by a relatively small set of strongly activated neurons, has been

believed attial underlying mechanism by which biological systems can efficiently handle the

large amo h-dimensional data."*>***! Experimental implementation of sparse coding

algorithmsntly demonstrated in a memristive crossbar neural network based on WO,

devices hi in which the critical operations required by sparse coding, including pattern

matching and | neuron inhibition, were effectively mapped on to the crossbar structure.!**®

Specifically, input images were encoded by (sparse) output neuron activities, so that the input can
be efficiens reconstructed using only a few active neurons and the associated dictionary elements
stored int istor crossbar. Besides feedforward connections, lateral inhibition among all
output neu critical feature of sparse coding, as inhibition allows an optimal representation
to be obta!ed, out of many possible representations.®® In Ref. 195, lateral neuron inhibition was

achieveMe forward and backward passes through the same crossbar, where the

reconstructeE mps (obtained from the backward pass) is subtracted from the original input, thus

essentially aIIowitactive neurons to suppress other neurons that share similar dictionary elements.
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Careful analysis of the experimentally-obtained network dynamics verified that the network can
indeed find an efficient and optimal solution out of several possible solutions, while adjusting the
sparsitychan balance the sparsity requirement and reconstruction accuracy. Finally, the
system wa cessfully process natural images (120x120 pixels) as shown in Figure 14g,
foIIowinE pgms of the algorithm. These successful demonstrations clearly highlight the
potential of gnemistive systems to process complex data with desired throughput and energy-

efficiency i ding environments, and serve to stimulate continued device and system

developmw on these nanoscale, physically reconfigurable components.

4.2.6 Contiged device optimizations for neuromorphic computing

Successf#f, -scale implementation of memristor-based neuromorphic networks critically

depends on the device properties, thus continued optimizations are still required beyond the initial

demonstratio i
neuro

able to disg guish two stored states. For example, binary devices with large on/off are ideally suited

ussed above. Specifically, criteria for efficient logic operations such as

uting are different from those for memory applications where the key is to be

for memory ications, while analog-type switching devices are more desirable for neuromorphic
application nalog switching devices, unfortunately typically exhibit smaller dynamic ranges
(usuallyﬂ can cause systematic errors."™®”) On the other hand, linear conductance
modulatioI wher’the conductance change can be predicted by the applied pulse width or
amplitude, prior knowledge of the current conductance value, is desirable for online

learning i tations while practical devices typically show non-linear, asymmetric conductance

<C
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modulation characteristics. In a typical device, the conductance can be increased quickly from a

state close to the HRS, and the rate of change will slow dramatically as the device approaches the

t

P

LRS.P**T c@mbined with the device variation issue, the limited dynamic range and the non-linear

weight up ificantly degrade the performance of memristor-based networks for

[173,197]

neurom%r IC applications, with asymmetric nonlinearity of weight update having the most

£

significant effect,on the performance degradation while symmetric nonlinearity is less significant. ™

C

Additionall een shown that read noise due to thermal, 1/f, and random telegraph effects, as

. . . 1
well as wri sel8lue to temporal variations can also degrade the network performance. **® The

>

high switc nt (typically > 100uA) in typical analog-switching devices will in turn affect the

U

system’s p iciency and limit the network size due to series-resistance issues. Finally, forming-

free memri§tor devices or devices with low enough forming voltages are required for reliable

A

operation sive crossbar array. Otherwise, during the forming process half-selected cells

d

that are alread med may be exposed to a high voltage and can become damaged (e.g., stuck-at-

1), even wi ully designed protective voltage schemes.#*%"

]

These device optimizations will likely require synergistic efforts from materials scientists,

physicists, @hemists and device and computer engineers, using systematic investigations starting

[

from first- calculations and atomic-level characterizations that reveal the fundamental ionic

O

processes a ctural changes, to careful device engineering and characterizations, and clever

architectur@ design and optimizations that can maximally utilize the properties of the devices while

q

sufficie i g the device non-ideality effects.

Aut
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4.3. Resistive switching devices — logic applications

As the tgansistam size is approaching fundamental physical limits with diminishing returns on

performan ative computing architectures including reconfigurable computing systems,
analog co " neuromorphic computing, have been extensively studied to extend
H I

computing@unctionality and increase the logic performance.**’*'%! Below we discuss a few

examples @AM devices have been used in these alternative logic computing applications.

4.3.1. Recome logic circuits

Ilthasb nstrated that RRAM crossbar arrays on top of CMOS circuits can serve as
reconfigur connects that wire up CMOS components so that different logic gates can be
connectedmustom configurations, i.e. in the form of Field-Programmable Gated Array (FPGA)
systemE’ RAM/CMOS hybrid FPGA system, RRAM devices can work as the configuration
bits and swi a data routing network. The CMOS-compatible fabrication processes, small

device/switch size, and nonvolatile functionality that helps eliminate power consumption for refresh

make this &roach attractive. Indeed, TiO,-based RRAM/CMOS integrated circuits with FPGA
functionali xperimentally demonstrated. ?® Successful logic operations such as NOT, AND,
NAND, NOR flip-flop, and more importantly, reconfiguration of the CMOS gate connections
were achiegd b; ;rogramming the states of the RRAM device overlaying the CMOS circuitry.
Additioerect—tolerant capability of the hybrid integrated circuits based on the redundant

data paths in crosSar—array structure was demonstrated as pointed by previous numerical

simulations.*%
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4.3.2. Matiial im'ication logic
Itis als RRAM devices can be used for logic operations in which the resistance of the

memristivemswiteles was used to directly drive subsequent logic gates in the form of material
implicatiorhgic. IMP is a fundamental Boolean logic operation equivalent to (NOTp)ORgq (g
and g are l@gic vagiables), and was successfully executed with two memristive switches in 1 x 17

crossbar ar, this implementation, logic values (i.e., “0” and “1”) are represented by

SC

resistance mristive devices and the IMP logic operation was achieved by applying voltage

U

pulses res ifferent modulation of device resistance depending on the initial states of the

two device§l Here, the conditional toggling properties for IMP were achieved through the voltage

£

divider effec en the memristive devices and a carefully selected series resistor, with Ry, <

a

Reeries < Roft, hether the state (resistance) of output device g can be modified depends on the

state (r ce) of the input device p. Subsequently, the universal NAND operation was

demon using the IMP operation and an erasing operation in three interconnected memristive

M

junctions.[m”

[

4.4.Beyondr ance change

The

N

ctly change the materials’ chemical composition through ionic processes allows

a host of p operties to be reconfigured, beyond electrical resistance changes. In principle,

&t

optical, m d mechanical properties of the material can also be potentially modified on-

demand imple electrical signals, thus offering tremendous opportunities in building

A
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multifunctional and reconfigurable systems. In this section, we discuss other functions that can

benefit from material reconfiguration, involving changes in composition, structure, geometry, and

cript

chemical states induced by electrochemical reactions and ionic transport, and highlight the potential

[202-

of these io s an important building block in multifunctional-embedded applications.

206]

4.4.1. Electfica onfigurable optical properties

S

InanE a hew material, in the form of metal filaments, is created inside the host

U

dielectric material during the RS process. As a result, the process can significantly alter the film’s

ti

F

optical pro es as well as electrical properties.

Plasmon jstor:

Ma

Inpl , the signal is encoded as surface plasmon polaritons (SPPs) that propagate along a

metal—dielgetric interface with strong coupling with free electrons at the metal surface. ?°” The SPP

[

modes can ined below the diffraction limit, offering potential for the implementation of

O

nanoscale evices and circuits.?®®2%! The built-in metal-dielectric interface in the MIM

structure off RRAM devices makes RRAM devices naturally compatible with plasmonic circuits and

I

can lea uch as plasmonic switches and modulators, that provide coupled electro-optical

{

memristiv These “plasmonic memristors” can open new opportunities for electro-optical

U

system design and implementation, by offering low-power, electrically-controlled, non-volatile yet

A
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reversible optical modulations, beyond conventional electro-optical devices based on thermal™?,

[211] [209]

free carrier dispersion'"~, and Pockels effects

=

Inarec , a Ag-based ECM device was used as a plasmonic component that is directly
integrated “on-insulator (SOI) waveguide, shown in Figure 15a and b.”*? The propagated
H I

light througk the waveguide is coupled to the fundamental plasmonic mode supported by the
memristiv@aving a Ag metal electrode, and thus different levels of optical transmission can

be obtainemmg on whether a metallic filament exists inside the a-Si layer, schematically

shownin F . Reversible electrical modulation of the optical signal with a clear optical

hysteresis was demonstrated (Figure 15d). Here, the optical bistable behavior showing different

optical traﬁis attributed to the changes of the absorption and scattering loss of the

fundamen nic mode due to the formation/annihilation of the lossy metal filament. In

particular, mng a write voltage, the ECM device is switched ON in which a Ag filament is

formed Si waveguide that increases scattering of the propagating light, leading to lower

igure 15c left). Note since the plasmonic field is highly confined in the a-Si
insulating layer of the MIM stack?®”!, even minuate changes of the insulating layer due to the
formation s a nanoscale Ag filament can lead to measurable changes in transmission. After the
applicationQ:\se voltage, the transmitted optical signal recovers back to its initial value, due to

erase of the nt and reduced scattering in the a-Si waveguide (Figure 15c right). In a

subsequengtudy, a high extinction ratio of 12 dB was demonstrated using a similar conceptin a

coupledwmemristive device, as shown in Figure 15e, demonstrating the functionality of

plasmonic memnS;r (i.e., the electrical-control of optical properties).!***

<C
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Memory with optical readout functionality:

PIasmoI'c mewistor with optical readout functionality can be utilized to couple information

storage wi%mmunication, enabling optical readout (~ ps) that is much faster (~2 order of
magnitude ical readout and reducing the number of optical-to-electrical signal

H I
conversion§lin optical communication systems.'?*” Recent experimental demonstrations of optical

readout of@ device integrated with an SOl waveguide using a 1550 nm-wavelength light

system tha%ﬂy used in telecommunications support the feasibility of this application. 2°%2°

Latching op;/ca; switch:

Anothe;ing characteristic of the plasmonic memristor is the latching behavior that is
highly desigabl E ow power optical switch applications.?*?2%! specifically, since the optical
modulaiensi on the direct, atomic reconfiguration of the waveguide material that is both
non-volEersible, latching optical switches, where the optical state can be maintained
without constant energy consumption, can be achieved at the nanometer scale as shown in Figure

15d and e.se Eower consumption can thus be significantly reduced compared to conventional
optical swi@ed on volatile switches that require a constant voltage supply. *°”! Plasmonic
memristors C so offer very low energy consumption during the switching process (e.g. 12.5
nw)204 cosared with devices based on thermo-plasmonic effects (e.g. 13.1 mW).?*3 Optical

modulalH in the visible-range that can achieve reflectance changes up to 78%, operated

within an uItranwioItage of 100 mV have also been recently demonstrated in a Ag/Al,05/ITO device

structur&
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Atomic—sc* ogtic'l modulator:
Historih electronic devices have been aggressively scaled down to nanometer and

even at@miesdimensions in the form of single atom transistors and atomic switches?***®!

, photonic
devices gehed to be much larger to allow sufficient light coupling and readout.?*”**!

Recently, piototyp€ photonic systems that can operate at the atomic scale have been developed by

C

placing a sifigl in a photonic cavity, which can enhance the weak interaction between optical

S

. 219,22 . .
photons a on the atomic scale.”**?* |n these demonstrations, atoms were delivered to

U

optical res rough slow laser cooling and magneto-optic trapping processes, requiring high

vacuum an@'very low temperature. The ability to reliably move individual atoms at high enough

£

speed, at roo perature in solid-state devices, will significantly help the development of

nanoscale d photonic circuits.

a

An atomic-sc ical switch was demonstrated by employing a resistive switching device showing

\'l

conduc zation.”® The integrated Ag/a-Si/Pt memristive device in a planar structure on

top of a siligon waveguide enables the creation of a plasmonic cavity by moving a single or at most a

[

few atoms a etallic tip between two planar electrodes, as shown in Figure 16a. The relocation

of metallic

O

ort-circuits the two pads and modifies the electric field in the junction, causing

both resisti¥e switching with quantized conductance and plasmonic switching (Figure 16b). Indeed,

n

abrupt switghing claracteristics between two distinct plasmonic resonance states were observed in

!

the device an atomic scale optical switch, as shown in Figure 16c and d. Additionally, a

u

blue-shift smonic resonance was observed in the LRS (Figure 16e) as a result of the

A
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reduction of the local field due to the present of the filament, further confirming that the distinct
plasmonic resonance states are a result of the atomic reconfiguration that accompanies electrical
switchingyeHdditionally, electro-optical switching in the visible spectra range with a very small
active volu 3 comparable to the sizes of modern electronic devices and much smaller
than coHngﬁplcal devices, was demonstrated based on atomic reconfiguration in a Au/Al,0s/Ag
device, as showngin Figure 16f and g, confirming the potential of nanoscale integrated photonic

circuits thr terial reconfiguration based on ionic effects.**"

4.4.2. ElectEtonfigurable magnetic properties

In spintgics: modulations of the materials’ magnetic properties have been traditionally
achieved u@r external magnetic fields or induced fields from electric currents, neither is very
scalable. More efficient control of magnetization has been recently achieved through the spin-
transfeE) effect in ferromagnetic nanostructures such as those in a magnetic tunnel
junctio ever, continued decrease of the current that drives the STT effect without
sacrificing gitching speed and data retention is still on on-going task.??*??! As a result, achieving
magnetism ¢ | by means of an electric field (instead of current) is currently the focus of
extensive i ion that can lead to higher speed, lower power consumption, and improved

reIiabiIity.[! :::: E ectric field control of magnetism has been suggested through a number of

magnetoellctric cwlpling mechanisms,?** including carrier density modulation,”** electron orbital
occupatio ion,?**) and exchange coupling in multiferroics.??*%*% |n addition to these

magnetoel ects, the ability of direct, in-situ and on-demand modulation of the

<C
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ferromagnetic materials through field-driven ionic processes (i.e., electric-field control of magnetism

based on atomic reconfiguration) can offer potential for strong modulation, low-power, and non-

t

rip

volatility a significantly broaden the potential of spintronic and magnetic materials and

devices.

Magneto-iQgic effeet:

In a rec@ntStudy on a Co/GdO, bilayer structure sandwiched by electrodes (Figure 17a), bipolar,

5C

voltage-co nnihilation and restoration of magnetic hysteresis were observed, as shown in

-

Figure 17b. e pronounced, non-volatile changes in magnetic anisotropy energy (MAE) were

Gz

attributed t@ the modulation of the metal-oxide interface by an electric field. Specifically, the oxygen

concentra Co layer was reversibly modulated through field-driven oxygen ion migration

d

during the voltage cycling, as confirmed through STEM-EELS analysis (Figure 17c). Changes in the

oxygen conce n modulates Co’s oxidation state and in turn the film’s magnetic properties,

Vi

leading

ved modulation of the magnetic hysteresis. The magneto-ionic effect can lead to

changes in the interfacial magnetic anisotropy energy by >0.75 erg-cm™ at 2 V bias, outperforming

[}

efficiency ac d by conventional magneto-electric coupling mechanisms.”?® The ionic transport

nature wa d through temperature, voltage, and oxide thickness dependence, where faster

o

switching g@eed was observed at higher temperature, under larger voltage, and in thinner oxides,

N

consistent with thegproposed mechanism. The localized, non-destructive magneto-ionic coupling

{

effect allo ible tuning of the magnetic properties with excellent spatial control, unlike

u

previous a es that rely on irreversible ion-beam irradiation processes>“**?. For example,

A
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localized laser heating facilitates ionic transport only in the illuminated area, enabling selective MAE

programming as shown in Figure 17d. These results suggest a path towards electrical tuning of the

t

rip

interfacial stry in reconfigurable systems, allowing a broad range of physical and chemical

properties ated.

Control of faagneti§m beyond interface/surface:

C

One distingtifeature of the magneto-ionic effect is the possibility to control magnetism in the bulk

material, b e interface/surface in heterostructures. The aforementioned magnetoelectric

effects suc: as c;arge carrier modulation and orbital reconstruction are mostly limited to small

o

|[233,234]

regions of materia , i.e. only a few monolayers in close proximity to the interfaces or

[235]

surfaces, d short screening length in ferromagnetic metals®®* and semiconductors'?*® and

d

the underlying méchanism based on interfacial chemical bonding, respectively.?>%72%® On the

other hand, | en demonstrated that electrically-induced ion migration and electrochemical

\1

process the materials’ magnetic properties in the bulk form beyond the
interfaces.[!237’239’24°] Reversible modulation of magnetic moments shown in Figure 18a was achieved
by electrochemically-driven lithium intercalation and de-intercalation in a ferromagnetic iron oxide

O

spinel, y-F As Li ions are inserted into the iron oxide, donated electrons from the Li ions lead

to chemicafireduction of the octahedral-site Fe ions, from Fe>* (5u;) to Fe®* (4us) shown in Figure

I

18b, as confirmed jay an analysis of the Mdssbauer data exhibiting an increase of the Fe®* fraction

{

from 3% t r lithiation.”*”! The valence change of the octahedral-site Fe ions and the

associated

u

Ic state change in turn directly lead to the modulation of the overall bulk

A
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magnetism. In this approach, the amount of the ion-intercalation should be carefully controlled to
avoid irreversible structural destruction. The critical limit is ~1 Li per formula unit, ®*”' and 1 Bohr
magnetronge reduced by one intercalated Li-ion. Based on this understanding and
intuition, f s that have precisely 1 pg net magnetic moment per formula unit such as
CuFeO;;EvaW!urter investigated to obtain large and reversible magnetic property modulations

towards onﬂmagnetism. (2391 Upon the electrically-controlled Li-ion exchange, a large change

in magneti as achieved in CuFeQ, system through the reduction of Cu* to Cu'* ions, although

fully on-an@-offfswitching was still not obtained due to the increased net magnetic moment from the
exchange ral-site Cu** and tetrahedral-site Fe** ions in the as-prepared nanoparticles.*!
AdditionaI:;:the Neél temperature was observed in the Li-ion exchange processes from
which “70{Eagnetic response was obtained through magnetic phase transition in ZnFe,04, as

shown in Fm.[m]

The ic motion based on oxygen migration can also extend far beyond the interface

limit. In a Si/ /GdO,/Co/Pd stack, polarized neutron reflectometry (PNR) depth profile analysis
verified significant field-driven oxygen migration into the Co layer throughout the entire thickness
(15 nm), aihown in Figure 18d.1%*” This O migration accompanied the reduction in the oscillation

amplitude Qymmetry, indicating a decrease of magnetization saturation and/or structural

changes. Th tion of the Co layer was also verified from XAS measurements in which additional

peaks wer&bserved in electrically programmed samples whereas the peaks were not observed in
the as—gvHe. Accompanying these material modulations, significant changes in coercivity

(68%) and reman5t (55%) magnetization were observed after electric and thermal treatment

compar&as—grown sample.
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Magnetizal‘on sw':’ hing coupled with resistance change:

Nanosc control of magnetism through ion migration that is directly coupled with

resistanee ehamgemwas also observed °®, paving ways to tailor the magnetic properties of materials
at the nan* a device based on a lithium ferrite (LiFesOs) structure®*?, magnetization

switching Wias obsgrved accompanying resistive switching through the application of an external

€

electric field;a wn in Figure 19a-c. Magnetic and electrical measurements verified that electric

field-induc ic reconfiguration can induce non-volatile and reversible modulation of the local

LIS

magnetizati om temperature. Specifically, de-intercalation/intercalation of Li ions driven by

the electridifield alters the chemical state of the iron ions, leading to modulations of the magnetic

n

43

moment.? same time, the Li-ion migration modulates the local concentration of electron

hopping ce vacancies, leading to the resistive switching effects. Scanning magnetic-force

v

micros analysis shows that the areas with significant magnetization changes exactly

overlap e high conductivity areas in a C-AFM current map, confirming the magnetization

M

modulation originates from the same underlying atomic processes with resistive switching effects.

[

The dyna ion of magnetic domains under voltage bias was also observed, showing an initial

switching a zed region followed by lateral expansion, again consistent with the

characteristi ment formation/growth processes observed in resistive switching devices. By

h

utilizin magnetization and resistance changes, a multi-mode storage device in which

t

two bits, represented respectively by the direction and the intensity of the film’s magnetization, can

be stored in one sical cell. The magnetization direction and the intensity were independently

J

switched b ernal magnetic field and an electric pulse, respectively. Subsequently, the stored

A
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data with four different states per cell can be properly read out through MFM measurements (Figure

5. Challengesmleeking into the future and conclusions

L

In this aﬁ discussed atomic-level reconfiguration of materials through field-driven ionic

19d).

processes, e believe may lead to a new class of fundamental building blocks for future

eIectroniC,wnd energy devices and multifunctional systems. Recent studies have clearly
shown tha\m reconfiguration of the material can occur through in-situ, on-demand
manipulation of masses (atoms) by electrical stimuli, leading to new functionalities beyond
conventiorg mobile charge-based effects. Experimental studies such as in-situ TEM analysis

combined mtroscopy characterizations have provided direct evidence showing that coupled

ionic and electrofic effects, such as chemical redox reactions and long-distance ion migration, can
occur inEemiconducting and dielectric films. Theoretical studies based on molecular
dynami rinciples calculations have provided insight into the fundamental physical and
chemical pgcesses underlying the atomic processes involved in the material reconfigurations. A

broad range lications based on the reconfigurable materials and systems, ranging from non-

volatile da , heuromorphic computing, to optical switches and modulators, have been

proposed f Eemonstrated, verifying the potential of such reconfigurable materials.

Loolefuture, a number of challenges at the materials/device level still need to be

addressed to pavefthe way for practical, large-scale applications. For example, both cation- and

anion—b& suffer from variability issues that affect their applications in large-sized arrays.
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Cation-based devices are often found to show moderate endurance while anion-based devices
typically exhibit low on/off ratio and high operating current. Advanced characterization techniques
that can provide high spatial, temporal, and spectral resolution, thus enabling real-time, non-
destructivg@lhe reconfiguration dynamics at the atomic scale will dramatically speed up
the matEri@vice developments. With the continued progress in materials, devices and
characterization techniques, we expect precise control of matter at the individual atom level can be
eventually Jelpi , Which will enable precise design and engineering of these reconfigurable
materials. w of control not only improves device scaling but also help address issues such as
device vari durance and energy. Indeed, the principle of atomic-scale reconfiguration of
materials demonstrated in studies of atomic switches in which quantum conductance
effects we! observed due to the formation of quantum point contacts (QPCs) having a single atom

or few atomfilament. (216,244.293] Highly reproducible and controllable QPC formations have
onstr

been dem experimentally in both ECM and VCM devices, and the detailed atomic

configurati PCs consisting of only a few atoms were evaluated by first-principles

46-249

calcula

irhe formation of Ag clusters with an atomic contact bridging an STM tip and a
substrate was also directly observed, supporting the feasibility of atomic control of mass movement

through eIec!rocHemicaI processes' >, Continued research will still be needed to improve the device

[76,251]

reliability ercome the instability near the point-contact regime and consequent

retention | . Additionally, we note that recent studies on manipulation of individual atoms (or
vacancies r a snic precision using a STM tip method®>?** have already led to the
demonstraii kilobyte rewritable atomic memory, in which data are encoded by the positions

of individu e vacancies, as shown in Figure 20. With further developments of the coupled

<C
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ionic/electronic systems as discussed in this Review that may allow in situ control of single atoms in

solid-state materials/systems, an ultimate goal may be to replace the slow and low-temperature

t

P

STM-tip baSed process with simple field-driven processes that can be easily implemented at room
temperatu circuits have been completed. This kind of capability will no doubt lead to

paradig% spIfts in the design and fabrication of electronic, optical and energy systems, and will

]

require trulyimultidisciplinary efforts from physicists, chemists, materials scientists, engineers and

C

computer s to take full advantage of such reconfigurable materials.
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Figure 1. Sc ic illustration showing how functionally (left) and physically (right) reconfigurable
systems ar tly operated. The operation of conventional electronic devices such as

transistorss based on the modulation of mobile charge carriers, using a fixed atomic configuration;
while thm of coupled ionic/electronic devices involves physical changes based on ionic

migration ical reactions, allowing in situ, on demand control of electronic, optical, and

magnetic properties of materials and devices. For example, transmission through a dielectric-based
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waveguide can be modulated by the formation of an electrically-formed metallic filament (upper
panel). Resistive switching behaviors have been commonly observed in anion- and cation-based
memory d*i middle panel), and magnetization of a ferromagnetic material may be controlled

by ion inte -intercalation, followed by redox reactions, leading to changes of the

magnetE rgﬁbottom panel).
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Figure 2. a, atic illustration of the resistive switching process in ECM (a) and VCM (b)
devices. c) Qield-driven acceleration of ionic transport, where the effective energy barrier is lowered

by the aM d) I-V characteristics of a typical ECM device showing large on/off ratio with
high off-state resiSgance. Reproduced with permission.”?®! Copyright 2014, American Chemical

Society. e) I-V c cteristics of a typical VCM device. Reproduced with permission.”® Copyright
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Figure 3. a) Cyclic voltammetry of a Cu/SiO,/Pt cell, showing current density peaks corresponding to
Cu-ion oxi(hd reduction processes. Reproduced with permission.?® Copyright 2012, Royal

y. b) Current density peak value vs voltage sweep rate, showing a linear relation

between j, Reproduced with permission.?”? Copyright 2011, AIP Publishing LLC. c) ion

concen Itage sweep rate, showing a decrease of the ion concentration as the sweep rate

{

U

increases.”™ d) lon diffusion coefficient vs ion concentration, showing a decrease of the ion diffusion

coefficient ncentration increases, and implying that the electrolyte behaves as a

[29]

concentr tion with non-negligible ion—ion interactions. Reproduced with permission.

A
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Figure 4. a) image of an Ag/SiO,/Pt-based device after the forming process, showing the
formation tive filaments. Inset: schematic of the planar-structured device for TEM
observatiofi. b image of the same device in (a) after reset showing the dissolution of the
filamen imert electrode interface. c) /-t curve during the forming process under constant
bias. The abr. rent increase corresponds to the formation of filaments shown in (a). d) /I-t curve

during the reset process under constant bias. The abrupt current drop corresponds to the rupture of

filaments wh in (b). e) Real-time structural evolutions of an Ag/a-Si/W-based device obtained

[

through in- observation, showing dynamic filament growth process that initiates from the

O

reactive elec . Reproduced with permission.®* Copyright 2012, Nature Publishing Group. f)

Schematic Mustration of filament growth dynamics at different cases, depending on kinetic

q

[32]

parame the redox rates, 7, and ion mobility, 1. Reproduced with permission.

|

Copyright 2014, Nature Publishing Group. g) Wait time as a function of the applied electric filed

Ui

during the for rocess, showing exponential dependence consistent with Equation (1). h)

A
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Arrhenius plot of the wait time vs temperature, consistent with Equation (1).[31]

Position (nm)

Figure 5. a HAADF-SETM image of a Pt/SiO,/Ta,0s.,/Ta0,/Pt device in LRS (a) and HRS (b),
showing th ion/annihilation of nanoscale channels in a thin SiO, layer, as indicated by yellow
arrows &oars: 5 nm. ¢) Magnified image of a channel region in LRS. Scale bar: 2 nm. d)
Oxygen EELS i n profiles obtained from LRS (red triangle) and HRS (black square) along the
horizontal digecti@l as indicated by the yellow arrow in (c). Significant changes of oxygen

concentr tween the LRS and the HRS are observed in the channel region. Reproduced with
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Figure 6. aﬁg Transmission X-ray Microscopy (STXM) image of a TiO,-based device after

electrical cycli owing structural changes and the formation of a localized channel.*” b)
Corresponding Ti L-edge X-ray absorption spectra from the three regions in (a); stoichiometric

amorphous Ti en), stoichiometric anatase TiO, (pink), and reduced TiO,-, (blue). Reproduced

with pe Copyright 2010, John Wiley and Sons. c) O K-edge X-ray transmission intensity
map (left) and 3D intensity plot (right) of a Ta,0s-based device after 120 000 electrical cycles. A ring-
like feature bright core and a dark perimeter, corresponding to low and high O

concentrat ectively, is observed.®? d) Upper panel: O K-edge absorption spectra from the

bright (red!and dark (blue) regions, showing the downshift of the lowest conduction band position

(indicath dotted lines) in the bright region leading to a higher electric conductivity.

Lower pangge spectra difference between the hot and cold states (corresponding to with

and without current flow, respectively) from the bright and dark regions. More recognizable changes
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are observed in the bright region, indicating that current mainly flows through the bright region.
Reproduced with permission.® Copyright 2016, John Wiley and Sons. e) Upper panel: k’%(k) spectra
of Hf02

(3 Hf (5,10, and 20 nm) samples with a reference of Hf powder. Lower panel: Simulated

nt crystalline structures including monoclinic, rutile, anatase, and tetragonal,

pl

Kx(k) spec

revealingt e local structure of the HfO, main matrix is monoclinic-like. The k’(k) difference

1

(e.g., [HfOz/Ef Zim] - [HfO,/Hf 5 nm] and [HfO,/Hf 5 nm] - [HfO,]) is most similar to that of

tetragonal instead of monoclinic, suggesting that the interfacial oxide has a different local

structure fw'yatrix oxide. Reproduced with permission.'® Copyright 2017, American Chemical

Society. :
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Figure 7. a,c) XPEEM images of a SrTiOs-based device in LRS (a) and HRS (c), showing a localized
filament with changes of the O concentration. Scale bars: 1 um. b,d) O K-edge spectra obtained from
the ﬁlarrM(green curve for LRS in (b) and blue curve for HRS in (d)) and the surrounding
region (blaa) Normalized A/B, ratio, which is inversely proportional to the Ti**
concen#atqf!n,lmferent device states, indicating the valence change of Tiions induced by O
migration dﬁe resistive switching process. Reproduced with permission.® Copyright 2016,

Nature Pub roup.
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Figure 8. a @ icillustration of the 3D C-AFM tomography technique, showing the layer-by-
layer scrapi he 2D C-AFM image slices collected at different heights. b,c) Reconstructed 3D C-
AFM to Cu/Al,05-based ECM device, at LRS (b) and HRS (c). d) A set of 2D C-AFM slices

used for !Hl £10) reconstruction, indicating a CF having a conical shape with the narrow constriction

close to the inert—;ctrode. Scale bar: 80 nm. Reproduced with permission. Copyright 2014,

American{Society. e) 3D C-AFM tomogram of a HfO,-based VCM device, and C-AFM spectra
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1 indicating the sub-10 nm size of the CF. Reproduced with permission.lse] Copyright 2015, American

2 Chemical Society.

S

{a] i Forming

A

(b)

(c)

—

(i)

4  Figure9. a@n of the cell state for a Cu/SiO,-based simulation cell between low resistivity (LR)

5 andhigh r!stlwty EHR)' under forming/set (cyan color) and reset (pink color) bias conditions. b)

6  Snapshots If the a')mic configuration at different moments in (a). c—j) Zoomed-in snapshots during

7 the formin:set (g)/set (h—j) processes, showing the connection/disconnection of the two
(o}

8 electrodes rmation/rupture of a Cu-based CF upon voltage biases with opposite polarity,

<
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supporting experimental observations. Reproduced with permission.”el Copyright 2015, Nature

Publishing Group.
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Figure £atic of a simulation cell having a Ta,05/TaO, bilayer structure. b) I-V

characteristic during RS, showing good agreement of the model (solid lines) with experimental

{

measurements (cig@les). c) Calculated 2D Vp-concentration profiles in the initial state, HRS and LRS.

U

Reproduce ermission.® Copyright 2014, American Chemical Society. d) Calculated 1D

A
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1 profiles of the Vy-concentration, temperature, and electrostatic potential at different states of
2 another model VCM cell. Evolution of the depletion gap, defined as the region where the Vo-

3 concentrattl is Jower than 6 x 10 cm™, is indicated by the shaded area. Reproduced with

ight 2012, IEEE.

5
o2
. & selecto
6 =1
7  Figure 11. Eatic illustration of a crossbar array in which a Ag/a-Si/Si RRAM cell is formed at
8 eachcros eproduced with permission.'”! Copyright 2009, American Chemical Society. b) SEM
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image showing a high-density crossbar array fabricated on top of a CMOS chip. Inset: schematic of

the vertical integration of the RRAM crossbar array with the CMOS circuitry. c) A 1600-pixel bitmap

image obt* programming and retrieving data in the 40 x 40 crossbar array in (b). Reproduced
with permi pyright 2012, American Chemical Society. d) Schematic illustration of a 3D,

stacked-crciMStructure. Reproduced with permission.™* Copyright 2011, IEEE. e) SEM image
and f) cross-sectignal TEM image of a 3D stacked cross-point RRAM array based on the ViaRRAM
concept. A de is inserted in series with the RRAM element to reduce the sneak current.
Reproduc%rmission.mz] Copyright 2013, IEEE. g) Schematic illustration of the vertical RRAM
structure. ed with permission.®® Copyright 2015, John Wiley and Sons. h) Cross-sectional

TEM imag g two RRAM cells formed along the sidewall of a Pt bitline. i) Zoomed-in TEM

image of a!IOS/TaZOS_X/TaOy sidewall device. Reproduced with permission.™®! Copyright 2014,

Nature Pumroup.
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Figure 12. atic illustration of a memristor acting as a synapse bridging a pair of neurons,
with the abi gradually modulate the synaptic weight (conductance) by controlling the internal

ionic confi!ration. b) Incremental conductance modulation of a memristor, in response to identical,

consec ating (blue square) and depressing (red circle) pulses. Reproduced with

L

permission. " Copyright 2010, American Chemical Society. c) A fabricated 12 x 12 memristive

U

crossbar array usgd for classification of input patterns. Reproduced with permission.™* Copyright

A
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2015, Nature Publishing Group. d) Schematic illustration of an artificial neural network based on a

crossbar structure, in which memristors acting as synaptic devices at each crosspoint regulate signals

propagatin!t ugh them. Reproduced with permission.* Copyright 2017, Nature Publishing

Group.
H I
o =5
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Figure 13.°3) Conceptual illustration of the operation of a second-order memristor. (left) Operation

of a first-offler memristor. The conductance is directly controlled by input voltage pulses. (right)

[

Operation Ond—order memristor. The input pulses drive the short-term evolutions of a

second stat le, which in turn facilitates the evolution of the first state variable and modifies

the device @onductance. The internal short-term dynamics allows the device to naturally implement

d

rate- an endent synaptic effects with simple, nonoverlapping spikes. Reproduced with

{

permission. right 2015, American Chemical Society. b) A PPF results obtained from a WO,-

U

based memristor,_showing interval- and frequency-dependent behavior analogue to biological

A
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synapses. c) Weight change of the memristor device as a function of relative timing between the

presynaptic and postsynaptic pulses, emulating STDP behavior with non-overlapping pulses.

n filament formation (t < 5.0 s) and the diffusion-driven, spontaneous

Reproducel ith permission.!*®?! Copyright 2015, John Wiley and Sons. d) In situ TEM images
showing th i

reIaxatio-n Ee ilament to nanoclusters (t > 5.0 s) in a diffusive memristor. Scale bars: 20 nm.

Reproduceddii}jzrmission.“%] Copyright 2016, Nature Publishing Group.

(a) (b)

—
(1]
et
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1st Principal Component

2nd Principal Component

Figure 14. trations of a neuromorphic network based on a 10 x 6 crossbar array, acting as a

perceptron ern classification applications. d) Evolution of the output signals (f)

experimenglly obtained from the three output neurons in the perception, for different classes of

inputs dugi iglhg. Reproduced with permission.™* Copyright 2015, Nature Publishing Group. €)

{

PCA analys obtained in a memristor array after unsupervised training, along with a decision

boundary (red dofd line) obtained using logistic regression. Inset: Schematic of memristor-based
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network operation. The input voltage signals with different pulse widths are applied to each row,
and the output current signals are collected from each column. Reproduced with permission.™*
Copyrigmmcan Chemical Society. f) SEM image of a fabricated 32 x 32 WO,-based
memristor ay. Inset: magnified SEM image of the crossbar (upper right) and a wire-
bonded‘meg%chip on the test board (bottom left).** g) An experimentally reconstructed
image basedon a.sparse-coding algorithm implemented using the crossbar in (f). Reproduced with

5]

permission. yright 2017, Nature Publishing Group.
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Figure 15. a) Schematic illustration of the plasmonic memristor structure with optical readout

functionality. b) Cross-sectional SEM image showing a Ag/a-Si-based memristor integrated with a SOI

(right) of a

waveguide!. :f:chematic illustration of the plasmonic memristor. The formation (left)/annihilation

nductive filament inside the a-Si electrolyte modulates the coupling of light

with the-plgmomc mode of the electrode, and thus light transmission through the waveguide. d)

Correlation

Reproduce

thg resistive switching /-V characteristics with the observed optical bistable behavior.

rmission."*?! Copyright 2013, American Chemical Society. e) Latching optical

switching With an extinction ratio of 12 dB (6 dB) in another plasmonic memristor.
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Figure 16. w SEM image of a fabricated Ag/a-Si-based atomic scale plasmonic switch with
the electri ed Ag-filament. b) Schematic illustration of the operation of an atomic-scale
plasmonic switch. The electrically controlled migration of a single or only a few atoms into a

pIasmonicjshort—circuit the two metallic pads and alter the plasmonic cavity resonance
state. c) Resisti itching -V characteristics (black circle) and the corresponding optical output

<
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transmission (blue square) that are simultaneously measured, indicating that the abrupt optical

transition is correlated with resistive switching based on atomic reconfiguration. d) Optical response

t

P

to a sinusoldal electrical input signal showing reversible, digital optical switching. e) Optical
transmissi ion of wavelength showing two different resonance states, with a blue-shift

of the resonaNce Ih the on state. Reproduced with permission.® Copyright 2016, American

1

Chemical Sogjetysf) Bright-field optical microscopy images of a Au/Al,0s/Ag-based memristive

C

optical ant ore (left) and after (right) electrical switching. A change in color from blue to

green is obSered, Suggesting that light scattering behaviors of the antenna are sensitive to even

$

small chan junction as light is effectively concentrated through the excitation of surface

U

plasmons. -light-scattering spectra confocally obtained from the device before and after

electrical sWitching. Noticeable changes in the resonant scattering responses are observed in both

[)

[221]

unpolarize nsverse magnetic (TM)-polarized spectra. Reproduced with permission.

d

Copyright 2046, ure Publishing Group.
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Figure 17. §) Cross-sectional TEM image of a device stack consisting of SiO,/Ta/Pt/Co/GdO, layers.

Inset: T i M measurement setup where a Pt/Ir probe is contacted to a device with a Ta/Au

{

TE and Ta/Pt/Co b) Polar magneto-optic Kerr effect (MOKE) hysteresis loops measured from the

Ul

virgin state and r the application of the negative and positive voltages at room temperature,

A
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showing the complete, reversible removal and restoration of the hysteresis induced by electrical
stimuli. ¢) Normalized O K-edge EELS intensity measured in the middle of the Co layer (red circles)
under tfh)n of positive and negative voltage cycles (blue dot line) showing the reversible
modulatio oncentration. d) Time-resolved polar MOKE maps showing the evolution of
domain-eximollowing a laser-defined pattern, due to the selectively enhanced ionic transport

by laser heat’ng.feproduced with permission.”®® Copyright 2014, Nature Publishing Group.
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Figure 18. |bIe modulation of magnetic moment in response to electrical stimuli, due to

electroc @nven delithiation/lithiation in spinel iron oxide (y-Fe,0s) nanoparticles. b)
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Schematic illustration of the magnetization modulation induced by lithium intercalation that reduces

the octahedral-site Fe ions from +3 to +2 state, thus lowering its magnetic moment (as represented

{

P

the green arr and decreasing the total magnetization AM (blue arrows). Reproduced with
permission ight 2014, John Wiley and Sons. c) Changes in magnetization of as-prepared

and Iithgt nFe,0, samples, showing 70% loss of the saturation magnetic moment. Reproduced

I

with permission.gz”"" Copyright 2016, John Wiley and Sons. d) Polarized neutron reflectometry (PNR)

C

depth profi s-grown (black), +40 V conditioned (red), and +/—40 V conditioned (blue) samples.

The solid afid dashgd lines represent nuclear scattering length density (SLD), pn, and magnetic SLD,

d

Pwm, respec : background colors represent Pd (red), AlO, (blue), GdO, (green) and Co (yellow)

U

layers, respectively. The significant increase of the py curve inside the entire Co layer indicates that

the appliediglectric field drives oxygen ions deep into the Co film, leading to decrease of the

q

magnetizame Co film. Reproduced with permission.2*” Copyright 2016, Nature Publishing

Group.
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Figure 19. :mages of a LiFesOg-based device at different states during resistive switching

<

This article is protected by copyright. All rights reserved.

104



WILEY-VCH

cycles shown in (b). The areas with significant changes of magnetization are highlighted. c) MFM

phase data collected during electrical cycling in (b). The data are measured at the location marked by

t

P

the brown Crass in the MFM maps in (a), showing reversible modulation of magnetization that is
correlated jstive switching behavior. d) Demonstration of multilevel data storage based

on the c-ou ed magnetization and resistance switching effects. (left) Magnetic field (red) and electric

§

pulse (blue) progcamming sequences for each domain, in which two bits are stored using the

C

direction a tensity of the domain’s magnetization, respectively. (right) Read-out of the

stored datdlfr M measurements, showing four distinct states. Reproduced with permission.?°®!

S

Copyright n Wiley and Sons.
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Figure topography images of Cl vacancies in a NaCl/Au surface demonstrating atomic-

level manipulation of the material configuration. Individual Cl vacancies can be laterally moved by

O

the application of voltage with a STM tip. Reproduced with permission.”* Copyright 2015, American
Chemical S @ STM topography images of Cl vacancies (represented by dark blue squares) in a

Cl/Cu surf ng that a Cl vacancy can be repositioned in all four directions by a STM tip, where

§

the positiop of the STM tip is marked by a red dot. f) STM image of a kilobyte atomic memory

t

through at om manipulation of Cl vacancies, offering a high areal density of 502 terabits per

U

square inc uced with permission.'”* Copyright 2016, Nature Publishing Group.
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neuromorphic computing systems, aggressively scaled transistor devices, and electrical transport in

low-dimensional systems.

By controllj internal ion distribution in a solid-state film, the material’s chemical composition

and physic ctrical, optical and magnetic) properties can be reversibly reconfigured, in-situ,

d

using an applie @ ctric field. The reconfigurability has been achieved in a wide range of materials,

and ca development of new memory, logic, and multifunctional devices and systems.

M

Reconfigurable Materials

I

J. Lee, W.

tho

On-Demand Reconfiguration of Nanomaterials—When Electronics Meets lonics
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