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– – contact resistance 560–562, 560–563,

563
– – material interfaces, electrical properties of

557–560
– – material parameters 557
– ICT, see Information and Communication

Technologies (ICT) devices
– stability 563–565, 564, 565, 566
– switching mechanisms 549–551, 550
– switching speed and energy 565–567

MIR limit condition, seeMott-Ioffe-Regel
(MIR) limit condition

mixed-ionic-electronic-conduction (MIEC)
– array diagnostic monitor 640
– cumulative distribution functions

640, 641
– endurance 640, 643
– integration 640
– select devices 639–640
– thickness scaling experiments 640
mixed-valent manganite resistive-switching,
see also Pr1−xCaxMnO3 (PCMO)

– crystal structure 461
– density of states vs. energy 461–462,

462
– oxygen partial pressure vs. defect

concentrations 462, 463
MnO, electronic structure 85–86, 86
molecular dynamics (MD) simulation 75, 152
molecular dynamics (MD) simulation models
398

– ECM 422–423
– VCM
– – electron transfer, 404, 404–405
– – LRS and HRS state 402, 402–404, 403
– – migration barriers 406–407
– – phase transformations and nucleation

405–406, 406
molecular orbital (MO) approach 55
monovalent metals 202
Moore’s law 728
MO oxides, cubic rock-salt structure 166
M2O3 oxides, rhombohedral corundum
structure 166

MO2 oxides, tetragonal rutile structure 166
MOSFET 10
Mott-Gurney law, for ion hopping 330
Mott-Gurney model 322
Mott-Hubbard gap 66
Mott insulators 72
Mott-Ioffe-Regel (MIR) limit condition 174
Mott-Schottky-type space-charge layer 261,
262, 262

MRAMs, seemagnetic RAMs (MRAMs)
multilevel cell (MLC) operation, of ReRAM
319

multiplexer (MUX) 697, 697
MUX, seemultiplexer (MUX)

n
NAND flash 19–20, 473, 582, 588, 589
nanofountain pen with Ag ink 516, 516
nanoionic memory devices
– atomic filament
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– – barrier electrical conductance 553–554
– – classical resistance 551–552
– – minimal atomic bridge estimation

parameters 552
– – nonrectangular barrier 555, 555
– – quantum resistance 552–553, 553
– – transmission through atomic gaps

555–556, 556
– heat dissipation and transfer 567–569
– ICR 556–557
– – contact resistance 560–562, 560–563,

563
– – material interfaces, electrical properties of

557–560
– – material parameters 557
– ICT, see Information and Communication

Technologies (ICT) devices
– stability 563–565, 564, 565, 566
– switching mechanisms 549–551, 550
– switching speed and energy 565–567
nanosecond switching dynamics 353,
353–354, 354

nanosize effects
– due to surface curvature 265
– on space-charge regions 263–265, 264
nanowires (NWs)
– conductance quantization in metallic

197–204
– core-shell 680–681
– ReRAM
– – concept of 681
– – core-shell metal-oxide 683
– single all-oxide 664–665
– structure 661–662
– template-assisted fabrication methods of

663–664
nano-XAFS 439, 450
Nb-doped SrTiO3 (Nb:STO)
– counter-eightwise polarity 465
– drift-diffusion model 465
– I−V characteristics 463–464, 464
– resistance-state retention characteristics

464, 464
– resistance values, area dependence of

457–458, 458
– Schottky depletion model 464–465
– SPM 465
NbO2, electronic structure 86–87, 88
NDR effect, see negative differential resistance
(NDR) effect

negative differential resistance (NDR) effect
297–298

Nernst equation 271, 281
neurocomputing 716

neuromorphic systems
– computing 716–718
– engineering 715–716
– ReRAM
– – applications 718–719, 729–730, 730
– – capacitive properties 725, 726
– – conductance update 720, 720
– – crossbar array 719, 719
– – hardware synaptic functions 718
– – multilevel resistance behavior 722–725,

723, 724
– – nonlinear switching kinetics 722
– – nonvolatility, of resistive states

721–722, 722
– – scaling 728–729
– – switching statistics 725–727,

727, 728
– – synaptic array 720, 721
– – tunable resistive state 719
– – volatility, of resistive states 721–722,

722
– scaling in 728–729
NiO
– electronic structure 84–85, 85
– memory cells, resistance values 457–458,

458
NiOx ReRAM device 346, 346–348, 348,
349, 350

nonlinear ReRAM 649–650, 650
nonlinear switching kinetics 319, 319,
320

nonrecurring engineering (NRE) cost 695
nontransition metal oxides, electronic
structure 76

– Al2O3 76
– SrO 77, 78
– ZnO 77–78, 78
nonvolatile memory (NVM), 16
nonvolatile resistive-switching behaviors 289
nonvolatility 1
nucleation 266
– atomistic theory 267–269, 268, 269
– Gibbs free energy for 267
– macroscopic view 266–267
nucleation-controlled three-terminal atomic
switches 539–541, 540

nucleation theory 266
NVM, see nonvolatile memory (NVM)
NVM-read 627
NVM-write
– biasing scheme 626–627
– during operations 626–627
– voltage drops 626, 626
NWs, see nanowires (NWs)
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o
OFF-state leakage current devices 628
OFF states, see low-resistance state (LRS)
Ohm’s law 139
one-dimensional defects 95–97, 96
1D1R nanopillar array 686, 686–687
1S1R stacked crosspoint architectures 583
– cumulative line resistance 586–588, 587
– selector device 583
– sensing margin 584, 584–586, 585
– write margin 586, 586
one transistor-one resistor (1T-1R) memory
arrays, CBRAM 504–508, 507

1T2R cell 699
ON-state current density 628
ON-state resistance modeling 502–503
ON states, see high-resistance state (HRS)
optical band gap 55
orbitals and metal-insulator transitions
184–185, 185

OTS, see ovonic threshold switching (OTS)
ovonic threshold switching (OTS) 634–636,
636

oxidation
– metal 101, 275
– and passivation of metal electrodes 279
– rate of metals 278–279
oxide
– based VCM-type ReRAM 13
– BD testing 226
– breakdown 229, 231
– categories of 165
– crystal structures of 166–167
– layers, growth modes 278
– metal excess in 101
oxide-based atomic switch
– forming process 532, 532–533
– I−V characteristics 531, 531
– turn-ON and turn-OFF voltages 533
oxide diodes
– metal-oxide Schottky barrier 632–633,

634
– PN junction 631–632
oxide film
– dielectric breakdown 225
– formation 276, 277, 278
oxide materials
– ferroelectric resistive switching
– – Pt/BFO/SRO cell 475–478,

477, 479
– – SRO/LFO/BFO interface 476–477, 478
– URS
– – conical CF configurations 380, 381
– – RCB model 381–382, 382

– – switching variability and endurance 383,
383–384

– – URS/BRS coexistence 382–383, 383
oxide tunnel barrier
– multi-layer oxide-based select device

638–639
– single layer oxide-based select device

638
oxygen
– excorporation reaction 100–101
– gas formation 300, 302
– incorporation reaction 101
oxygen-ion
– diffusion 152
– transport 152

p
partial density of states
– electrons in crystals 62–64, 63
– surface states 74
passivation potential 279
PBD, see progressive breakdown (PBD)
PCMs, see phase-change memories (PCMs)
PCRAM 15
PEEM, see photoemission electronmicroscopy
(PEEM)

Peierls insulator 71
percolation model
– cell-based 236, 237
– development 240
– multilayer 241
– to SET transition in ReRAM 237–238, 238
PF carrier transport, see Poole-Frenkel (PF)
carrier transport

phase-change materials 575
phase-change memories (PCMs) 12
photo-assisted atomic switch 528–529,
529

photoemission electronmicroscopy (PEEM)
441

pinched hysteresis loop 33, 34
planar stack structures 574, 576–577
PMC, see programmable metallization cell
(PMC)

point defects 95
– Brouwer diagram 101–102, 102
– equilibrium thermodynamics of 98, 98–99
– extrinsic defects
– – impurities and dopants 102–103
– – reactions with environment 100–101
– intrinsic defects 72, 99
– – anti-Frenkel defects 99–100
– – anti-Schottky defects 100
– – electron band-band transfer 100
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– – Frenkel defects 99
– – Schottky defects 100
point defect states, electronic structure
72–73, 73

Poisson-Boltzmann differential equation
104, 260

polaron
– formation 169–171, 170
– transport 171–172
polycrystal
– diffusion kinetics in 144
– mass-transport processes in 141, 141, 143
polymer-based atomic switch 536–537,
537

Poole-Frenkel (PF) carrier transport 319, 322
Poole-Frenkel conduction model 374–375
Poole-Frenkel effects 327
Poole-Frenkel emission 226
potentiodynamic method 290, 290–291, 293,
293

power law model 129, 229
programmable metallization cell (PMC) 484
progressive breakdown (PBD) 230, 231
Pr1−xCaxMnO3 (PCMO)
– cross-sectional TEM images 466, 466
– C−V curves 467, 467
– I−V curves 459, 459–460
– Ti/PCMO/SRO cells 466, 466–467, 467
– tunneling barriers 458, see also tunnel

ReRAM device
– XPS spectra 468, 468–469
Pt/NiO/Pt URS system
– model implications 375–379
– NiO defect chemistry 368–370
– reset switching modeling 372–373
– set switching modeling 373–375
– time-dependent dielectric-breakdown

methodology 371–372

q
QPC model, see quantum point contact (QPC)
model

quantization effects, in binary oxides
210–218

quantized conductance
– gapless-type atomic switches 535,

535–536
– gap-type atomic switches 524, 524–525,

525
quantum Hall effect 197
quantum point contact (QPC) model 215,
238

– for dielectric breakdown 212–213
quantum resistance, AF 552–553, 553

quasistatic current-voltage (I−V )
characteristics

– apparatus topology 342, 343
– current compliance and overshoot effects

346–350, 346–350
– electroforming parameters 344, 344
– four-wire probe configuration 342–343,

343
– nonlinearity 344
– switching parameters 343, 343
– – vs. sweep rates 345, 345–346, 346
– tunnel ReRAM device 470, 471
– two-wire configuration 342, 343

r
radio frequency (RF) switches 483
ramp voltage stress (RVS) 227, 238, 606
random circuit breaker (RCB) model
381–382, 382

random telegraph noise (RTN)
– CBRAM 609–610
– charge carrier transport-induced

610–611, 611
– detection, of signals 609
– fluctuations 215
– key mechanisms of 615
– non-steady-state fluctuations 609
– oxide-based RRAM (OXRAM), 609
– oxygen vacancy transport-induced
– – bimodal filament configuration 614
– – dielectric microstructure role 614–615
– – disturb immunity 614
– – identification, of vacancy perturbations

611–612, 612
– – shallow to moderate reset 612–613, 613
– – very deep reset 613–614, 614
– steady-state fluctuations 609
– voltage conditions 609
RBL resistance, see right bit line (RBL)
resistance,

RCB model, see random circuit breaker (RCB)
model

redox-based resistive switching memories, see
resistive random-access memory
(ReRAM/RRAM) devices

redox reactions 300–302
reductants 575–576
ReRAM, see resistive random-access memory
(ReRAM/RRAM) devices

resistance switching (RS) materials 289
– chalcogenides 574–575
– insulating oxides 573–574
– phase-change materials 575
– semiconducting oxides 574
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resistive configuration memory
– architecture 698, 699
– array
– – four operation modes 701
– – measurement 703–705, 704, 705
– – prototype 702–703, 702–703
– – reset RL 701
– cell 699–700, 700
resistive random-access memory
(ReRAM/RRAM) devices 31–32, 37, 197,
253, 297, 310, 311, 363

– array area efficiency 592–593, 593
– axial hetero structured NWs 678–680,

679, 680
– based artificial synapses 23, 24
– behavior of 319
– black-box modeling 31, 40, 40
– bottom-up fabrication methods 661
– – framework of 662
– – template-assisted, of NW 663–664
– – VLS 662–663
– breakdown statistics for 237–241, 238,

239, 241
– circuits 21–24
– core-shell NWs 680–681
– – advantages of 680–681
– – Ag electrodes 681–682, 682
– – Ni electrodes 683–685, 683–686
– – Ni/NiO core/shell 683–685, 683–686
– – Si core and a-Si shell 681–682, 682
– current compliance and overshoot effects

346–350
– ECM devices 41–43, 42, 43, 44
– effect in binary oxides 216
– electrode materials 575–576
– emerging bottom-up approaches and

applications
– – block-copolymer self-assembly for

687–688
– – 1D1R nanopillar array 686, 686–687
– filamentary-switching 317
– FPGAs, see field programmable gate arrays

(FPGAs)
– geometrical location of the switching event

in 5, 5
– gray-box modeling 40, 40
– history 9–12
– hybrid 647–649, 648
– ionic-type 38, 38
– lateral channel structures 578, 578–579
– with load resistor 323
– logic circuits
– – FPGA 21–22
– – logic gates 22

– – neuromorphic 22–23
– material categories 574
– material implication (IMP) gate implement

22, 23
– mechanisms of switching 40–41
– memory applications
– – device isolation in crossbar arrays

16–19, 17, 19
– – 3-D technology 19–20, 20
– – memory hierarchy 20–21, 21
– – performance requirements and parameter

windows 12–15, 16
– metal-insulator-metal structure

4–5
– microscopic analysis of 4
– multilevel cell operation of 319
– nanometer dimensions of 263
– neuromorphic systems
– – applications 718–719, 729–730, 730
– – capacitive properties 725, 726
– – computing 716–718
– – conductance update 720, 720
– – crossbar array 719, 719
– – engineering 715–716
– – hardware synaptic functions 718
– – multilevel resistance behavior 722–725,

723, 724
– – nonlinear switching kinetics 722
– – nonvolatility, of resistive states

721–722, 722
– – scaling 728–729
– – switching statistics 725–727, 727,

728
– – synaptic array 720, 721
– – tunable resistive state 719
– – volatility, of resistive states 721–722,

722
– noise spectra 342
– nonlinear switching kinetics 319, 319, 320,

649–650, 650
– NW structure 661–662
– 1S1R stacked cross point architectures

583
– – cumulative line resistance 586–588, 587
– – selector device 583
– – sensing margin 584, 584–586, 585
– – write margin 586, 586
– operation modes of 2, 3, 4
– parameters of 4
– planar stack structures 574, 576–577
– properties and behavior 317–320, 319
– prospects and challenges 24–25
– pulsed measurements 350–353
– – basic setup 350, 351
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– – nanosecond timescale 353, 353–354,
354

– – ON and OFF switching dynamics 350,
351, 352

– – subnanosecond time resolution
354–358, 355–358

– quasistatic measurement, see quasistatic
current-voltage (I−V ) characteristics

– reliability aspects
– – characteristics 597
– – different memory applications 597
– – new emerging memory technology 597
– reliability aspects, bipolar switching TMO

RRAM
– – disturb 615–617
– – endurance 598–601
– – retention 601–605
– – RTN, see random telegraph noise (RTN)
– – variability 605–609
– RS materials, see resistance switching (RS)

materials
– selection
– – hybrid ReRAM 647–649, 648
– – 1S1R stacked cross point architectures

583
– – oxide diodes 631–633
– – oxide tunnel barrier 638–639
– – Si based 629–631
– – target specifications for 627–629
– – threshold switch 633–638
– – types 629–643
– selection, mixed-ionic-electronic-

conduction
– – array diagnostic monitor 640
– – cumulative distribution functions 640,

641
– – endurance 640, 643
– – integration 640
– – select devices 639–640
– – thickness scaling experiments 640
– sidewall-conforming stack structures

577–578, 578
– single all-oxide NWs 664–665
– – ECMmechanisms 675–678, 676, 677
– – electrical polarity characteristics 674,

675
– – identification, of switching spatial location

672, 673
– – latter approach 671, 672
– – NiO 665–668, 665–669
– – planar-type 671, 671
– – pressure dependence 673, 674
– – SEM image of 669, 670
– stoichiometry polarization 283–285

– through-multilayer via array
– – bathtub-type connection 592, 592
– – horizontal electrodes 589–592, 590,

591
– – multiple electrode layers 588, 588–589
– – staircase connections 589, 590
– transistor in parallel architectures 582,

582–583
– transistor in series architectures 579–581,

579–582
– transition in bipolar 321
– as two-terminal elements 40–41
– universal switching 317–318, 318,

320–321
– VCM devices 43–46
– voltage-driven kinetics of switching 322,

323
– white-box modeling 31, 40, 40
– write speed 14
resistor transistor logic (RTL) codes
709–710, 710

retention 4
– degradation in 603–604
– ICR cell 566
– LRS retention 602, 602
– oxygen vacancy filamentary 601, 602
– trade-off between 604–605
rhenium trioxide structure 53, 53
right bit line (RBL) resistance 13, 701–702
RRAM, see resistive random-access memory
(ReRAM/RRAM) devices

RS materials, see resistance switching (RS)
materials

RTN, see random telegraph noise (RTN)

s
SBD, see soft breakdown (SBD)
scanning probe microscopy (SPM) technique,
Nb-doped SrTiO3 465

scanning transmission X-ray microscopy
((S)TXM) 440

– Pt/TiO2/Pt resistive-switching device
448–449, 449, 450

scattering-degraded resistivity 324
Schottky defects 100
Schottky depletion model 464–465
Schottky-like barrier, ferroelectric diode 475,
476

Schottky-like metal/conducting oxide
interfaces 459, 459–460

Schottky lowering 571
Schrödinger-like equation 65
SCL, see space-charge layer (SCL)
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self-doping reaction 302
self-select feature 469
semiconducting oxides 574
semiconductor parameter analyzers (SPAs)
341, 342, 344, 350

semiconductors
– electronic structure 68–71, 69, 70
– wide-band-gap 71
sensing margin, 1S1R stacked cross point
architectures 584, 584–586, 585

SET operation 2–3
short-term plasticity (STP) 527–528, 528
Si-based select devices
– bidirectional switches 630, 631
– diodes 630
– MSM diode 631
– PN diodes 630
– transistors 629
sidewall-conforming stack structures
577–578, 578

Simmons equation 330
single-electron tunneling (SET) mechanism
212

soft breakdown (SBD) 225, 226, 230
solid electrolyte 258, 271–272
solid, electronic structure 54–55
– from free atoms to solid state 55–58, 56,

57
solid-state reactions 275–279
Sommerfeld model, see free electron model
source measurement units (SMUs) 342, 343
space-charge effects, defects 103–104
– Gouy-Chapman situation 105–106
– Mott-Schottky situation 104–105, 105
space-charge layer (SCL) 103, 262, 264
– driving force for formation of 258–260
SPAs, see Semiconductor parameter analyzers
(SPAs)

SPICE modeling approach 41
spike-timing-dependent plasticity (STDP)
23, 719

spinel oxides 167
SpiNNaker 717
spin-polarized approach 67
SRAM, see static random access memory
(SRAM)

SrO, electronic structure 77, 78
SrTiO3, electronic structure 82, 83
staircase connections, through-multilayer via
array 589, 590

static random access memory (SRAM) 15,
354

STDP, see spike-timing-dependent plasticity
(STDP)

Stern layer 261
stoichiometry polarization 283–285
Storage class memory 624
strong depletion layers 261–263
strontium titanate
– defects 110
– – acceptor-doped 110–111
– – donor-doped 111
– – equations and constants 112
– – grain boundaries 111–113
– ion transport, in metal oxides 147–150,

148, 150
STTRAM 15
subnanosecond switching dynamics
354–358, 355–358

sulfide-based atomic switch 529–530, 530
surface curvature
– effects, emf cause 270–271
– nanosize effects due to 265
surface states, electronic structure 73–75,
74

switching time
– CBRAM 494, 495
– gapless-type atomic switches 534–535
– gap-type atomic switches 519–521, 520,

521
synaptic behavior
– gapless-type atomic switches 535,

535–536
– gap-type atomic switches 527–528, 528

t
tantalum oxide
– defects 119–121
– TaOx, electronic structure 87–90, 89
tantalum pentoxide, ion transport 155–156,
156

TaOx-based ReRAM device 345–346, 346,
350, 351, 357, 357–358, 358

TCM, see thermochemical memory (TCM)
temperature-dependent conductivity 173
temperature-induced metal-insulator
transitions in oxides

– Fe3O4: mixed-valent system 190, 190–191
– limitation 191–192
– orbitals and metal-insulator transitions

184–185, 185
– Ti2O3: 3d1 system 187–188
– VO2: 3d1 system 186–187, 189
– V2O3: 3d2 system 189–190
template-assisted fabrication methods, of NW
663–664

thermal resistance 324
thermochemical mechanism cells 41
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thermochemical memory (TCM) 289
– cells 41
– devices 318
– mechanism 363
thermochemical model, of defect generation
232–233

thermodynamics
– basic laws 254
– classical 254, 274
– equilibrium 254–258, 256–259
– irreversible 275
– parameter, diffusion coefficient 128–129
– of point defects 98, 98–99
thermopower, electrical transport models
172

thin insulator film, dielectric breakdown 225
three-dimensional defects 97
3D monolithic FPGA
– conventional 696
– ReRAM-based configuration memory 698
– 8-to-1 routing MUX 697, 697
3D multilayer stacking 628
3D technology, ReRAM application in
19–20, 20

three-terminal atomic switches
– filament-growth 537–539, 538, 539
– nucleation 539–541, 540
threshold switch 633
– MIT 636–637, 637
– OTS 634–636, 636
– TVS 637–638
threshold vacuum switch (TVS) 637–638
through-multilayer via array
– bathtub-type connection 592, 592
– horizontal electrodes 589–592, 590, 591
– multiple electrode layers 588, 588–589
– staircase connections 589, 590
TiN/NiO/Ni cells 373, 385, 386
TiO2
– electronic structure 81–82, 82
– material, URS 380
– ReRAM device 354, 354
TiO, electronic structure 79, 80
Ti2O3, electronic structure 79–80
TiOx-based ReRAM device 344, 344, 348,
349

titanates, electronic structure 79
– SrTiO3 82, 83
– TiO 79, 80
– TiO2 81–82, 82
– Ti2O3 79–80
titanium oxide (rutile), defects 106, 107
– acceptor-doped 108
– donar-doped 108–109, 109

– nominally pure 107–108
– role of dislocations 109
TMOs, see transition metal oxides (TMOs)
tracer diffusion 137, 137–139, 138
transistor
– in parallel architectures 582, 582–583
– in series architectures 579–581, 579–582
transition metal oxides (TMOs) 289, 291,
367–368

– electronic-carrier types of 304
– hypostoichiometric 303
– layer, oxygen vacancies from 304–305
– structure
– – bonding and electronic structure

167–168
– – crystal structures of oxides 166–167
transmission X-ray microscopy (TXM) 440
– Pt/TiO2/Pt resistive-switching device

448–449, 449
transport process, and chemical reactions
274–275

TrueNorth, neural network chip 717
tunnel ReRAM device
– advantage 469
– challenges 469
– deposition time vs. current density

470–471, 472
– device characteristics 471, 472
– mechanism and modeling 472–473,

473
– passive cross-point arrays 473–475, 474
– quasistatic I−V characteristics 470, 471
– read currents and read current densities

470, 471
– structure and TEM cross section 469–470,

470
two-dimensional defects 96, 97
two-dimensional electron gas 197
two-terminal device models 32
– dynamical systems approach 33
– – memcapacitive system 36
– – meminductive system 36
– – memristive system 33–36
– – memristor 34
– ideal circuit element approach 32
– lumped elements 32
two-terminal element, ReRAM devices as
40–41

two-terminal memristive elements 1–6
two-terminal resistive switching material
systems 11

TXM, see transmission X-ray microscopy
(TXM)
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u
unipolar resistive-switching (URS) 343, 343
– basic operation 364
– cross-point architecture 365, 365–366
– electrode materials
– – anode-mediated reset operation

384–385
– – selection criteria 385–386
– filamentary switching 366–367
– metal-insulator-metal structures 364, 365
– mode 2, 3, 4
– oxide materials
– – conical CF configurations 380, 381
– – RCB model 381–382, 382
– – switching variability and endurance 383,

383–384
– – URS/BRS coexistence 382–383, 383
– Pt/NiO/Pt system
– – model implications 375–379
– – NiO defect chemistry 368–370
– – reset switching modeling 372–373
– – set switching modeling 373–375
– – time-dependent dielectric-breakdown

methodology 371–372
– TiO2 material 380
– TMOmaterials 367–368
URS, see unipolar resistive-switching (URS)

v
valence band maximum (VBM) 55, 61
valence change mechanism 43–46, 210
valence change memory (VCM) 289, 363
– ab initio and MD models
– – electron transfer 404, 404–405
– – LRS and HRS state 402, 402–404, 403
– – migration barriers 406–407
– – phase transformations and nucleation

405–406, 406
– bipolar switching behavior 297
– cells 318, 319
– compact modeling 417–422, 418–421
– continuum modeling 410–417, 411, 413,

414, 416, 417
– effect 11, 12
– KMC methods 407–410, 409
– materials 289–290
– nonlinear switching kinetics 399–401, 401
– spectroscopy techniques
– – metal/oxide interface 442–446
– – schematic overview 439
– – TMOs, localized switching effects in

446–453
– switching mechanism 395–396
– voltage/current sweep 290, 290

valence charge density distribution, metal 68,
69, 70

vapor-liquid-solid method (VLS) 662–663
variability
– in bipolar switching devices
– – ion-movement model 609
– – microscopic origin 607–608, 608
– – modeling and physical description 608
– – particular oxide 607
– – resistance window 607
– of device characteristics 605
– of forming operation 605–606
– intrinsic and extrinsic 606
– resistive memory 605
– in unipolar devices 607
variable-diameter model, universal switching
characteristics 321–329, 334

variable-gap model, universal switching
characteristics 329–334

variable-gap/variable-diameter states,
coexistence of 334, 334–337, 336

VBM, see valence band maximum (VBM)
VB metal oxides, electronic structure
– metal-insulator transitions: NbO2, VO2, and

V2O3 86–87, 88
– tantalum oxides TaOx 87–90, 89
VCM, see valence change memory (VCM)
VEs, see vibrational excitations
vibrational excitations (VEs) 234
VLS, see vapor-liquid-solid method (VLS)
VO2, electronic structure 86–87
V2O3, electronic structure 86–87
voltage compatibility, with memory element
628

voltage-driven kinetics of switching 322, 323

w
Wadsley defects 257, 258
Wagner’s parabolic law 278
Weibull distribution 227, 236
Wentzel-Kramers-Brillouin (WKB)
approximation 200

wide-band-gap semiconductors 71
wireless sensor nodes (WSNs) 710, 711
WKB approximation, see
Wentzel-Kramers-Brillouin (WKB)
approximation

write margin, 1S1R stacked cross point
architectures 586, 586

WSNs, see wireless sensor nodes (WSNs)

x
XAFS, see X-ray absorption fine structure
spectroscopy (XAFS)
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XANES, see X-ray absorption near-edge
spectroscopy (XANES)

XAS, see X-ray absorption spectroscopy (XAS)
XPS, see X-ray photoelectron spectroscopy
(XPS)

X-ray absorption fine structure spectroscopy
(XAFS) 439

X-ray absorption near-edge spectroscopy
(XANES) 439

– Cr-doped SrTiO3 446–447, 447
X-ray absorption spectroscopy (XAS) 439,
441

– Ta2O5 resistive-switching devices
450–451, 451

X-ray photoelectron spectroscopy (XPS)
440–442, 444, 445

– Al/PCMO films 443–444, 444
– spectra, Ti/PCMO/SRO films 468,

468–469
– Ti/PCMO films 445

y
YSZ, ion transport, see yttria-stabilized
zirconia (YSZ), ion transport

yttria-stabilized zirconia (YSZ), ion transport
150–153, 151

z
Zandt-Honig-Goodenough model 81
zero-dimensional defects 95
zirconium oxide, defects 113–116
ZnO, electronic structure 77–78, 78




