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Abstract

Memristordevicesas the alternative to the ney¢neration notvolatile memory devices has
been widely studied recently due to its advantages of simple structure, fast switching speed, low
power consumptiorAmong all the different materials that demonstrate the poteftiasistive
switching behaviommemristordevices based on TiDasattractedoarticlar attention considering
its richness in switching mechanism asaten with wide range of phasdaurthermoreone-
dimensional (1D) nanomaterial baseanemristor devices demonstrate promising potential
considering about its advantages of confinement of electron transport in individual nanowires,
enabling precision engineeringealectrical performancir stable and reliale memristordevices,
high integration densitgotentia) etc.

In this research, we propose the usefatfile hydrothermal methadto synthesize Ti@
nanowires for the fabrication of memristor devices. Three differenttypes of deviceswere
fabricated, i.e.pased onliO, nanowire networks on Ti foilTiO2 nanorod arragy grown on
fluorine-doped tin oxide (FTO) substrate, amthgle TiO> and titanatenanowire directly
synthesized from Ti@nanoparticlesThe corresponding devicdemonstrategromisingresistive
switching performanceespectivelyand werdurtherused fomultilevelmemory storage and more
importantly, the emulation of artificial synapgder the application of neuromorphic computing
The corresponding switching mechanssmere exploredand it was foundthat the oxygen
vacanciesin TiO2 nanowiresduring the hydrothermal process play an important role in the
switching and charge transpornechanism This work will improve the understanding of
engineering the electricaéformance oTiO. basednemristivedevicesand provide insights into

the switching mechanism ibD nanomaterial basedemristivedevices

Keywords: memristor TiO., onedimensionalnanomaterial hydrothermal methqdsynapse

emulation
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Chapter 1. Introduction

1.1. Background

In recent yearsnemristive orresistive switching random access memdgRAM) devices
based on metademiconductor omsulatormetal structuresire gaining wide attentiorfor the
applications of nowvolatle memory deviced, logic circuit$® and neuromorphic computifiéf
due totheadvantages afimpletwo-terminal structure, fast switching spebijh densityand low
power consmption, éc'+1°. During the last decade, a wide range of materials have been proposed
for the potential applicationsf non-volatile memory devicessuch asbinary transition metal
oxides perovskitetype complex transition metal oxiddarge band gap higkdielectrics,carbon
based materiaJ®rganic materialsetc®. However, despite great efforts in exploring the nature of
the switching mechanism, many details and the contributionfigreit factorsin memristive
devicesare still completely unknovwf

Furthermore, eampared with the commonly used thin film nanomateriaksmristivedevices
based on ondimensiona(1D) nanomateris demonstrate promisiregdvantages such as confined
structure for conductive filament formation and rupture, potentifleofgintegratednto high
density devices, etc.igh-quality electricalperformancef fabricatednemristivedevicetogether
with good stability and reprodibility can be realizet. In terms of the applicationsf non
volatile memory to compete with complementary metal oxide semiconductor field effect
transistors in conventional memory and logic circuits, the newly propossaristivedevices
should satisfy the requirements @éctroformingfree, low-power consumption, gal retention
and endurance performance stdiguishable resistance stataad the potential to display
multilevel memory performanée Howeve, a costeffective way to fabricaté D nanomaterial
basedmemristive devicesthat satisfy the requirementsr the applicationss still lacking.
Hydrothermalsynthesisof metal oxide nanowires Bdeen widely used in the application of
sensing>?®, dyesensitizedsolar cell$® 2’ supercapacitd?, field emissior®, etc But researcion
memristive devices fabricated using hydrotheragabwn nanowiresand their correspondig
switching mechanisgare still lacking.Furthermore, considering the surface to volume ratio of
1D nanomaterial, the defects on the surface wddde a crucial effect on the electrical
performance. It would therefore be interesting to study the effettte surface defects on the

resistive switching behavior for 1D nanomaterial basedhristivedevices via different ways.



1.2. Objectives

The objective of the researgnogram to date has beém examine theesistive switching
performance, application in emory andartificial synapseapplications andcorresponding
switching mechanisnbasedon 1D TiO2 nanomateria synthesized byydrothermal methal
Three different of nanowire configuration are explored for the memristor device fabrication and
characterization, i.e., T¥hanowire networks, TiPnanorod arrays, and a single Fi@nowire.
The main objectives are:

(1) Synthesis and characterization of Ti@anowire networks on Ti foil by a single
hydrothermal processharacterization obbtainedAl/ TiO> nanowire networks/Ti foil
ReRAM devicesandstudyits corresponding switching mechanism

(2) Resistive switching performance study of Ti@anorod array§NRAs) based ReRAM
deviceson fluorine doped tin oxide (FTO) glass substratealdyydrothermal methah
Improvement of the resistive switching performance of,INBRA based ReRAM device
via theintroduction of a seed layandexploringits corresponding switching mechanism

(3) Study the feasibility of using single TiQ nanobelt and its precursorsurthg the
hydrothermal process for the application of memory dewdod artificial synapse
emulation for the applicatioof neuromorphic computing.

(4) Explore and propos the switching mechanism of 1Damomaterial basednenristive
devices rational desigrinvestigationof 1D nanomaterial basademristivedevices that
could be used a®sistive switchingnemoriesandartificial synapsehat satisfy different

requirements.
1.3. Organization of the thesis

The research focused @b TiO> nanomateriabasednemristivedevicesfor the applications

of nonvolatile memorydevicesand artificial synapsand the corresponding switching mechanism

The proposal isrganized as follows:

1 Chapter 1is an introduction describing the background anealves of this work.

1 Chapter 2 covers the literature review afiemristivedevices focusing on its main electi
characterization parameters and a brief summargwsfching mechanismFurthermore,
previous studies of memristive devices based 1D nanoméerial with different methods

includinghydrothermal methadwvould bediscussed as well.



Chapter 3 presents the study dbw-power resistive switching memory basemh TiO>
nanowire networks ol Ti foil by a single hydrothermal method. switching mechanism
based on the migration of oxygen vacancies is proposed.

Chapter 4 presents the studyf the resistive switching memory performance basediO>
NRAs on FTO substrat&he studyproposedhatthe introduction of a seed layer on the surface
of FTO substrate would significantly improvtke electrical performancef the obtained
ReRAM devices which demonstrdtéow-power bipolar multilevel memorybehavior. The
switching mechanism of the obtainedvites is controlled by spackargelimited current
(SCLC) in which the oxygen vacancies in the seed layer and the individual nanorods function
as trap centers.

Chapter 5 presents the study of the presorsof the TiQ: nanobelts during the hydrothermal
process, that are NEizO7 and HTisO7 nanobelts for the memristive performance and the
potential artificialsynapsemulation for the neuromorphic computing applications.

Chapter 6 further study thecharge transpornechanisnin the single TiQ nanobeltdevice
andproposea unique voltagelependent threshold switching mechanism for the emulation of
artificial nociceptor devices

Chapter 7 summarizes the research conclusion based on the above chapters and hhepose

future work



Chapter 2. Literature Review

The focus of this chapter is to provide tiiterature review of theecentdevelopmentof
memristive deviceg,esistive switching random access mem@gRAM) and the summary of
switching mechanisei Electrical performance and characterizationT, nanomateriabased

memristivedevices are alssummarized.
2.1.Memristive devices andReRAM devices

2.1.1.Whatarememristormemristive devices?

Memristor, or memristive devicavas suggested as théourth elemental circuit unit
theoreticallyby Chua in 19738 3 Even though itsexperimentalhistory can goback two
centuried?, it hasnot received much attentiaiterwardsuntil the link betweerthe experimental
resistive switching device basa nanoscal&@iO> and the memristor concept was established in
2008 byStrukovet al.in Hwelett Packartf. Ever since, the interest in resistive switching devices
dramatically increased in rext years The researcln the past decade hagmonstrated that
memrigors promise to be disruptive in electronics for the high speed, high scalability, low power
consumption, and compatibility with complementary metatle semiconductorTherefore,
memristor devices can be exploited for the next generatiowmfolatiie memory devices,
logic operation®r analog circuits® and the emulation of synaptic dynamiigsfunctioningas the
fundamental element for the realization of artificiauralnetworks promisingfor neuromorphic
computingapplication§®3. A class of menistor devices used in memory application is often

called resistive random eess memory (ReRAM)
2.1.2.WhatareReRAM device8

With the critical dimensiondownscalingto 5 nm to 2021in the semiconductandustry as
demonstrated by the latest InternatioRaladmap for Devices and Syste(RDS 20B), the
memory devices are faced with gregiportunitiesand challengesConventional silicorbased
flash memories consisting of a metalxidesemiconductor fielgffect transistor with an
additional floating gatin each cellre reaching their miniaturization limit in the néature, not
only for technical reasons, but also for physical limitatisugh as large leakage curréfts
Furthermore, thesilicon-basedmemories are also suffering from their own disadvantages.

Therefore, novel types of nerlatiie memories which edd satisfy the requirement dést



operation speed, good endurance and retention performamdtéw power consumption are
greatly demandedn recent years, mainly four types random access memories (RAM) have
been proposedferroelectric RAMs (FRAMSY, magnetic RAMs (MRAM)*®, phasechange
RAMs (PRAMsF® and resistive switching RAMs (ReRAMS) Among these different types,
ReRAM has beemaininga wide attentionas the nexgeneration notvolatile memory devices
due to itsadvantagesf simplemetatinsulatormetal MIM ) structure, fast operation speeahust
retentionandenduranceerformance, promisingcalabilitypotentiat and multilevel data stoga
capability*> 2% 37 Furthermore, resistive switching thin film devices may enable functional
scaling of logic and memory circuits beyond the limits of complementary ‘et
semiconductorsA resistive switching memory cell in a ReRAM is generally built by a capacitor
like MIM structure, in which an insating or resistive layell' is sandwiched between two
conductorsM’, as demonstrated in FiguteResistive switching occumshenthe device could be
electrically switched between at least two different resistance :siatégh resistance state (HRS)
ard a low resistance state (LRIhe resistance values at a certain reading voltage is different
when the resistive switching occurs, and HRS, by definition, refers to the state with the high
resistance values. Similarly, LRS refers to the state with thedsistance value8y applying
either avoltageor a current to a celkeversibleswitching between the LRS and HRS can be
achieved. Once switched, the cell retains the particular resistance state level for a lo@gé&me.
example of the nanoscale csbar for norvolatile memory devices can be seen in FigiifeThe

I-V sweeping performancef ReRAM devices is typical characteristic feature of memristor
devices, i.e., its-V sweeping performance is pinched to zero when the voltage drop across the
origin point3® %%t should be noted that ReRAM devidenly atypical example of menistive
devices.

Thematerialsused for ReRAM devicesan beclassifiedinto five types?: (1) binary transition
metal oxides, e.g., TEDCrOs, CuQ, FeQ, WOz, T&0Os, NiO, etc., (2) Perovskitgype complex
transition metal oxide®.g.,(Ba, Sr)TiQ, Pb(ZkTi1x)O3, BiFeG;, etc., (3) Large band gap high
k dielectrics, e.g. AlOs, Si0;, and GdOs, (4) Carbon based materials, e.graphene oxidg™?,
amorphous carbon materi#fisetc.,(5) emergingorganicand biematerials, such gsoly(methyl
methacrylate) (PMMAY and silk proteiff. Combination of thesenaterialsis also used for

different functional devicé§>°.



Two schemesf resistive switchingypesin ReRAM devicesregenerallyobservedunipolar
and bipolar with respeob tthe electrically polarity required for the resistive switching to otcur
Switching is unipolar when the procedure does not depend on the polarity of the voltage and
current signalA system in itdHRS (OFF state) is switched by a threshold voltage intd RS
(ON state) as sketched in Figud@). In contrast, the characteigsis called bipolar when the set
to an ON state occurs at one voltage polarity and tbget to the OFF state on reversed voltage

polarity, as demonstrated in Figure 3(b)
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Figure 1. Schematic diagram o&fliIM structure in ReRAMdevices, in whictM' andM™" denote the metal electrode

and | denote the insulator (switching layer).
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Figure 2. An example of thaonvolatile Pt/Ta:0s./TaO,x/Pt ReRAM devices(a) Scanning electron microscopy

image of @30-nm crossbar arrays of devices with the inset showing a magnified single devicen&nission
electron microscopgrosssection of a 36m crossbar cell. The insulating-0a.« layer can be seen along with the
TaO.« base layer, with a total thickresf 30 nm Adaptedwith permissiof?. Copyright 2011, Nature Publishing
Group.
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Figure 3. Sketches for classification of resistive switching, (a) Unipolar switching, and (b) bipolar swit@@rg

compliance curreit Adapted with permissidh Copyright 2007, Nature Publishing Group.

2.13. Characteristic parameters of ReRAM devices

As a future candidate for the nepgneration noivolatiie memory devices, thReRAM
devices shouldatisfy severaperformanceaequirements to repladdashmemay and dynamic
RAM (DRAM) devices.There are a number @haracteristic param@ts andrequirements for
ReRAM devices:

(1) Resistance ratioA typical large ON/OFF ratilO0 is generally required for ReRAM devices
to distinguish from different states amatlow for small and highly efficient sense amplifiers
and, hence, reasonably cestective ReRAM chipskFurthermoreto realizethe highdensity
data storage, theulti-level memory performancaf ReRAM devicess highly demanded.
This would requiralistinguishableatiosat the read voltagamong different staté%

(2) Endurance:Endurance denotes how many write cycles valternatingSET and RESET
process can be performed until the ON or OFF states falls out ofdtiefiped acceptance
window. Contemporary Flastnemoryshow a maximum number of write cyclestween 19
and 10, depending on the typ&hrough careful desigrahigh enduranceip to10'2 cycles is
achievedn TaOsx/TaO, x devices?.

(3) RetentionReention is the ability of a memory cell to keep stored information if the cell is not
addressed data retention time of >10 years is demandedorersainon-volatile memories
devices.Furthermore, the retention time should be checked under elevaigxbredure
condition (88C). Normally, theretentionof the current proposed ReRAM devidesn the



range of 18to 1 s. Furtherextrapolatedetentionfor different statesn actual studiehas
demonstrated to satisfy this requirement.

(4) Write and readperation write voltage should be in the range of a few hundred mV (not lower,
in order to be compatible with scaled CMOS) to a fewhelengthof the write voltage pulses
is typically <30ns. This allosfor a competition wittDRAM devices and outperforms Flash,
which has a programming speed of somed.Currently,a5 ns switching speed hasready
been achieved in Ag/Mn:ZnO/Pt memory deviéeAn even faster switching speed as low as
~100ps has also beatemonstratefor tantalum petoxide basedReRAM devices, which is
very promising for nonvolatile memory devicesas well asother high speed circuit
applicationg®. In terms ofread operationead voltages need to be significantly smaller than
write voltages in order to prevent an unintentional write during the read operation.

(5) Multilevel memory potentialThe potential oimultilevel memory performance &eRAM
memory devicess highly demanded for highensity informatiordatastorage Furthermore,
distinguishable resistance states among each level is also redypaally, fouror five level
memory performance could be generally achieved for most opribygoseddevices® >’
Further increasing the number of the levels poses great difficflties

(6) Scalalility and power consumptioif o realizethe highdensity norvolatile memory as well
asemerging applications in logic operation and neuromorphic devicgspwerconsumption
of the ReRAM devices should be very low to compete with the complementary metal oxid
memory and logic circuifé. But this is verychallengingto achieve currentlyEurthermore,
the highdensity storage for the future development of memory devices would recgrnall
feature size as well asliminating the sneak currentAll these requirements are very
challenging forcurrentReRAM devices t@chievesimultaneouslyWith the development of
e-beam lithography, 40x10 nnt crossbarstructurehasalreadybeenachieved in Hf/HfQ
devices witha low energyconsumptiofh Furthermore, dow power consumptionvith the
programmingcurrent as low as 10°° A and <102 A for SET and RESET switching
respectivey hasalsobeen achieveth PYNbO/TiO,/NbO/TiN stack device?.

It should be noted even thougine or several aboweaentioned reguements have already
been achieved for some devictgre is stilllackingrealizatiors of devicesto achieve allof the
requirementsFurther studies are highly demanded the achievemenobf excellentiow power

consumption,good uniformity andreliability, high scalability prospectsrobustretentionand



endurance distinguishable resistance states gulential to demonstrateultilievel memory

performance for the nexfeneration noivolatile memorydevices.
2.14. Summary of resistivevgtching mechanism

2.1.4.1.Cation migration--Electrochemical Metallization Memory (ECM)

Depending on the driving force, interface reaction, ionic transport for the resistive switching,
the switching mechanism ofiemristivedevices can be primarily divided intbermal,electrical
and ionmigration induced resistive switchingon migration mechanism could be further
subdivided into catiomigration cells, whichare based on the electrochemiogtowth and
dissolution of metallic filaments, and aniamigration cdls, in which electronicallyconducting
paths of sutbxides are formed and removed by local redox procgsstsvever, the mechanism
of memristivedevices, for example the nature of filament formation and their growth dynamics
are still under debate nowadays and the following paragraphs provide aubwiafsy of current
research status.

In cationbasedmemristivedevices, active electrodes, such as Ag and Cu are responsible for
the resistive switching process. This kind of switching mechanisneaofristivedevices is called
electrochemicainetallizationmemory(ECM). As demonstrated in Figure 4, théial stageof the
deviceis HRS, with no reaction of Ag (Figure 4(A)). When the positive voltage is applied to the
top Ag electrode, an oxidation reaction occurs at the Ag/insulating layer interfaces(B{&)).

The obtained Ag ions (cations) would migrate towards to the bottom inert electrode (Pt in our case)
and reduce to Ag atoms (Figure&ZJ). The accumulation of the Ag atoms from the bottom towards

top electrode would finally bridge the two electredswitching the device from HRS to LRS. It
should be noted that the corresponding current response is very steep and quickly reaches the
compliancecurrent, whichis used fompreventingthe device fronpermanenbreakdown(Figure

4(D)). The negative volge would induce the rupture of the filament by repelling the Ag atoms

back to Pt electrode and switches the device from LRS to HRS again (Figure 4(E)).
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Figure 4. Schematicurrentvoltagecharacteristiof ECM devicesaand corresponding mechanismwihich active
electrode (Ag, Cu, etc.) contributes to the resistive switchibljage is applied to the Ag electrode while Pt
electrode is groundeth the initial stage, no Ag ions is in the insulator layer (A); when updsitive applied
voltage to the active electrode, an oxidation reaction occurs at the active electrode/insulating layer interface. Then,
the injected Cu or Ag ions migrate within the electric field through the insulating layer (B), At the inert
electrodehsulating layer interface another electtoansfer reaction occurs. The Cu/Ag ions @ucedand a
Cu/Ag filament starts to grow towards the anode after having formed a stable Cu/Ag nucleus (C). The bridging
between the anode and cathode with Cu/fegrfent switches the device from HRS to LRS. While the rupture of the
filament with a negative voltage switches the device from HRS ta AR&ptedwith permissiof’. Copyright 2015
Wiley-VCH.
To investigate the resistive switchingechanisnof ECM device, Choet al. investigated the
currentresponseand themicrostructuranorphology change of Cu/GeTe layerIPteviceby in-
situ transmission electron microscopy (TEM), as dematest in Figure %. It could be observed
that multiplenancfilaments (with a diameter of ~5 nm) formed under the negative voltage (Figure
5(d), and these filaments become strengthened when a ft0t8&t voltage was applied (Figure
5(e)). The current response increased with the increase of the negatage veliggesting that
these filaments serve as conducting paths. The observation of the filament formation and rupture

is in agreement with the proposed E@Mchanismas demonstrated in Figude
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Figure 5. Demonstration of the stghing mechanism in ECM devices. (a) Schematic design of tkiéuin
experiment seup. (b) Insitu currentvoltage (-V) response. (€ff), Crosssectional STEM images obtained after
the voltage applications of €).4,-0.8, and +0.4/, respectively. (¢g)j) Black-andwhite images converted from the
raw STEM images of (eff), respectively Adaptedwith permissiof®. Copyright, 2011, WileyvCH.

However, the migration of ag® ions in the insulating layer highly depends on mobility of
cations in the dielectric layer. Yangt al. demonstrated an 4situ meaurement of the
Ag/amorphous SW structure in which the Ag ions migrate towards Yieslectrode at a much
slowerrate, whch leads to the reduction of the Ag atoms inside of the dielectric layer in contrast
to theW/dielectric interfac®. The result would be the filamefarmation from the Ag electrode
towards theW electrode as shown in Figure.6rhis process will lead to a dramatic current
response increase as demonstrated in Figurel6(@mparison, Yangt al.also showed that the
filamentformationagreeswith the demonstration in Figures 4 and 5 (botMhelectrode towards

Ag top electrode) when the dielectric layer changed from amorphous Sito SiO
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Figure 6. In-situ TEM observation of conductive filament growth in vertidgla-Si/W memories(a) Experiment
setup. The Ag/aSi/W resistive memory device was fabricated on a W probe in TEM, scale bannl@B)I-t
characteristic recorded during the forming process at a voltage\af(ty) TEM images of the devices
correspnding to data pointsg in (b) recorded during the forming process. Scale bar, 20 nm. It could be seen the
filament formation in (g) from the top Ag towards W electrofiéaptedwith permissiof®. Copyright 2012, Nature
Publishing Group.

2.1.4.2. Anion migration-Valence Change Memory (VCM)

In anionmigration basedmemristivedevices, theesistiveswitching mechanism is mostly
based on the migration of anions (defectthminsulating layer)Typically, oxygen vacancies in
N-type metal oxide material (such as %i@nO, etc.) and metal vacanciesrierstitialsin P-type
metal oxide materials (sh as NiO, CuO, etc.) are generated or rearichimgde switching layer.
Correspondingly, the material of theamentis differentfrom theoriginal switching layeim terms
of the electronic propertieshe secalled valence change memory. Take Ze&®an example, as
shown in Figure 7. Positive charged oxygen vacancies would rearrange into a filament (or a plug).
In the OFF state (Figure 7(A)), thilamentconsists of ftype oxide and a potential barrier in front
of the left electrode. By applying a regtye voltage, oxygen vacancies from the plug part of the
filament are attracted into the barrier (FigurB)§(which results in a significant decrease of the
barrier height and width due to a local reduction process, which turns the cell into #@©N
(LRS) (Figure 7(C)). For the RESET procespgaitivevoltage is applied to the active interface
which repels the oxygen vacancies (Figure 7(D)), leading to a Ieoaiaation, and turns the cell
into theOFF statd HRS)again.

12
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Figure 7. Schematicurrentvoltagecharacteristiof VCM devicesand corresponding mechanisms, in which the
defects of insulating layer (vacancies, interstitials, etc.) are responsilhe fesistive switchingBoth activeand
bottom(right) electrode are inert. When a negative voltage is applifttelectrodepxygen vacancies migrate
towards this electrode (B). Hence, the insulating region betweesulkstoichiometricwell-conducting filament
and the active electrode becomes conducting and the VCM cell switches to the LRS (C). By reversing the voltage
polarity oxygen vacancies are pushed back from the active electrode (D) and finally the HRS is reestablished (A).
Adapted with permissiéh Copyright 2015, WileyvVCH.

The conducting charels in metal oxide responsible for the resistive switchitgaviorwere
first demonstrated by Kwon, D.Ht al., in which the Magali phase of TiQ wasidentified from
crosssectional high resolution TEM in combination with its corresponding selected area electron
diffraction pattern and fast Fourier transformed images (FigGtemie conicaktructureof TisO7
nanofilament with the diameter of 15 andh® at thecathodeand anode interfaces respectively
is bridgingtop and bottonelectrodes. Due to its Higonductivity nature, the bridged 407 nane
filament would switch the device to ON state. The formatiotheMagnreéli phase in TiQ under
electric field is believed to be the generation of oxygen vacancies as the first step, following by
the rearrangement ttiese oxygen vacancies until a certain critical demedaghedleading to the

formation of the ordered structure (Matjrphase)In theory, surpassing the limit that susttime
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original crystal structure would resiti the local phase transformatioro the metalliaViagréli

phasén theTi-O systerf.
(a)

Ti,0,[231]

Figure 8. Schematic diagram of the experimental scanning probepsieithe TEM chamber, (b) High resolution
TEM image of structure after the electroforming process. (c) Selected area electron diffraction and (d) fast Fourier
transformed micrograph of the Magjnphase. Adaptedith permissiof. Copyright 2010, Nature Publishing
Group
Parket al. further demonstrated trebservation and identification of conductive channels in

the tantalum oxide based memristive devices (PH/3#0s./TaO«/Pt) via insitu TEM
characterization techniqu8sEach resistance state (set, reset and breakdown) was confirmed with
the insitu curremvoltage measurement. Figure 9 demonstrated the microstructure morphology
evolution of the switching Ta&Q layer under different states of the resistive devices. The €ross
sectional higkangle annular darkeld (HAADF) scanning TEM (STEM) images clearly
demonstrated the voltageduced variations in Fach areas duringET (Figure 9a),RESET
(Figure 9b) and breakdaow(Figure 9c) operations. The converted color images from the Figure
9ac further displayed the conductive paths in the switching layer in Figufe @t metallic
TaOwxphase (yellow region) was confirmed by electron energy loss spectroscopy (EEySganal

At the SET state, we could observe large conductive clusters that were clearly percolated into the
switching TaQx layer, as demonstrated in Figure 9a and 9d. ARBISET switching, the

conductive clusters in the TaQlayer became smaller and theercolation paths were partially
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interrupted (Figure 9b and 9e). After the breakdown operations, the areas of conductive clusters

significantly increasetecausef almostfilled Ta-rich clusters (Figure 9c and 9f).

Figure 9. Voltageinduced morphology evolution in the TaQayer. (ac) Crosssectional HAADFSTEM images
showing the structural evolution after the set (a), reset (b) and breakdown (c) operations. BrighttichahEse
(conducting paths) and dark area: vommducting clusters. Inset shethe atomic resolution STEM images
exhibiting the individual Ta atoms (green circles)}f)&seudocolour maps converted from the raw imagescof a
respectively. Yellow: Taich phase (conducting paths), blue: rammducting clusters. Bright and yellow regions in
(af) are regarded as conductive percolation paths. Scale bax, Bdaptedwith permissiof?. Copyright 2013,
Nature Publishing Group.

Moreover, for metal oxides which contain different types of defects, the involvement of theses
defects in resistive switching performance has not been exclWsdig A. et al. demonstrated
that there is a bridgeetweerECM and VCM in HfQ, TiO2 and TaOs materialsconsidering the
migration of both cations and anior@ations such as Hf, Ti and Ta ions would form metallic
filaments and participate in the resistiswitching proce$$ ¢ These cations are mobile under
electric field and can participate in the resistive switchimgcess in competition with the
commonly thoughtmigration of oxygen vacancies in VCM device$his suggests that the
migration of metallic cations (ECM) and migration of anions (oxygen vacancies) can be possible

to occur simultaneously in some resistiwgtshing systems considering that both cations and
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anions are mobileA complete transition from VCM to ECM is also realized by interface
engineerinff % The dual effects of anions and cations is also reported theoretically to be crucial
in resistive switching behavior oftype metal oxides,

However, in spite of thearious materials with similar rsictures demonstrating simil&V
response, the exact nature of filmentformation and rupturand itsdriving forces are still now
under discussion and differs from matet@material. The reasorfor theruptureof the filament
is still unknown aglifferentresearchers proposed different models for their explanations. Other
factors, such as concentration of defects in the switching layer, the effect of Joule (aeating,
crystdlinity of the switching layer make resistive switching mechanism of VCM ReRAM devices
even more complicated. The direct evidences of the identity of the mobile species in the switching
oxides are still lacking. These factors severely hinder the optimization of the performance of the
devices and furthapplicatiors.

Besides these factors, two other fastshould also be considered in terms of eletrical
performance of VCM based ReRAM devices: work function and oxygen affinitigecdictive
electrodé®. In theory, he difference beveenthe work function of the electrodeandthe Fermi
level of the metal oxide to a large extent would determine the contact resistance, which could
display a rectifying characteristi§chottky contactyvhen thedifference is big while displaying
linear response when the different is neglig{@amic contact)in redity, the surface states at the
metal/semiconductor interface will play an important role in determining the contact state behavior.
The analysis of the meta/metal oxide interface by taking into consideration of the work function
as well as the effect ohé surface states should be carefully combined to lead to a convincing
conclusion of the contact properfyurthermore, the oxygen affinity d¢ifie active electrode also
plays a crucial role in thewitchingmechanisminterface engineering of the metal/mlebxide
was shown to engineer the resistive switching performance of obtained ffevides metal
electrode that has a high oxygen affinity would lead to an additional depletion of oxygen ions in
the adjacent oxide near the interface and hence, an additional decrease of the barrier supporting
the low contact resistanc&he interface between electrode and metal oxide should be taken into
consideration for the engineering of the performé&hdde typical example is the Ti electrode on
the surface of Ti@to generate more oxygen vacanfiet contrast, some other types of metal

electrodesuch as Alvould generate ainterfacialinsulatinglayer on the surface tiiemetal oxide,
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which would function as reservoir of oxygen vacancies and engineer the resistive switching
performancé- 2
2.14.3. Charge trapping and Detrapping

Another model for the resistive switching performance is based qhstsécal perspective of
electron transport process. In the switching process, the electric field induced the trapping and
detrapping of carriers, mostly electrons in the system are responsible for the resistive switching
behavior of the devices. Comparedhmhe migration of oxygen vacancies which need higher
current (over fA), the charge trapping and detrapping could be more likely to happen for the low
current resistive switchirf§ The sources of the trap centers can be the defects of the switching
materials (mostly, oxygen vacanited®"®), additional charge trapsuch as quantum ddfs
imbedded nanoparticle layéandstacled graphene layef®. Typical examples of theV curves
can be fit bya PooleFrenkel (PF) conduction mechanisf hopping, anc spacecharge limited
conduction (SCLC) mechanigffl. A schematic illustration of the charge trapping induced

resistive switching perfonance is shown in Figuré®?®.
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Figure 10. Schematic diagram of for the transport mechanism of charge trapping and detrapping process. (a) Nearly
empty traps, (b) thermally generated carrier conduction, (c) traps partially filled and (d) fully filled traps, the device
is transitioned from HRS toRS at (d) The Ce@quantum dots function as the trap centBeprinted with
permissiori®. Copyright2013) American Cheival Society.

2.14.4. Thermochemicateaction(TCM)
In thermochemical reactielominated memristive devices, the forming and set process

correspond to the thermal decomposition of the storage media and consequent formation of the
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conductive filaments. This corresponds to the large voltage that is appttezlgastine devices

and switches the device from HRS to LRS. The reset process is triggered by thermal melting of
the existing conductive filaments by sweeping the relatively lower voltage. The schematic design
is shown in Figure 1
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Figure 11. Schematic diagram for filamentary channels in TCM devices and corresponding unipolar resistive
switching characteristicRkS: resistive switching, TE, top electrode. BE, bottom electrddapted from
Referencé?

Chenet al. demonstrated that the conductive filamenaiat/ZnO/Pt devices composed of
Zn-dominated Zn@y by in-situ TEM as shown in Figure 283, Figure 2(a)(d) displayed the
evolution of the conductive filament, growing from the cathode to the anode during the forming
process. When large concentrations of oxygen vacancies gather at the cathode, the zinc atoms
rearrange theiposition/structure from ZnO to crystalline dominated Zn@x. Meanwhilethe
reset process would rupture the filament by migration of the neighboring oxygen ions (Figure
12(e)). The migration of oxygen ions leads to the conversion betweedafmnatedZnO.x and
ZnO, which result in the resistive switching behavior. The corresponding unlpdlaurve is
shown in Figure 2(f) %,

It should be noted that although different switching mechanisms have been proposed for the
ReRAM devices, there is still controversy about the natfitiee switching performance. Even for
the same type of switching material, the electrical performance of the devias iaspreted
differently by different researchers. Our understanding of the nature of the resistive switching is
still far from conprehensive. Further study of the mechanism of the switching performance of
memristivedeviceds highly required for the engineering and optimization of the performance and

future applications.
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Figure 12. In-situ TEM observation of the evolution of the conductive filaments during forming the subsequent
reset process of a Pt/ZnO/Pt celkdjgA series of TEM images corresponding to the data poidtsdf). The white
dashed lines in ¢d) highlight the lament. (e) TEM image obtained after the reset ppecf) The corresponding-

V curveof forming (blue) and subsequent reset (red) process. Adejittegermissiof®. Copyright 2013, American

Chemical Society.

2.1.5Applications ofmemristivedevices

2.15.1. Multilevel menory fordatastorage

A multilevel operatioris highly desired for nexgeneration noivolatile memory devicefor
the application of data storggend device scalabilityResistive switching devices utilizing the
resistage change rather thaarge storage have attracted consideration as potential alternatives
to conventional chargeased memory devices such as flash mentdmitke binary state devices,
multilevel resistive switchingequiresrelatively well defined andistinguishable resistive states,
as well as long retention behavior for each statgracticeit is really challengingo achievea
high number of resistance stat@ wide range of materials have demonstrated stable multilevel
memory operatioperformamce!® 58 897 For example, a 3 bit/cell operation is achieved by WO
resistive switching devices with high endurance perfornfaraseshown in Figurd3. Another
research o& graphene oxidéhin film devicewith Ti top electrodelemonstrated-fevel storage
capabilities, with ultrafast switching speaad high flexibility propertsP.
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Figure 13. Multilevel memory storagef a WQ resistive switching memory device with highdurance

performance, adapted from Re¢ncé*.
2.15.2. Logic calculation
By utilizing the resistance change and its nonvolatile characteristic, memristor devices have
also been used for the Boolean operdtiand further logic computifig®® 8 Moreover, a
memristor device providethe unique characteristic dbgic-in-memoryoperation capable of
constructing an imemol computation systefiny merging the function of memory and arithmetic
logic unit, which are separatéd the conventional von Neumann architecttiré Borgehettet al.
firstly demonstrated that the memristive device can enablierial implication, a fundamental
Boolean logic operationn two variablep andq, as shown in Figur@4’. Linn E. et al. further
demonstrated that the passim®ssbar memristor devicesuld demonstratel4 of 16 Boolean
functiors in a singlebipolar resistiveswitchingor complementary resistive switching cell dhit
Xu et al. further demonstrated that all the B6oleanlogic functions can be achieved by diede
integrated single unipolar memristor devi®e&urthermore, teeliminate the effect of sneaking
current path for the crossbar memristor devices, some otherdfypemristivestructuresuch as
complementary resistive switching performaheoe connected with a transistor to form a 1¥4.R
a selector device to form a 1SR ®3and a diode device to form a 1D%#R®structures are also

proposed for the logic computing operation.
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Figure 14. lllustration of material implication logic operation byremristordevice Adapted with permissidn
Copyright 2010, Nature Publishing Group.
2.15.3. Neuromorphic computing

The development of artificialeural networks that coulival their biological counterpds is
very promising and highly desired, especidlly the era oBig Data. Comparedo conventional
digital computergdesigned fronthe von Neumanrconfiguration inwhich the arithmetic/logic
unitsand memory ungtareseparatethe configuratiorof brainoutperformdigital computers due
to its dramatcally different configuration, which couldimultaneously operate the arithmetic
calculation and memory without the burden of data transmisstmnkey tahe high efficiency of
biological systems is thenassconnectivity between neuronghat offers parallel processing
power®, The mammalian including human brains outperforms comgirienany computational
tasks, such as recognizing a complex image much faster and with better fidelity, and yet consumes
a tiny fraction of energy used by computers to do thisideed, theesearch on artificiaheural
networks could be dated back the 19508"°, where small networks of neurons dadctional
properties were exploreddowever, the progress of artificial neural networks has been less
remarkable compared with the progress on digital computers due to (iffitdty in realizng

the device limited by the computer fabricati@and (2) the dificulty in accurately modeling the
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neural network€° In recently years, driven by tlelvanced integratioalectronicsfabrication
processvith nanometer scalingeingfeasibleandhighly desireddlemand to process huge datal
information the research on theeural network®r artificial intelligence both theoretically and
experimentallyare gaining avide attentionaround the world.

Implemening neuromorphic computing in hardwaneuld bea great boost for applications
involving complex processes such as image pracgsand pattern recognitionfhe key
component for th@eural networkss the atificial neurons and the synapses where the synapses
connect the mneurons and the post neurons, as shown in Figur8ynapses are elemental to
information propagation ithe central nervous system in the brasnwell as bodyin most neurons,
the presynaptic sites are located eitheaatendrite or on the cell bodyd the human braiis
estimated to contain ~1B10" synapse!®. Synapses dominate the architecture of the brain and
are responsible for massive parallelism, structure plasticity and robustriee®iEdin They are
also biological computations that underlie perception and learfilregsignal transmissian the
chemtal synapses is mediated by endogenous messenger chemicals, kmsunoagnsmitters
In brief, the informationflow arrives at the axon terminal as an action potenfihls action
potential triggers the release of a neurotransmitter from a vesiclegwgos the neurotransmitter
binds to a receptor on ion channels, and ions cross the membrane through open channels. This
influx of ion produces a synaptic potential in the postsynaptic neuron. When the integrated or total
sum of the synaptic potential chragls exceeds its threshold, the postsynaptic neuron will fire an
action potential, i.e. the neuroesponds or conveys information to its connecting neurons and the
process continuegfter the transmission, the subsequent spontaneous deaycoincentation
at the axon terminaill lead to the presynaptic neuroeturningto the previous stat@® 1%°The
synaptic weighbetween two neurons can therefore be precisely adjusted iopihdow through
them.This dynamic process is at the root of information processing and memory in thefbrain.
solid state device that caccuratelyemulae the functions andlgsticity of biological synapses
a chemical synapse will therefore lige most important building block of brainspired

computation system¥’
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Figure 15. The inteaction between presynaptieuron and postsynaptic neurédwmapted from Refrencé®™.

Due to the impressive development of integrated circuits, researchers firstly used traditional
semiconductor devices, mostly transistorgmaulate theéiosynaptic behaviors, which comats
the expense of redring massively parallel logic cells and switching cells to be constructed,
leading tolarge areas circuits, low efficiency and low speed operatimd, high cost$?®
Furthermore, the dowscaling of semiconductor transistors is approaching its phygicis,
which push researchexsseelfor alternative devices that camulate thédehaviors of biosynapse.

A memristor as awo-terminaldevice, bears striking remblance to the synapse. Indeed, the
resstance change of a memristor device can be adjusted by thefftdwargethrough it, making
the deviceperfectto mimic the dynamics adbiologicalsynapsend also is far more advantageous
thantransistors due tiss simple structureigh switching speed arability to allow theintegrated
network to develop complex emergent behavibhe research of making use of mestoi devices
for the emulation of biosyapses has seen great progressthe past decadd he researchof
memristor for thepplication of neuromorphmmputing can be classified as two different aspects:
(1) examining new materials, configuration of memristor devices e émulation of
multifunctionfor the artificial synapse and (2) integration of memristor devices to artificial neural
networks for practical applications.

As to the first aspect, great progress Iheen achieved for the emulationbdsyrepses. For
example the formation of Ag condlctive filamens controlled by the applied bias the AgS
atomic switches caamulate the learning behaviof the human brairt® Furthermore, the same

research group demonstrated that the precise control oAghi@ament in the AgS system
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resemble the shorterm plasticity(STP)and longterm potentiatioLTP), key features for the
biological synapsesas shown in Figur&6.!' Similar behavior is also observed for the valence
change memory, where the oxygen vacancies based filaments can also be precisely adjusted by the
repeated pulses, leading to the transition from sieom memory to longerm memory’”.
Furthermore, the inner mechanism of the cotigdadilament formation and rupture ¢®ntrolled

by the ionic migration and diffusiorwhich can further be used forimicking the learning and
forgetting, relearningand reinforcement learninigehaviot®: 1% Kuzum et al demonstrated
firstly the memristors devicesan undergo Hebbian learning, a fundamelgainingrule in the
human braitf. It was further theoretically demonstrated that the secoder memristor, which
take into consideration afot only the conductance of the memristor device, butthksmternal
dynamicssuch asaccumulated heais requiredto emulate the timingontolled C&* dynamics
including frequencydependenplasticity and timingbased plasiticy®. Therefore by the inner
timing mechanism of the memristor devices, the performance of the device can be camyrolled
the historyof the previous performance, thianlead to thepairedpulse potentiatiofPPF)and
paired pulse depressi¢RPDY!°and metaplasticity*!4. Based on the cdrolled ion migration

by electric field and inner diffusion mechanisnesearchers used external or multiterminal
electrods to modulate theynaptic behavior, leading to the emulation of heterosynaptic behavior,
providing great potentidbr the emulatiorof biosynapsgin the human brafd®'?°. A summary

of the configuration for the hesynaptic emulation is shown in Figuté. Furthermore, for
mimicking the human brain, the energy consumption per synaptic event should be ingieosub
even in the fJ energy range, which were achieved by metal oxide thin film based memristor

deviced?!andalso in arorganic nanowirdased memristive devité.
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Figure 16. Ag.S based devices showing shtatm plasticity and lng-term potentiationdepending on the input

pulse repetition time. (88chematidiagram of a AgS synapse and the signal transmission of a biologicapsgna

Application of input pulses causes the precipitation of Ag atoms from th élgctrode, restithg in the formation

of a Ag atomic bridge between the Agelectrode and a counter metal electrdtlken the precipitated Ag atoms

do not form a bridge, the synapsesrk as the STP. After an atomic bridge is formed, it works as (Q)P.

Experimental dewnstration of the STP and LTP by recording thange in conductance of the synapse when the

input pulses were applied with a relative long intervals of Ts=a0d (c) T=%. Adaptedwith permissiof..

Copyright 2011, Nature Publishing Group.
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Figure 17. Summary oftonfigurationand devices for theeterosynaptic emulatidmasedon memristive devices. (a)
Schematidllustration oftwo-terminal platicity (homosynaptic) an¢b) heterosynaptic plésity. (c) SEM image of

the device on the substrate, in which the Ag clusters between the pre and post electrodes can be modelated by th
application of bias on the MOD electrode -(a) are adaptedith permissio#s. Copyright 2015, WileyVCH. (d)

A schematic illustration of a different device based on the metal saidwichmemristor devices with a side
electrode functiomig as the modulatory electrodes. Adapieith permissiof'®. Copyright 2017, WileywWCH. (e)
Schematidiagram showing the synaptic interactions enabled by the diffusion of plasélzted proteingPRP)

among multiple synaps8pecifically PRPs are generated in the postsynaptic termirgirafpse 1 and can diffuse
to the synapes 2, 3, 4 through the dendrite. Depending on the difference among diffusion, synaptic behavior among
these synapsean be different(f) five terminal Mo$S devices, in which the distribution of conductive ioasthe

terminak such as Electrode,B, C and D can be controlled separately and lead tpdtentialheterosynaptic

emulationpossibilities, inset, SEM imags the fabricated Mogdevices(e) and (f) aredaptedwith permissiof?®,
Copyright 2018, Nature Publishing Groyp) Six terminalMoS, devices, in which any two of the inner electrodes
(1, 2, 3, 4) can be controlled by the outside electrodes (5 and 6). Adepitgmermissiof®. Copyright 2018,
Nature Publishing Group.

As to the second aspect, tipeactical application of memristiveedicesare used for certain
artificial neural networksThese applications are normally based on mature materials and process
such as the widely studied Tibased memristive device8y the fabrication of crossbar
memistive devices, certain functions havbeen reported;ncluding pattern and face
classificationt?*12° sparse coding®, multilayerperceptron network’’” coincidence dtectiort?®

differentlearningbehavior such as unsupervised leartihd®? selfadaptive learning?, etc.A
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typical example for the use of crossbar memristive device for the application of face classification
is shown in Figure &
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Figure 18. Natural image processinging the memristor crossbar structures. (a) SEM image of the fabricated
memristor array. Upper right inset: magnified SEM image of the crossbar. Scalenharl 8wer left inset:
memristor chip integrated on the test board after-mneding procesgb) A 322 32 chequerboard pattern
programmed into the emristor array and subsequently read back using the hardware systenf{dh@aiginal
12 120 image. The image is divided into roverlapping 44 patches for processing. (d) A4ipatch fom the
original image. (e) The experimentally reconstructed patch from thg2léemristor crossbar using the locally
competitive algorithm and an offilee ar ned di cti ont@keg!| ba s & p Mentbamdewi nhey
potentials of the neurons as a function efation number during the locally competitive algorithm analysis. The red
horizontal line marks the threshgddrametet . (g) Experimentallyreconstructed image based on the reconstructed

patchesAdaptedwith permissio#?. Copyright 2017, Nature Publishing Graup
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2.2.1D TiO2 nanomaterial basedmemristive devices
2.2.1 TiO2 basednemristivedevices

Among different nanomaterml that display resistive switching performancTiO:
nanomateriabasednemristive devicehave been widely studied due to its easf fabricatior?®
132 and its ability to demonstrate both unipold? 3**and bipolaf® 13 13¢resistive switching
behavior Furthermore, realization dfie firstmemristor based on Ti®Qurther pranoted the wide
study in different types of Ti©material based resistive switchibghavio?®. However, as to the
switching mechanism based on Fi@aterials, various experimental and theoretical mechanisms
are observed and propos@&mth unipolar resistive switchifiyand bipolal®’ resistive switching
performance in VCM devicdave been observed in-&itu TEM studies, whicltsuggest the
migration of oxygen vacancies form conductive filamenplays a crucial role.The typical
example is shown in Figure B which aMagréli phase otonicalTiO; filament is formed after
the electroforming proces3he formation of the different phase from bi@3 related to the
electricallyinduced modification of the local oxygen content along filamentary structures and the
corresponding modulation of the electronic properties associated with the occupationdf the 3
stateat the neighbong Ti atomd®8 Furthermore, ifferent resistive switching mechanisms of
TiO2 based ReRAM daces have also been reportattiuding ECM inAg/TiO2/Mo-doped 1nOs
structuré®®, VCM in Pt/TiQ/Pt in which oxygenvacancies migration formed conductive
filamens®": 149 charge trapping and detrapping in which oxygen vacancies offlii@tion as
trap centerd: 73 75 80 11The diversity of the resistive switching mechanisms in;Ti@sed
materials is ascribed to the rich chemical nature o Tditaining different phases composed of
TinO2n1( N =3, adAd relaivé ¢asy oxygen vacancy migration in the: W@trix}42 Recently,
it was found in the planar Pt/T#Pt structurevia in-situ TEM observationthe dissociation of Pt
atomsderiving fromthe interaction between Rind oxygerdeficient TiQ would lead to the
formation of Pt filament bridging the anode and cathodesing the electroforming proceEsen
though the migration of oxygen vacanciesalso playing a role in this system, the experiment
demonstrates that the anode electrode such ds Rot as inert as normally assumid
Furthermore, the oxygen affinity ¢fie metal electrode and the interaction betwé&ssmetal
electrode and Ti@are found to be important in the resistive switching performance a¥3well
Cation of TiQ (Ti ions) are also found to be involved in resistive switching performansame
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system&. These different switching mechanism®ri experimental observation as well as
resistive switching behavior make thature of the switching mechaniohTiO2 based ReRAM

devices still unknown.
2.2.2. 1D TiO2 nanomaterial basademristivedevices

2.2.2.1 1D nanomaterial basethemristivedevies

In comparison with thin films, the introduction of nanowires (nanorods)eimristivedevices
offers structural advantages that are expected to improve the performance of memristive devices.
Nanowirebased devices can be fabricated using a bettpmpproach, rendering a promising and
reliablecandidates for going beyond the scaling litndtas of the topdown approach by standard
photolithography proce¥¥. Furthermoreduring resistive switching operation, nanowires will
facilitate the formation of straight conduction paths that enhance carrier trdhsphbis is in
contrast to the branched conducting filaments that normally occur in structures based on thin
films!%. As a result, higiguality memristor performance together with good stability and
reproducibility can be realizéd In addition, the confined structure of nanowires enable the precise
engineering of the conductive paths (channels) as well as the metal/semiconductor barriers via the
application of biases, leading the potential inmultilevel memoy performance, which offers
much promise for higldensity data storage in naolatile memory devicé$*4°. For example, K
Nagashima et al. demonstrated by using a sing©f£oeanowire,a multistate bipolar resistive
switching performance with endurance up t& &&lescan be achieved, as shown in Figh§e*
Furthermore, the large specific surface ared e surface defects of tloé nanowireswould

make a difference in terms of the electron transport from thin film based dé¥ices
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Figure 19. (a) Typical IV sweeping results of individual MgO/g04 nanowire deviceinset, SEM image of the
nanowire devicg(b) Switching enduranceerformanceip to 16 cycles. Adaptedwith permissioff*e. Copyright
2010, American Chemical Society.

Many different nanowirdbased ReRAM deviceshave been reportedncluding single
nanowire based ReRAM devices suchTad,48: 149, 151, 192733153, 154 7 O/TiQ, nanowiré®>,
NiO®6 CuQ®" 198 vO,1°° W50 161 Ag,S162.163 Cs0,4146, carbon nanotub&¥ and nanowire
array based ReRAM devices such a&,'%°1%8 alpha FgOs'%, zZnCt 76 170 171 BiMn O3 "2,
NiO/Pt 147, CwO'"3, Ag:St"4 ZnO/TiO; composits'’®. It should be noted thathe switching
mechanism of nanowirbased ReRAM devices might be different froomventionally thirfilm -
basedlevices due tthe morphology difference-or examplefor the case of ZnO nanowire with
active electrodes, it isxperimentally demonstrateshdtheoretically studied that the Cu adatoms
from the active electrodsould form a conductive channeh the surface of nanowiresd thus a
percolation path for the electraransportleading to the transition from HRS to LRS"” Smilar
experimental observation was obtained ZoeSnQ, nanowire based ReRAM devicesth Cu
electrodefrom energy disperse Xay spectroscopyEDX) elementalmappingin STEM, as
demonstrated in Figur20'’® However, this surfacdominated switchings not feasible fogold-
in-G&O0s coreshell nanowiredbased ReRAM devices, whidhowsinvariableSET and RESET
voltages regardless of the length of nanowires, wisiattributed to the electraransport through

theconducting paths formed at thesGashell layer and Au metal cqras demonstrated in Figure
21179_
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Figure 20. (a) SEM image of Cu/Z$nQy/Pd device, (b)-V characteristic bipolar resistive switching behavior, and
(c) EDX Cu elemental mapping results for the device in the ON (LRS)dtégwhich demonstrated uniform Cu
distributionon the nanowireAdaptedwith permissio#’®. Copyright 2012, Royal Society of Chestriy.
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Figure 21. Schematic illustration of conducting paths and the transport mechanism that explain the properties of

invariantset and reset voltagagainst different distances between electro@®emonstration that oxygen

vacancy filament connects to the gold core in the center of hanowire because the distance between two electrodes is

much larger than the thickness of thexGgshell thickness(b) Indication that the oxygen vacancy channel aala li

to the gold core due to the smaller diameter compared to the distarie¥.dlaqracteristic of a single gold G&03

coreshell nanowire with different distances between electrode and the inset is the SET chip image. Theses set and

reset voltages ammost the same with different distances. Adaptgt permissiof’®. Copyright 2012, American

Chemical Society.
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2.2.2.2 1D TiO2 nanomaterials baseshemristivedevices

Various types of Ti@nanomaterials have demonstrated resistive switching behavior. The most
commonly studied is the Ti@ thin film basedmemristive devicesand different switching
mechanism have been studiéd 1818 Furthermore, solutieprocessed Ti@layer from solgel
method also displayed reproducible resistive switching perfornffint® Recently,Schmidtet
al. studied theesistive switchingperformance of single Tinanoparticlausinga conductivePt
tip, and it was found the crystalline shell of the individual nanoparsateucial for the esistive
switching performancé®. But realization of individual nanoparticleasednemristivedevicesis
currently not feasible due to tleemplexity and cost of thiabrication processComparativey
speaking,little research on 1D Ti®nanomaterialshased memristive devices for different
applicationshasbeen reported.

O &elly et al first demonstratethe realization of a single Tikhanowire basethemristive
device.It was shown thaa single nanowire based memristor device is capable of displaying
multilevel memoryperformanc&®. Furthermore, ternary synaptic plasticity performance of single
nanowire based devicegmsalso realizedy Honget al, indicating great potential for the single
TiO2 nanowire as the building block for neuromorphic compdtthdgiowever, the demonstration
of the memristivgperformanceind synaptic plasticitijothrequiredalong electroforming process
at high voltagesvenup to200V, which is not suitable for real applicatioigirthermorelin et
al. showedhat the femtosecond laser irradiation ondimgle TiQ nanowire basedevice would
result in improved controllablmultilevel memory performance, as demonstratdeigare 22148,

The femtosecond laser irradiatiorowd engineer the oxygen vacaraigtributionlocally at the
TiO2/Au interfacevia plasmonieenhanced optical absorptiamhich leadto the stablenultilevel
memory performance without the conventionally required electroforming pr@gshecurrent
fabrication process which includes timnensuming éeam lithography and the variability from

differentsamples are theoncerndor single-nanowire lasedmemristivedevices.
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Figure 22. Simulation of electric field distribution around the femtosecond laser irradiatech@ii@wireAu
electrode bridging structure at a polarized laser wavelength of 800 nm. The color scale indicates the magnitude of
the generated electric field. (BEM images of bridged TiAu structure after fs laser irradiation. Inset shows
magnified joins andthe presence of spot weldin@) Memory level profiles for femtosecond laser irradiated¥iO
Au memory units. Repeatable memory behavior with selectable levels is disgagededwith permissioff?,
Copyright 2016, WileywCH.

2.3. Hydrothermal synthesized TiG; nanowiresand memristive devices

The hydrothermal method to obtain wallgned nanowirearrays is easier compared with
costly ways to get a Tigxhin film (by sputtering or atomic layer deposition process) as well as
the individual nanowires. This widely used method to obtain nanowngghe corresponding
memristive devices providethe possibility to control the electrical performance via the
morphology and the properties of the nanowires, such as the electrolyte of the solution, the growth
period of the hydrothermal process, etc. Meesrothe wide suitability of hydrothermglowth of
different metal oxide nanowire arrays warioussubstrates provided great potential of engineering
the performance of obtain@demristivedevices® 17> 19 These nanowire array base@mristive
devices also displayed unique characteristics such as-chgiiolled resistive switching
behaviot®® andhydrophobicperformancé 1" In the case of Tig the growth of TiG: nanowire

(nanorod arrays on different substratgg hydrothermal procesincludingfluorine-doped tin
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oxide (FTO) substrat®®?, Ti foil1%, Si substrafé® graphene sheétd etc. has been reporteas
demonstrated in Figur23. The key for thesuccessfugrowth of nanorod arrays the nucleation
sites supplied bythe substratesuchas FTO and Tior other preapplied nucleation sites by
depositing a seed layer on the substrate such as graphene and Si subskatesiowire arrays
have been applieth sensing®?®, dyesensitizedsolar cell$® 2’ supercapacité? and field
emissior®. Recently, TiQ nanowire arraysgrown on baré=TO substrates by a hydrothermal
process, have been reported showing resistive switching beti&tfibr The FTO substrate
provides nucleation sites for the growth of th@nowire arraysand functions as the bottom
electrodeat the same timéor the device.The |-V characterigc curve displayed reproducible
resistive switching performancélowever, the result showed that the realization of resistive
switching behavior required a forming procé8er displayechigh-amplitude current respon$é
168 which is not promisindor the lowpower consumption requirement for the future-wotatile
memory devicesWhether these nanowirarraysbaseddevices could demonstrate multilevel
memory were not studied eith&urther optimization of the nanowire arsaghould be performed

for the application of resistive switching memory devices.
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Figure 23. Hydrothermalgrown TiQ, nanowire(nanorod arrays on different substrates, (a)fdil, adaptedwith
permissiof® Copyright 2008, American Institute of Physi(is) Si substrateadaptedvith permissiofs.
Copyright 2010, AIP Publishing LLGc) graphene nanoshe¢itsset, crossectional view of the agrown TiO-
graphen€TiO; heterostructurgsadaptedvith permissiof®. Copyright 2011, WileyvCH. (d) FTO glass substrate
Adaptedwith permissiof®X. Copyright 2009, Amerin Chemical Society.

2.4.Summary

Memristive devices have been receiving increasing attentiaine past decadeue totheir
great promisegfor nextgeneration notvolatile memory devicesEven though many types of
materials demonstrated resistive switchiperformance, there is still a lack of materials (or
combination of materials) to satisfy all the requirements for the applicatioituire nortvolatile
memory devicesFurthermore, it was demonstrated tl&) nanomaterial basethemristive
devices would be advantageous compared with thin films. But an easy way to fabricate nanowire
basedmemristivedevices is still lacking to satisthe requiementssuch asxcellent lowcurrent
response, good uniformity and reliability, distinguishabléstasce states and potential to display
multilevel memory performace for the nexgeneratiormemory devicesTiO2 basednemristive

devicesarepromising formemristivedevices and it is possible to engineer the resistive switching
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performance via differdérphases, morphology and stoichiometry of Zithe goal of this research
is to fabricatelD TiO. nanowire basedhemristivedevicesvia hydrothermal methodnd study
their electrical performance and corresponding mechanisanthermore, different ways to
engineer the electrical performance is studied to proaloktter understanding of the nature of the

resistive switching behavior
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Chapter 3. Resistive Switching Memory of TiQ Nanowire Networks Grown on
Ti Foil by a Single Hydrothermal Method!®®

3.1.0verview

The resigve switchingcharacteristicef TiO2 nanavire networls directly grownon Ti foil by
asinglestephydrothermatechniquearediscussedh thischapter The Ti foil serves as the supply
of Ti atoms forgrowth of theTiO2 nanowires, makinghe preparation straightforward. It also acts
asa bottom éectrode for the deviceA top Al electrode was fabricated bybeam evaporation
process. Th&l/TiO2 nanowire networkJi device fabricated in this waylisplayed a highly
repeatableand electroformingree (intrinsic) bipolar resistivebehaviorwith retention for more
than 168 s and an OFF/ON ratio of approximately 7@G.eTswitching mechanisif this Al/TiO >
nanowire networkdi deviceis suggested to arise from the migration of oxygen vacancies under
applied electric fieldThis provided a faté way to obtain metal oxide nanowipased ReRAM

device in the future.
3.2. Introduction

ReRAM devicesutilizing an electriefield-induced resistance switching phenomena has
attracted great attentidor nextgeneration notvolatile memory due to its adntages of simple
sandwichstructureof metal/insulator/metahigh storagedensity and faspperationspee® 1°3
Among different metal oxide materials that demonstrate potential for ReR&Mding NiO%:

197 Ti0y33 68,70 Zn (M3 171,198 /0,199, Tg,05%% 290 Cud®’, W52, etc.TiO2 nanomateriabased
memory has been widely studied due to itees$abrication®® 32andits ability todemonstrate
both unipolal®® **and bipolaf® 13> 3¢resistiveswitchingbehavior Compared to Ti@thin films
used for ReRAMP: 135 136. 202, 20%e\y studes based orlD TiO, nanomateals for ReRAM have
beenreported It was recently shown thatsingle TiQ nanowirebased resistive switching device
demonstrate multi-level memorybehaviot*® 14° But the fabrication process @&u electrodes
bridging asingle nanowire requiredostly and timeconsumingelectronbeam lithography.
Therefore, a facile way to fabricate Li@anowirebased ReRAM is redred. Furthermore, TiQ
nanorod® 2%*and nanotub€® arrays gown onFTO glass substrate bydirothermalsynthess
were also employed in resistive switchimgmorydevices, however transparent conductive glass

was required as a substrate. It was recently reported than@i@wire networksould be grown
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directly ona Ti foil via a hydrothermal methdti 192 205 20%r oxidation proces8’ 2°6and the
applications of these nanowdrén dyesensitized solar cefi® 2°®and field emissioff” were
investigated. But the suitability of these Tianowiresfor ReRAM devices and the
corresponding switching mechanism have not epartedyet

In this chaptey TiO> nanowire networksvere directly grown on Ti foil by a hydrothermal
method and their resistive switching behaviasimvestigated. Since the T6il serves both as the
source of Ti during the synthesis of the Ti@nowire, as well as a bottom electrode for the device,
preparation of the device is straightforward, esfé¢ctive and highly reproducible. Notably, the
electrical contact between thanowires and the bottom metal substrate is ensured. According to
the currentvoltage(l-V) measurementsf the fabricated Al/TiQnanowire networks/Ti device, a
switchingmechanism based on the migration of oxygen vacancies is proftsaeliability of
thefabricateddevice was examined by studying its retention and endurance performance.

3.3. Materials and Methods

The synthesis process TiOz nanowire networksn Ti foil is demonstrated in Figure 22
205 Briefly, a piece of Ti foil(99.9%)with a dimension of 1.5 cmx3.0 cmx0.127 m8igma
Aldrich) was ultrasonically cleaned in acetone, isopropanol and-®@water for 10 mintes in
sequence and then placed against the wall of a 125 mL Tlefemhstainless stealutoclavdilled
with 40 mL of 1 M NaOH aqueous solution. Then, the sealed autoclave was put into an oven at a
temperature of 220C for 20 h.Next the Ti foil covered with nanowire was taken out of the
autoclave animmersed in 50 mL of 0.6 M HCI solution for one hour to exchangewita H*.
Finally the foil wasannealed inside a furnace at 3@0for 3 h in air to transform theMi2OsAd.0
nanowires to anatase nanowires. The color of the foil turned white afteatbmationprocess.

During device fabrication, the top electrode vpasparedoy depositing an Al layer with a
thickness of 150 nrthrougha shadow mask having circular holes (1 mm iantter) using €
beam evaporation process (Intelvaioeam evaporation system). The pressure w&sl€° Torr
and the deposition rate was 1A#ectrical measurements were performed with a Keithley 2602A
sourcemeter at ambient conditions. The bias vgp#tavas applied to the top Al electrode and the
Ti foil was grounded during electrical measurement

For characterization of the Tianowires, a fiel®mission scanning electron microscope

(FESEM, LEQ1550) was used to check the surface morphology. Transmission electron
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microscopy (TEM) (JEOL 2010Ryas used t@xamine the structure and crystalline defects of
TiO2 nanowires. Xray diffraction analysisXRD, PANal yt i c al Xopert PRO
analysis (Reinshaw mictBaman spectrometer) were used to identify the crystal structure and
phase. Furthermore, -y photoelectron spectroscopgiXPS) measurement (Thermo VG

Scientific ESCLab 20) was carried out to examine the surface chemical states of the nanowires.

(1)220C, 20h e-beam evaporation
(2) 0.6M HCI, 1h
1M NaOH (3)500C, 3h — —
) ) Ti foil ) i Ti foil
TiO2 nanowire layer TiO2 nanowire layer

Ti foil
Figure 24. Schematic diagram of the fabrication process for.Ti@howire network based device on Ti foil.

3.4. Results and Discussion

3.4.1. Charactization of TiQ nanowire networks

The SEM image illustrated iRigure 25(a) demonstrated network of TiQ nanowireswith
lengths of several micrometers from the top viéhe statistical summanf the whole SEM areas
showed thathe nanowires have an average diameter of 26x4Thmuniformity ofthe diameter
of the nanowires indicatedthatthe growthoccurred predominantlthrough epitaxial addition of
growth units to the tig8® During the hydrothermal process, the Ti@anowires grow
perpendiculdy to the substratéirst and then thdips of nanowiresappear tobend and stick
together to forma network ofnanowires®. Therefore, the top Al electrode, as deposited, makes
heterogeneous contact with the nanowires and-¥eharacteristics then reflect the average
contact with a large number of individual nanowires. TEM image of the f@owires (Figure
25(b)) showed the (101) plane of anatase in addition to many crystalline defects. These defects
could have a significant effect on the resistive switching behavior of the fabricated devices as
discussed later in thshapter

A roomtemperature Raman spectrum of Tri@nowiresn Figure25(c) showed peaks at 141,
194, 395, 512 and 634 cinThese peaks are characteristic of the anatase phase. The peaks at 141,
194 and 634 crhare assigned to the Bhodes while the other two peakssal and 395 crhare
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assigned to the 8 modes in TiG**°. The XRD characterizatioresults in Figre 25(d) further
confirmed the phase of the Ti@anowires, as the peaks of (101), (112) and (200) planes of anatase
in agreement with the standard spectrum (JCPDS N&22Z2). It should be noted that one of the
anatase peaks at 38°®werlapped with the pealof the Ti foil (JCPDS No44-1294).

Moreove, the surface chemical states of the Jdi@anowires were analyzed by XPS. Figure
25(e) showed peaks at binding energies of 459.4 and 465.1 eV, which can be assignedto Ti 2p
and 2py, respectively. These are typical XPS spectra &f ifii TiO.. Thesignal from T#* was
too small to be detected. Furthermore, two Gaussian peaks were observed in the fit to the O 1s
spectrum (Figur@5(f)). The binding energy at 529.66 eV is assigned to thbddd in TiQ while
the binding energy at 531.33 eV can Helatted to oxygen vacancies in T. XPS scans show
that the synthesized Tihanowires contain locally distributed oxygen vacancies, in agreement
with the HRTEM result in Figurgs(b).
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Figure 25. Characterization of Ti@nanowires, (a) Top view SEM image (inset, statistical summary of diameters of
~100 nanowires), (b) HRTEM image, yellow arrows indicate the crystalline defects (inset, TEM image of TiO

nanowires), (¢) Raman spectrum, (d) XRD results, (e) Ti 2p XPS speatrd (f) O 1s XPS spectrum
3.4.2. Electrical performance evaluation

3.4.2.1. Resistivawitching characteristics
Theresistive switching behavior was examinedgbgp p| yi ng t he voltage as
VYO VY10 VY aswsepingiraterof 0.1 V/3he l-V characteristic curve illustrated in
Figure 26 demonstratea typical bipolar switching behavior. The Al/Ti®anowire networks/Ti
device was initially in the high resistance state (HRS). During the application of the negative sweep
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from 0 tenegativécurkéntindreased gradually and the device switched to low resistance
state (LRS, ON state) (SET process). The device maintained the LRS during the forward voltage
sweep but switched back to the HRS during the voltage sweep back from 10\W (RESET
process) Notably, the resistive switching behavioroistainedwithout an initial electroforming
process, which as normally requiredor devices consisting 6fiO2 thin films?: 70 210 This is
expected to be due to the high concentration ofotle{f@xygen vacancies) in the Ti@anowires

after the synthesis process, asrsén the HRTEM image in Figur24(b) and the O 1s XPS
spectrum in Figre 24(f). Intrinsic resistive switching behavior has also been observed with metal
oxide materials contaiing a large defect concentratiaithout the electroforming process 2%

212 However, some devices require forming treatments, such as hydrogen ajffemtid Ar
irradiatiorf'® to generate an oxygen vacancy layer to enable or enhance the resistive switching
characteristicsThis forming-free characteristias attractive for ReRAM since it would simplify

the memoryoperationandenable higher dengitnemorydevices’.

107 3
10 3
<1075
= g
g 10 _E——_F__,\I-Ti-o
Q N
109'5 TiO2
10-10;7 - oxygen vacancies
] 5850 TiO2x
10-11-'I'I'I'I'I'I'I'I'I'I'l'
-12-10 -8 -6 -4 -2 0 2 4 6 8 10 12

Voltage(V)

Figure 26. I-V characteristic curve of the Al/Tihanowire networks/Ti devicédeft inset, schematic diagram of
interfaces in the device in the pristine st®eght inset, optical photo of an actdiabricated device on Ti fgil

It should be noted that thigsistive switching behavids quite different from Reft**, which
showed that Ti/TiQfilm/Al structures displayelihearl-V characteristic curves due to the Ohmic

Ohmic contact combinatiorThe difference is expected to be ascribed to the reactions at the
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Ti/TiO2 and Al/TIO, interfaces during the synthesis dfet TiG: nanowire networks and the
deposition of Al layerGenerally, heTi layeris regarded aa chemically reactive contact that will
reduce the Ti@and create a locally high concentration of oxygen vacamges the Ti/TiQ
interfacé3® 143 214 The formation reaction of oxygen vacancieexpresed in the KrogeWink

notatiort® as

020 @2 ¢Q -0 Eq.(1)

where (2is the oxygen on the Tiattice andw?is a positively charged oxygen vacancy. The
generation of oxygen vacancies near the interface between Ti apchdmOwires is enhanced
during the calcination process due to an increase in the diffusion of Ti atoms into ili@y€iat
high temperaturelherefore, a nostoichiometric TiQx (x>0) layer with a high concentration of
oxygen vacancies would be formed between the Ti foil and A@owires. Oxygen vacancies in
TiO2 act as rtype dopants with shallow donor states below the conduction banevauid
transform the insulating metal oxide into an electrically conductive semicontfudn addition,
oxygen vacancies in Tgxhibit higher mobility than metal interstitials at room temperature, so
that the number of oxygen vacancies in J&@e expected to dominate resistive switchialgdvior

132 The distribution of oxygen vacancies in the Fi@nowire layer is expected to be uniform
above the Ti/TiQinterfacé’®. On the other hand, during the deposition of the Al layer, the high
oxygen affinity of Al results in Al reacting with TgDforming an interfacial insulatingl-Ti-O
laye®® 773 Consequently oxygen vacancies are expected to be generated underneath the
interfacial layer according to Eq.(1)ltough a much smaller concentration of vacancies is
expected compared to the Ti/Titterfacé’. These interfaces in the pristine state are illustrated
schematically in the inset of FigurZ/. The different concentrations of oxygen vacascie
distributed at the Al/Ti@interface and Ti/TiQinterface result in asymmetric barriers for charge
transport, which plays an important role in the switching behavior of the device.

Furthermore, Figur@7 showedl-V characteristic curves unddifferent sweeping voltages
displayed similar bipolar resistive switching behavior in spite of difference in the achieved SET
and RESET currents. These results highlight the repeatability of the Alf&i@wire networks/Ti
device. Asymmetrical or sefedifying resistive switching can be seen in bothufes 26 and27.

The origin of this seffectifying property can be attributed to effect of theTAO layer on the

migration of oxygen vacancies as discussed in the next section.
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Figure 27. 1-V characteristic curve of the AliO, nanowire network3i device under different voltages

3.4.2.2. Switching Mechanism Analysis

Based on the discusséd/ characteristic results, the resistive switching mechanism of the
Al/TiO2 nanowire networkdi deviceis proposedAs explained, theoncentrationof oxygen
vacanciesat theAl/TiO: interface and Ti/TiQinterfaceis different. These oxygen vacancies are
mobile under external electrical fieltP. Whenthe Al top electrode is undea negdive bias, the
oxygen vacancie the pristine state (Figur28(b)) migrate toward thetop electrode, forming
pathwayswith high electrical conductivityit is expected that the geometry of the confined,TiO
nanowire provides a large surface area and a direct pathway for the migration of oxygen vacancies
for stable switching behavity. Simultaneously, electrons would be injected from the édtebde
and driftto the bottom Ti electrode. Once one or more conductivevaggare formed fronthe
top electrode to bottom electrode, the device is switched &@Nillustrated in Figur@8(a).
Moreover, sme oxygen vacancigray accumulate at the ATi-O layer which functions asn
insulating layer to inhibit oudiffusion of oxygeri. This insulating layer may play an important
role in the switching behavior since the formation and dissociation of this layer is exjoebeed
closely related to the migration of oxygen vacancies under electri€%i€ldJnder negative bias,

the migration of oxygen vacancies to the Al electrode may result in the partial dissolution of this
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insulating layer, whereas this layer would be widened when the Al top layer is under a positive
bias.

In the RESET process, tbgygen vacancias the TiQ: matrixare repelledowards the bottom
electrodeleading to the recovery afhigher concentration of oxygen vacancies near the Ti bottom
layer, and widening of the ATi-O layer as oxygen vacancies drift away from thiger®. The
presence of a potential barrier in the AVRFO interfacial layer would suppress electron tunneling
through the interface and inhibit the formation of conducting channels. Conversely, as oxygen
vacancies migrate to the top Aéetrode under an applied negative bias, the interfacial layer begins
to thin, increasing the probability of electron tunneling and enhancing the formation of conductive
channelsAs a resultthefinal currentflowing at +10V is much less than that al0 V. This is
characteristic of asymmetricat selfrectifying resistive switching behavior, as seen irureg26
and27. To verify the source of the seléctifying performance, an identical device was measured
without the top electrode, that is, thebpe tip (which is made of tungsten) is directly in contact
with the top surface of th&O2 nanowire layerThe bipolar resistive switching performance

existed for the device as well, but no geltifying feature was observed.

= =,

Al Al
Al-Ti-O I Vo __>—> I Al-Ti-O
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. TiO2 RESET - TiO2
Conducting
pathways o

Figure 28. Schematidllustration of (a) SET and (b) RESET proce$she Al/TiO, nanowire networkdi device
Further insight into the role of the Ali-O interfacial layer on the resistive switching

performance can be obtained by invgating the effect of the thickness of the Ti@anowire
network. This thickness can be varied by changing the hydrothermal growth timefféct of
different growth times (different thickness) on k¥ charateristics is illustrated in Figur2o.

Thesedata can be compared with those inuF&R6 which was obtained for a byothermal growth
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time of 20h. A self-rectifying resistive switching response is also observed for growth time of 4,
12 and 161 in addition to 2, and theectification ratio diminishes as the growth time is increased.
As discussed, the interfacial-Ai-O layer plays an important role in determining the asymmetrical
response. The relative effect of this component increases with decreasing thicknessi©$ the T
nanowire layer so that an increase in growth time tio @&%ults in bipolar resistive switching with

no obvious seffectifying feature. The data in kige 29(a) suggests that sekctifying resistive
switching of our Al/TiO2 nanowire networks/Ticoud, after further optimization, be used to

mitigate snealcurrent issues in the crosstzased integation system for ReRAM devices,
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Figure 29. I-V characteristic curves of the /A0, nanowire networkdi device with different thicknesses of the
nanowire layers via the control of the hydrothermal growth time, (ayrbwth time, (b) 12 growth time, (c) 14
growth time and (d) 24 growth time

In order to understand the conduction mechanism of the fabricated Alffa@owire
networkgTi device, thd-V curvesn Figure26 were fittedon adoublelogarithmicscaleas shown

in Figure30. The overall curvés in good agreement witlhe trapassociate@CLC theory® "
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157 For the positive sweeping (Figudé(a)), theLRS follows an Ohmic conduction with slope

of ~1, consistent with the presence of conductive pathways fobyélde migration of oxygen
vacanciesn the cevice after the SET proce$$ Thel-V characteristics in the HRS consist of three
regions: the Ohmic region (I~V) withsal ope of ~1 at | ow bias? the
with a slope of 2.44 at higher bias and a region with rapidly changing current near the RESET
point (slope: 4.23). Aie higher slope (>2) compared with the Célthw in which the current is
proportional to the square of the voltagéght be due to the expected variation in thickness of the
insulating AFTi-O layer This large slopeanalso be found in similaReRAM devices in which

Al acts asanelectrodé! '3 216

Thel-V characteristic curve for the negative voltage in Fi@g) also demonstrated SCLC

like behavior but théitted slope valuesn different regionsare generally larger thandkeunder

positive voltage sweepin@his could be due to the concentratgnadient of oxygen vacancies

that exists in the pristine state (high concentration of vacancies at the bottom irférace and

low concentration underneath the-AkO layer), which would lead to diffusion of these oxygen
vacancies. The diffusion cdsmed with the drift of the oxygen vacancies under an applied
negative bias could lead to accelerated migration of vacancies, resulting in higher slopes when
transitioning from the HRS to LRS, as compared to the transition from LRS to HRS under positive
sweeping. Furthermore, dissociation of the insulatingfAD layer due to migration of oxygen
vacancies under negative bias also decreases the overall resistance of the device, which would
contribute to higher values of the slopes. This SAIk€ behavior ér both positive and negative

sweeping voltages can also be found with increasing sweeping cycles of the device.

Slope=1.96

Current (A)

Slope=1.58
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Figure 30. I-V characteristic curves under positfg and negativéb) sweeping voltagesn adoublelogarithmic

scale
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The above analysis indicates that Al/ i@anowire networks/Ti device as fabricated exhibit a
similar I-V response and switching mechanism as that seen in devices using a unifetaya@iO
coated with an Al electrode. Such dewaee fabricated by tirmeonsuming and costly reactive
sputtering® or plasmaenhanced atomic layer deposifidrit: 72 8 21rocesses. Therefore, our
results indicate that the Tianowire networks grown on Ti foil by a singleep hydrothermal
process have potential in the applicatioiReRAM devices.
3.4.2.3. Endurance and Retention Study

To determine the electrical stabiliof thefabricated Al/TiQ nanowire networkdi device,an
endurance study was performed by applying a cycling sweeping process. The results illustrated in
Figure31(a) showed that the resistance for the OFF state remained stable beyond 60 cycles, while
the resistance for the ON state underwent a fluctuation. Nevertheless|¢hatedOFF/ON
resistance ratiess around 70Qlarge enough to serve as a feasible memelgment in ReRAM.

Study of endurance under pulsed operation is planned for future work, together with
characterization of the device in relation to stabilfurthermore,a data retention test was
performed by examining the resistance change with amgaditage of 1 V for a long period of
time after switching the device ©ON and OFF stateat 110 V and 10 V, respectively. The
retention results for th@©ON and OFF statesn Figure 31(b) demonstrated no remarkable
degradation up to f@with a high resistance ratioonfirming the nosvolatile nature of the device.

The endurance and retention results emphasized good stability of the fabricated AdiTo@ire
networks/Ti device for future use as ReRAM.
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Figure 31. (a) Endurance and (b) retention performance of the A/ Tihowire networks/Ti device
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3.5. Conclusions

In summaryforming-freebipolar resistive switching behavior wsisccessfullydemonstrated
in TiO2 nanowire networkslirectly grownon Ti foil by aonestephydrothermal processhe
prepared Al/TiQ nanowire network3i device exhibitedreproducible and stable electrical
performance witka high G-=F/ON ratio that persisted fap to10* s. Theinteraction of Ti foil with
the TiGx nanowires during the synthesis process results in the generation of large density of oxygen
vacancies at the Ti/TiOinterface, which is likely responsible for ttierming-free resistive
switching behaviowithout the requirement of electroforngiprocessThe low amplitude of both
SET and RESET currentegetherwith distinguishable ratioare promising for the loywpower
ReRAM devices.The switching mechanism of tieeviceis proposed to be the migration of
oxygen vacancies under electric fielchese results provide an easy way to prepargowire
based ReRAMleviceswith goodelectricalperformance.
However, the resistive switching characteristic for the>Tn@nowire networks on Ti foil shows
some variation of celio-cell behavior. Though athe fabricated AITiO> nanowire networkTi
foil devicesshows similar bipolar resistive switching behavior, the resistance ratio among these
devices have a wide distributidrom 20 t0100.0ne possible cause might be namiform layer
distributionafter the Al deposition since the random Ti@nowire network can possess certain
dimensions of holeg his can intrinsically leads to the differenoethe electrical performanad

the fabricated device.
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Chapter 4. Reliable and LowPower Multilevel Resistive Switching in TiQ

Nanorod Arrays Structured with a TiOx Seed Layef!’

4.1.0verview

The electrical performance of Ti®anorod array (NRA) based resistive switching memory
devices is examined in thihiapter The formation of a seed layer on the FTO glass substrate after
treatrent in TiCl solution, before the growth of T¥ONRAs on the FTO substrate via a
hydrothermal process, is shown to significantly improve the resistive switching performance of
the resulting TiQ NRA-based device. As fabricated, the Al/PI@RA/TIOx layer/FTO device
displayed electroforminfree bipolar resistive switching behavior while maintaining a stable
ON/OFF ratio for more than 500 direct sweeping cycles over a retention period df $x10
Meanwhile, the programming current as low as®a0and 10'° A for low resistance state and
high resistance state respectively makes the fabricated devices suitable-pamtewwvmemristor
applications. The TiQprecursor seed layer not only promotes the uniform and preferred growth
of TiO2 nanorods on # FTO substrate, but also functions as an additional source layer of trap
centers due to its oxygen deficient composition. Our data suggests that the primary conduction
mechanism in these devices arises from-traggliated SCLC. Multilevel memory performania

this new device is achieved by varying the SET voltage. The origin of this effect is also discussed.
4.2. Introduction

1D nanomaterials, especially those involving semiconducting and metal oxide nanowires
(nanorods), have recently gained much interest for different nanoelectronic and optoelectronic
applications due to their unique physical and chemical behaviors inherédfghgertt from the
parent bulk as well as thin film materials. Through careful design and controlled synthesis,
nanowires will provide the building blocks for new systems of unique photonic and electronic
deviced!® 2% Furthermore, the incorporation of nanowires into comfulagtional units via layer
by-layer assembR#°® and nanojoininéf* will enable the creation of smaller devices exhibiting
novel functionality.

A new type of nanodevice, resistive switching random access memory (ReRAMis n
becoming of interest for nexteneration notvolatile memory devices due to its simple structure,

promising switching speed as well as excellent scalal§ili§uch devices represent a practical
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application of the fourth circuit element: the memri&tom comparison with thin films, the
introduction of nanowires (nanorods) in ReRAM devices offers structural advantages that are
expected to improve the performance of memristive devices. Fanm&, during resistive
switching operation, nanowires will facilitate the formation of straight conduction paths that
enhance carrier transp®ttThis is in contrast to the branched conducting filaments that normally
occur in structures based on thin fifisAs a resul high-quality memristor performance together
with good stability and reproducibility can be realiZedn addition, the confined structure of
nanowires enable the precise engineering of the conductive paths (channels) as well as the
metal/semiconductor barriers via the application of biases, leading to multilevel memory
performanc&®'4® which offers much promise for higlensity data storage in nawolatile
memory devices

Many different kinds oD semiconductor nanomaterials were proposed for ReRAM devices,
including TiQy, 148 149 168%5/5.Sj coreshell nanowireg?? ZnQ 88 162, 170. 17ic Q157 158 C 304,146
WOs3,161 NiO%: 197 Ag,S'62 and NiO/Pt nanowire array€. Much interest has beeatevoted to
TiO2 which has been widely studied as a typical metal oxide material exhibiting resistive switching
due to its intrinsic variety of possible crystal phases and theciased richness of switching
dynamic$®2 However, compared with the widely studied Tiin film for ReRAM devices, there
has been little research on 1D Fi@anomateriald® 4% 168 |t was reported that a single TGO
nanowirebased heterojunction can exhibit multilevel memory performance, but the realation
resistive switching required a prolonged (20 min) high voltage forming process, which is not
desirable for device operatitil In another study, a similar ATiO2 nanowireAu heterostructure
was processed with femtosecond laser irradiation to engineer thieutish of oxygen vacancies,
and this resulted in improved controllable multilevel memory perforntéhétwever, nanowire
based ReRAM devices from single nanowires are not economic due to the cost and complexity of
the ebeam lithographic process required to fabricate the electrodes bridging the individual
nanowires. Therefore, it is important to find simpbsteffective ways to obtain nanowire based
ReRAM devices which combine excellent kmwrrent response, good uniformity and reliability,
distinguishable resistance states and potential to display multilevel memory performance as
required for the nexgjeneation nonvolatile memory devices.

The hydrothermal method to obtain waligned nanorod arrays (NRAS) is easier compared

with costly ways to get a Tikxhin film (by sputtering or atomic layer deposition) as well as the
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individual nanowires. This commbynused method to obtain nanowires provided the possibility
to control the electrical performance of the corresponding ReRAM devices via the morphology
and the properties of the nanowires, such as the electrolyte of the solution, the growth period of
the tydrothermal process, etc. Moreover, the wide suitability of hydrothegroarth of metal
oxide nanowire arrays on different substrates provided great potential of engineering the
performance of obtained ReRAM devices from the interface perspéctive!®® Recently, TiQ
NRAs, grown on bar&TO substrates by a hydrothermal process, have been reported showing
resistive switching behavith®. The FTO substrate provides nucleation sites for the growth of the
NRAs and functions as the bottom electrode for the device. However, once againjltishoeged
that the realization of resistive switching behavior required a forming pranddssplayedhigh-
amplitude current respon'$& The possibility thaTiO, NRAs-based ReRAM deviszanbe used
for multilevel memory devices and mechanssrehted to this property in such devices hgee
to be reported

In this chapter an electroformingfree low-power multilevel bipolar resistive switching
behavior in TiQ NRAs on FTO glass substrates was propo3ére key to obtaining these
properties is TiGltreatment of the FTO substrate to create an oxygen deficieps@ed layer on
the substrate before the hydrothermal process. This seed layer ensures the preferential growth of a
uniform, vertically orientedTiO2 NRAs structure on the substrate. The improved NRA
morphology results in a significant improvement in stability, controllability of the resistive
switching performance, as well as enabling {@agineering of multilevel memorfyurthermore,
theresisive switchingcharacteristics of this new devisecompared withhtat of a unit formulated
without the TiQ seed layer anthe difference irswitching mechanisms in such structures are also

suggested
4.3. Experimental Section

4.3.1 TiO2 NRA synthesis iad device fabrication

The synthesis process of HI®RASs on a FTO glass substrate incorporating a seed layer is
illustrated in Figured222>225, In the first step, the FTO substrate (40 mmx20 mmx2 mm, 12~15

/I 1) after thor oug sdpropamml aadaMiliOnwgterifon 15 annetds avase ,
immersed for 30 min in a 0.1 TiCl4 solution at 70C and then underwent heat treatment at 550

°C for an additional 30 min. This generated a seed layer on the surface of the FTO substrate. The

52



seeded~TO substrate was then placed against the wall of the Tefémled autoclave containing

a solution of 30 mL ED, 30 mL concentrated hydrogen chloride aqueous solution and 1.0 mL
titanium butoxide. This was held at a temperature of°Csfor 20 h. The resultingiO2 NRAs

were rinsed with water and dried with nitrogen gas, and was further annealed in aiP@tf660

3 h, after which it was ready for materials characterization and device fabrication. For comparison,
the same procedure was used to produce theNRAs on a bare FTO substrate without the initial
treatment in TiCl solution. For device fabrication, an upper Al layer with a thickness of 50~100
nm was deposited on the top surface of the; NBAs by ebeam evaporation process with a

shadow mask. Thdiamete of the top electrode was 1 mm

| TiO2 Nanorod array fabrication
N | ~— - Autoclave
['iCla solution — :

\
\
\
\
\
\
- er - .’ . .
‘ (2) Annealing at 550°C for 60 min ‘ (2) calcination
\
\
\
\
\
[

TiOx seed layer fabrication

(1) Immersion at 70°C for 30 min \ (1) 150C, 20h Ti02 NRA
-
TiOxlayer
| 550C, 3h
\&Y/ | \ FTO substrate
. A \
FTO substrate [ TiCls treated ImL Titantium butoxide  Tj70, nanorod arrays (NRA)

‘ FTO Substrate +30mL HCI+30mL H:0

Figure 32. Schematic diagram of the fabrication process of, NBA with seed layertop right: optical photo for a
fabricated TiQ NRA based device with Al top electrode.

4.3.2. Characterization

The morphology of the TiONRAs was examined by scanning electron microscopy (SEM,
LEO-1550). Transmission electron microscopy (TEM) and high resolution transmission electron
microscopy (HREM, JEOL 2000) operation was carried out at an acceleration voltage of 200 kV.
Xray diffraction analysis (XRD, PANal yti cal
mode was used for the phase and crystal structure analysis of thediials. Surfee chemical
states in the seed layer and TNIRAs were examined by-¥Xay photoeletron spectroscopy (XPS,
ThermaeVG Scientific ESCALab 250). Electrical characterization of the prepared devices was
performed with a Keithley 2602A sourceeter. The bias vtdge was applied to the top Al

electrode and the FTO layer was grounded under ambient conditions.
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4.4. Results and Discussion

4.4.1. Materials Characterization

4.4.1.1. SEM and TEM

Figures 33(a) and (b) show SEM images of the top of 7NIRASs on a seedddT O substrate.

A well-defined and compact NRA with tetragonal crystallographic planes is observed. This is in
contrast to the TIONRAs grown on bare FTO substrates, which have poor vertical orientation
and intersecting nanoro@Bigure 34). In photovoltat applications, such as dgensitized solar

cells, a seed layer would normally be introduced to prevent occasional electrical shorting due to
direct contact between the redox electrolyte and FTO3&yé&+ In thispresent study, we adopt

this method to improve the performance of 7NRA-based ReRAM devices. By immersing the
FTO substrate into a Tigsolution, a seed layer with a thickness of ~20 nm is typically deposited
on the surfacg® The seed layer is expected to promote the nucleation of nanorods on the FTO
substrate, leadingp well-defined dense NRAs with a preferred growth direction normal to the
substater?* 226 Preferential growth normal to the surface, and the formation of well separated
nanorods, should restrict electron transport to individual nanorods minimizingtaliosetween
adjacent nanorod3heAl top electrode deposited bybeam evaporatiofabricated on topf the

NRAs would cover the top tip of the nanorcansidering the thickness of 100 nm compared to
the height of the NRADue to the high compact nature of the NRAs with the seed layer, ittwoul
be difficult for these Al deposit to falhroughthe gap of the NRAs and cause the sleorduit

failure of the fabricated devices.

The average height of the nanorods in the2TNRA is ~ 3nm as calculated from a tilted
crosssectional view of the NR#& (inset in Figur&3(b)). Figure33(c) shows a TEM image of an
individual nanorod. The length of this nanorod has been truncated because of the preparation
technique. The HRTEM and inset seleetgda electron diffraction (SAED) pattern of the TiO
NRAs displayed in Figur83(d) confirmed that the individual nanorod was single crystals. The
HRTEM image shows a (110) intpfanar distance of 0.32 nm, suggesting that the preferred
growth of the rutile Ti@Qnanorods occurs along the [001] crystal a@adion, which is in agreement
with NRAs synthesized elsewhéte
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Figure 33. Morphology of TiG NRAs prepared with a seed layer (a) low magnificationviey SEM image, (b)
high magnification togview SEM imageinset: 70 tilted crosssectional view) (c) TEM image of a single TiO
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Figure 34. SEM images of TIQNRA prepared without a seed layer, (a) Low magnification, (b) High magnification
(inset, 70 crosssectional view). Even though there seems a thin continuous layer at the base of the nanorod arrays,
this thin layer did not engineer the orientation comgavith the preapplied seed layer on the surface of FTO

substrate
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4.4.1.2. GIXRD

Figure 35 shows typical GIXRD characterization of the seed layer and the NRAs with
and without the seed layer, respectively. It is evident that the seed layer aftene¢aéng process
is in the anatase phase (JCPDS file Ne1245), while the TIQNRA appears as a pure tetragonal
rutile phase (JCPDS file No. 211276) which is consistent with the HRTEM and SAED results in
Figure 33(d). This is in agreement with the @pgation of rutile TiQ NRA on FTO substrates
typically used for solar cefi& 224 Unlike the bare FTO substrate, the Ti®eed layer facilitates
the epitaxial nucleation and growth of bi@anorodsonsidering the decreed surface roughness
of the seede®TO films after the treatment in Tigkolutior?*4 This leads to the enhancement of
density andvertical growth of tre nanorod array normal to the substrate. Furthermore, the
crystallographic phase of obtained ti@anorods is not dependent on the phase of the seed layer,
as researchers have demonstrated that both?f(itiled anatase seed layéfs??® 229ead to the
growth of rutile nanorod arrays. The enhanced ratio of the intensities of the (002) to (101) XRD
peaks in the TIQNRA with a seed layer compared to the ratio of the NRA without a seed layer is
suggestive of enhanced growth along the [001] direction perpendicular to the stiisttatehis
preferred growth direction is also in agreement with the TEM results.

TiO, NRA R(101) R Rutile

-/ d lav A Anatase
W/ seed layer # FTO
R(211)
R(110) R(111) Rioos. (1D
R(301)
(200} R(210) R(220) R(310) R(202)

TiO,NRA  RUOD

w/o seed layer

Y R(111) R(211) R(310) R(112)
R(ZU[R R(210) Ai{/(\220)1{(002; R3O} R(202)

Seed layer # #

Intensity (Arb. Units)

Adon A(204)

i
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56830 A0 500 T 400 o0 w0
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Figure 35. GIXRD characterization of the seed layer, TIIRAs prepared with and without a seed layer
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4.4.1.3. XPS

Additional information regarding the surface states of the NRAs grown on the seed layer
was obtained by XPS. The survey spectrum (Figa(a)) confirmsthe existence of C, Ti and O
elements where the C atoms can be ascribed to a small concentration ochesmddoontaminants.
High-resolution XPS spectra and their Gaussian deconvolution peak fittings of Ti 2p and O 1s are
given in Figure36(b) and Figure36(c), respectively. The Ti 2p peaks at 464.18 eV and 458.50 eV
can be attributed to Ti 2pand 2p.,, respectively. The peak separation is calculated to be ~5.7
eV, which suggests the existence of*Tixidation states in the TKNRAZ2 A very weak peak
centered at 457.28 eV can dtributed to Ti* states, which might originate from the reduction of
Ti** by free electrons donated by oxygen vacaséieFhe O 1s spectrum are fitted by two
Gaussian peaks (FiguBéc). The peak atie lower binding energy is attributed to the'bonds
while the peak at the higher binding energy is related with oxygen vacancies in imafédals.

This suggests that Tikanorods asynthesized contain a low concentration of oxygen vacancies.
These defects are expected to play an important role in the ReRAM devices fabricated from
synthetic TiQ nanorod structures.

An analysis of surface states in the seed layer and in theNRA without the seed layer
(Figures37 and 38), can be used to findhé proportion of individual oxygen chemical states in
each component. The resulting percentages are summarized in Table 1. We find that the oxygen
vacancy concentration in the TAQIRA incorporating a seed layer is much smaller than that
observed in the gel layer itself and the TENRA formed without the seed layer. This indicates
that TiO; NRAs grown on the seed layer are less electrically conductive. The reason for the
difference in oxygen vacancies for NRAs grown with and without seed layer is umther fu
investigation. One possible explanation is the jaostealing process for reducing the
concentration of oxygen vacancies in both NRAs. The NRAs prepared with the seed layer have a
more compact morphology and smaller diameter (correspondingly higtiaces areas), leading
to a further reduction in oxygen vacancies concentration under the same annealing condition. This
difference of concentration influences the initial resistance state of as fabricated ReRAM devices
(see Sectiod.4.2). As the fractiorof oxygen vacancies in the seed layer exceeds 30%, this layer
is highly oxygen deficient. In our discussion, the seed layer will be denoted awe@e x<2. It
should be noted that an additional small shoulder on the O 1s state was occasionally abserved

some TiQ NRA samples. This peak can be attributed to the presence of surface hydroxyl groups
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(-OH) (Figure 38). The effect of residual surfac®H on the resistive switching behavior is
expected to be negligible since the dominating mechanism for la€ed ReRAM devices is

known to arise from oxygen vacanci¥s
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Figure 36. XPS spectra of TIONRA prepared with a seed layer: (a) survey, (b) Ti 2p and (c) O 1s
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Figure 38. XPS spectra of TIONRA prepared without a seed layer: (a) survey, (b) Ti 2p and (c) O 1s

Table 1. Fractional percentage of oxygen (O 1s) states in samples (%)

Samples 0% (TiOg2) O'(TiO2x, Oxygenvacancies) Others (OH, etc.)
Seed layer 66.45 33.55

TiO2 NRA without a seed layer 77.80 21.03 1.17

TiO2 NRA with a seed layer 89.02 10.98 ---

4.4.2. Electrical Characterization

4.4.2.1. Resistive switching behavior

Figure39 is a record of the resistive switching behavior over 100 successive cycleszin TiO
NRA based ReRAM devices as prepared with and without a seed layer. Both devices display
prototypical bipolar resistive switching characteristic. As shown in Fig2(a, when the voltage
sweeps from 0 to +4 Yh the Al/TiO, NRA/TIOx layer/FTO device, the device switches from the
high resistance state (HRS) to the low resistance state (LRS) andvaménat i | e O ONGO
obtained (SET process). The LRS remained aftertivegaoltage was applied until the negative
vol tage is high enough to switch the device
(RESET process). The resistive switching performance of the ANKRA/FTO device is similar,
but the polarity of the @/OFF transition is reversdé&igure 3(b)). It is important to note that the
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resistive switching behavior in both devices was obtained without the usual electroforming
proces&® These results are also consistent with the behavior of singie-tetig TiO; nanowire

based multilevel memory devices previously studied in our group, which demonstrated intrinsic
(forming-free) resistive switching characteristics attributed to the existed oxygen vacancies in the
individual nanowiré*® Thisforming-freeproperty, related to the introduction of oxygen vacancies

in the switching layer, is desirable for ReRAMtire electronic industry as it simplifies operation
and enables high density memory devites
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Figure 39. 1-V curves of (a) Al/TiQ NRA/TIOy layer/FTO device and (lAI/ TiO2 NRA/FTO devicefor 100
successive cycles (for each figure, left inséf:curve for a typical cycle and right inset: schematic design of the

device)

To be noted, although Al was used as the top electrodé;\Mgerformance of the present
Al/TiO2 NRA/TIOx layer/FTO device was not the same as that of othes i@ film devices
using Al as the top electrotfe’? 23° In thin film devices, the interaction between Al and Fi®
form an insulating AlTi-O layer which functias as a source of oxygen ions improves the resistive
switching behavior. In our fabricated Al/TIONRA/TIOx layer/FTO device, the Al layer is
expected to enhance performance compared to devices using*heldetrodes because of its
oxygen affinity and ability to form an interfacial Ali-O layer. However, the switching
mechanism in the current devicesi@minated by the Ti©ONRAs since the thickness of the-Al
Ti-O layer is likely 3~5 nif¥, which is much less than the height of theZMORAs ( ~3 & m) .
result, the resistance of an-A-O layer will be much smaller than the total resistance of the TiO
NRA layer. This hypothesis is confirmeg the polarity at which the device transitions from the
HRS to LRS. This polarity is opposite to the negative polarity required for thin filmde@ces

with an Al top electrode in which the interfacial-AN-O layer is expected to be crucial in
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determining the resistive switching behavier®® 1% In addition, the smooth change of th¥

curves of both devices indicates that the switching mechanism in our devices is likely dominated
by uniformly distributed valence states or space charge at the interface rather than the formation
and rupture of filament in response to electric fiéf¥®

Other differences are also apparent in the properties of devices prepared with and without the
TiOx seed layer. For example, the current amplitude in the A¥YNRA/TiOx layer/FTO device
is approximately one order of magnitude less than that of the device prepared without a seed layer,
indicating that the AI/TIQNRA/TIOx layer/FTO device is more insulating. This suggests that the
higher concentration of oxygen vac#s observed in the TKONRAs in the absence of a seed
layer makes the device more electrically conductive. Due to the large difference between the
thickness of the seed layer (~20 nm) and the height of the nanorods, the resistance of the seed layer
is small compared to that of the NRAs and the electrical performance can then be dominantly
ascribed to the Ti©ONRAS. Variations in the concentration of oxygen vacancies in the nanorods
in the two types of device may also be responsible for differences betineearitial states in
resistive switching operations, in which the fabricated AIEINRA/TiOx layer/FTO device starts
from the HRS under sweeping operations, while the initial condition for AV NRA/FTO
devices is the LRS. This behavior is indicatgdte arrows in Figura9.

I-V curves under cyclic voltage sweeping show that the bipolar resistive switching response in
Al/TiO2 NRA/TiIOx layer/FTO devices is more stable and repeatable while maintaining a relatively
high ON/OFF ratio (>20). Stable elecal performance can be associated with the compact, fine
surface morphology of the TKONRAs grown on the seed layer. Ti@anorods constrain current
flow along their longitudinal axis due to their small cross section. This leads to the formation of
direct conduction paths for electrons and the minimization of interactions between channels in
adjacent nanorods. Such structures also facilitate the deposition of compact Al electrodes. To
illustrate this point, the resistive switching behavior of AI/ZMRA/FTO devices is characterized
by high flucuation and a small ON/OFF ratio, as demonstrateBigure 40. Both of these
properties are not desirable for industrial applications of ReRAM devices in the electronic
industry®. It is important to note that thieigher cell uniformity in these AI/TIONRA/TiOy
layer/FTO devices with distinguishable resistance states ensure that they are promising as a

candidate for notwvolatile ReRAM devicesas demonstrated in Figutgé. From the above analysis,
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it can be conclued that the introduction of a Ti®eed layer can significantly improve the resistive
switching performance of the TIOVRA based ReRAM devices.
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Figure 40. Endurance study of Al/Ti&NRA/FTO device under voltage sweeping
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Figure 41 Cell uniformity performance check by examining the current response at specific read voltage for
different cells(a) Al/TiO, NRA/FTO devices and (b) Al/TIONRA/TIOx layer/FTO device(The standard
deviatiors are from tle summary of 10 repeatéd/ sweepingeycleg. For the Al/TiQ: NRA/FTO devics, the
ONJ/OFF ratio is relatively small, which is difficult to distinguish between two different resistanceisttte
application of ReRAM devices. Furthermore, the big vemein current responsamong different cells (for
example, the LRS current response for cell No.2 is in the same range of the HRS current respelh8&&r810)
also make the Al/ITIQNRA/FTO devices not suitable for the ReRAM devices in the eetindustry.
Comparatively speaking, the AlITXDIRA/TIOx layer/FTO devices displayed a better cell uniformity of the
electrical performance in terms of the relatively stable and low HRS current and larger ON/OFF ratios. Even though
there is a variatiom the LRS current response among different cells, all the ON/OFF ratios are big enough for

distinguishing from two different states.
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4.4.2.2. Endurance angtention Study
The endurance performance of the fabricated AIFNBRA/TiOx layer/FTO device is gen in
Figure 42(a) by directcurrent cyclic sweeping operations.was found thathis new device

maintains a high stable ON/OFF ratio (>20) over at least 500 cycles. This ratio is sufficient to

distinguish different states in potential ReRAM device® Glmulative probability curve of both

LRS and HRS resistances illustrated that the distribution of LRS and HRS resistances is in the

range of 1.3x19q
demonstrated by the cumulagiyprobability curven Figure43. The coefficient of variations for

and

2%, 3id9dpecti vel y,-to-aydletuhiformity asy

good

LRS and HRS resistances (defined as the standard deviation of the measured resistance divided by

the mean values) for more than 500 cycles are 0.04 and 0.15, respectively, suggestsiggpromi
stable resistive switching performance. It is also apparent that the low current amplituéien@10
101°A for LRS and HRS read at 0\f respectively) during resistive switching is very promising
with respect to low operating power and heat geimraequirements for emerging applications

of memristor devices such as logic and neuromorphic dé¥ié&sFurthermore, data retention of

the Al/TiO> NRA/TiOx layer/FTO device was studied by probing the current changes in the OFF

and ON state for a long period of time. As seen in Figa(b), a weltdefined ON/OFF ratio,

showing only limited fluctuations, was obtained in the device for more than® 3xRbbus

endurance, low operating power, together with long retention time is indicative of the high

reliability and nonrvolatile nature of these fabricated AI/HARA/TIOx layer/FTO devices.
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4.4.2.3. Switchingnechanism study

Theconduction mechanism in the Al/TiQIRA/TiOx layer/FTO device can be obtained from
an analysis of theV characteristic curves shown on a-og scale in Figurd4. Under positive
bias, the Schottky barrier at the FTO/Ti@terface limits the electron transport and the device is
initially in the HRS, given the difference between the work function of the FTO substrate (4.7 eV)
and the ideal Fermi level of Ti®4.2 eV¥38 Thel-V characteristic for the HRS consists of three
different regions, the Ohmic regiol?(V) which is dominated by thermally generated free carriers,
t he Chirégidrdo(dV?)| wheve traps are being filled by electrons, and theftiad-limit
region including a threshold voltagérfi) and steep current rise. TRerL in our device is ~1 V,
which corresponds to the voltage at which all traps are filled by ehe;tafter which the electrons
flow through the conduction band, switching the device from HRS to LRS. This behavior can be
easily understood from the trgpntrolled SCLC mechanism, in which the oxygen vacancies serve
as electron traps that would form/tupe electron transport channéhs Oxygen vacacies are
present in the individual nanorods as well as in thex B€ed layer due to its high oxygen
deficiency. As the voltage sweeps from +4 V to 0 V,Ithecurve first has a slope of ~1.62 as the
traps remain filled. A slope of 1.62 instead of 2, gseeted for a space charge limited current,
can be attributed to trapping in the interfacial layer formed in the vicinity of the Al electrode during

the metal deposition procéssMigration of oxygen vacancies in the nanaas well as in the
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TiOx seed layer would also play a role in the deviation of sf8g&sNVhen the voltage approaches
zero, the slope decreases to ~1, as the injection of carriers is reduced and Ohmic conduction
dominates.

During the RESET process (Figut4(b)), the Al electrode is negatively biased, and electrons
start to be injected from this layer towards bottom FTO electrode. The slopelé¥ ihave is
~1.0 when the bias voltage is |l ess than 10. 4
initially decreases before increasing to >2.0. This suggests that the traps associated with oxygen
vacancies remain fill ed.VtoA, thelslepe of the tuavgfest s we e |
decreases from ~3 to ~2 as t hhenbecores dlgielowarppr o a
negative voltage down to\9, indicating that the current arises from free carriers. This behavior
suggests that electrons are rel easethnsitionom al |
from the LRS to HRS.

As to the switching mechanism of the TAQIRA device without the seed layer, due to the
higher concentration of oxygen vacancies in the NRAs, the device shows a higher conductivity
compared to the Ti&NRA device with the seed layer. Furthermore, thederformarce did not
fit with the SCLC conduction mechanism, suggesting a different switching mechanism. We
propose that théigh concentration of oxygen vacancies on the surface of NRA render these
smaller distance among these defects, therefore leading to ajnigbability of electron hopping
pathways Upon the application of positive electric field on the Al electrediectrons hop from
various defects from the FTO electrode to the Al electrode. Meanwhile, some of the oxygen
vacancies on the surface will trige electrons, reducing the hopping probability. Therefore, when
we sweep from 4 V to 0 V, the device will shows smaller conductivity, leading to the transition
from LRS to HRS (as indicated in the arrows in Figure 39(b)). Vice versa, a negative akddtric f
promote the electrons to hop from Al electroded at the same time, detrapping some of the

oxygen vacancies. This process can lead to the transition from HRS to LRS.
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Figure 44. Log-log |-V response for thAl/ TiO> NRA/TiOy layer/FTOdevice,(a) Positive region and (b) Negative
region
Further understanding of the conduction mechanism in fabricated Al/NRA/TIO

layer/FTO devices can be obtained bylthéresponse at different temperatufEgure45(a) and

45(b)). The resulting temperatuteependent ON/OFF ratio is shown in Figdséc). It can be seen

that the LRS resistance decreases as the temperature decreases. In addition, the LRS resistance at
a 0.5V read voltage increases lineavjth temperature, as shown in Fig4i®{d). This indicates

an Ohmic behavior under LRS as evidenced by a slope of ~1 under low read voltages in Figure
45(a). In contrast, the current response in the HRS at different temperatures is more complicated
(Figure 45(b)). The HRS current is controlled with the SCLC mechanism over a range of
temperaturé?as illustrated inFiguré5( b) . To i dentify the physical
current response at differeiemperatures is plotted aslnys. 1000/Tin Figure45(e). Based on
the SCLC theory, the current in the Childés L

0 -6 - ‘— Eq.Q)

— —Aogp——— Eq.(3
Thissolution is based on the assumption that the electrons traps (oxygen vacancies in our case)

are restricted to a single discrete energy lelglp]. In the equationsA is the effective area for

the conduction channelssis the mobility,eandd are the permittivity and thickness of the oxide

layer, respectively. Furthermoné, is the applied voltagds. is the energy at the conduction band

minima, N¢ the effective desity of states in the conduction band at temperatukg the total trap

densityanKi s t he Boltzmannbés constant.

FromEq.(2 andEq.(3, the current response(l) in this region is a linear function @00Q'T,
with a slopei (Eci Errap)/100&. Arrheniusplots of measured data at different read voltages are
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given in Figured5(e). The activation energy calculated from these data at different read voltages
is, PE &I Ekp = 0.18~0.20 eV (Figurd5(f)). Thus energy levels associated with these traps
are more shallow than trap levels arising from oxygen vacancies in bulk Wdch are
theoretically calculated to lie 0.8~1.0 eV below the conduction Baiid?*°. This difference in

trap levels might be attributed to the proximity of the surface in the high sudaodume ratio

of nanorods and the role of the surface in reducing the energy for vacameyibn. Furthermore,

the diffusion of defects from inside the nanorod to the surface will also increase the surface defect
density*l. Similar reports about the ZnO nanowire arrays showed much higher photocurrent
response compared with the thin film under the same thickness condition, mainly due to the
increasing of selinduced surface defeéfd The overall effect is that the trap states efdkygen
vacancies are expected todtmllowerbelow the conduction band, compared to those in D

films. Research about the relationship between the surface defects of nanorods and the

corresponding resistive switching performance is ongoing.
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Figure 45. Log-log I-V curvesof (a) LRS and (b) HRS at different temperatures, (c) ON/OFF ratio vs. temperature,
(d) Linear fit for LRS resistance, (e) Ih{ss. 1000T and corresponding fits at specific read voltages and (f)

activation energgpE &I Efp calculated from the slopes in (e) plotted as a functiov @the standard deviations

for (c), (d) and (e) are from the statistical average of 15 repeatable &itieeasurements were carried out under

ambient atmospheric conditions.

A tentative model of the switching mechanism for an AIZINRRA/TiOx layer/FTO device is

schematically illustrated in Figurd6. In its pristine state, the device possesses a limited
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concentration of oxygen vacancies at the FTO{Ti@rface as well as in the NRAs (Fig4&b)).

These oxygen vacancies yield a series of electron traps as shown belowstbentiation band.

The traps are gradually filled with electrons when a forwaag is applied to the Al electrode.
Figure46(c) corresponds to the forward region below Yhe.. After all of these traps are filled

the current abruptly increases as the device transitions from HRS to LRS (Bajd)}'™
Significant detrapping of these oxygen vacancies occurs when a high negative voltage is applied

on the top Al electrode, which would switch the device back from LRS to HRS.

(b)

I I I I I III I’I‘l()2 NRA ')\:’:\j O 0O C OO 06
MUB N TiOx layer FTO TiO2NRA Al
FTO substrate \

Oxygen vacancies

-) TiO2NRA Al (-)
+) TiO:NRA Al
)

e- OVo ®@e-& Vo
Figure 46. Schematiaepresentation of the switching mechanism in fabricated AYNRA/TIOy layer/FTO
device, (@) cross ect i onal design, (b)) pvie teapsiare partialy fdled,dd) pogitwe) posi t
biasVirY4 VYO V, traps are fully filled, the device
4.4.2.4. Multilevel memory behavior

The potential for obtaining multilevel memory in the TiIORA based device was studied by
applying different SET voltages wH7shoeswel epi ng
defined differences in LRS current under cyclic sweeping operations, such theateh shemory
may be feasible while maintaining a nearly constant HRS curRedd @0.5 V). The-level
memory performance was measured to be stable for 80 cycles, and the measurements indicate that
this behavior can be extended to more cycles given the very small variation in current in each level
(Figure47(b)). It was also foundhat a 6level memory can be achievable using SET voltages of
5 and 6V, even though the current response for higher voltage is not as distadgeists for
lower SET voltages, as demonstratedrigure48. Furthermore, the current response of LRS for
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ead level is still below 13 A under different SET voltages, suggesting significant potentials for
low-power ReRAM devices. Overall, this indicates that the; NRAs grown on a seed layer are
very promising in multilevel memory devices. The multilevel mgmzerformance for Al/TiQ

NRA/FTO device is not achievable due to its poor reliability.
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Figure 47. (a) I-V curve for Al/TiO; NRA/TIOy layer/FTO device under different SET voltages and (b)

demonstration of 4evel memory performance under cyclic voltage sweeping
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Figure 48. (a) I-V curves of Al/ITIQ NRA/TiIOy layer/FTO device at different SET voltages and (b) alestration

of 6-level memory response in cyclic voltage sweeping

Though some metal oxide hanomaterials exhibit multilevel memory performance, the origin
of multilevel memory is still controversial. It has been suggested that multilevel memory can be
obtaired by engineering of the size of conductive filaments (more generally, conduction paths) as
determined by the accumulation of ions or defects controlled by the compliance %éuttént
maximum voltage$ and a series of applied voltad®s Different ionic chage traps or
intermediate energy states below the valence band within the oxide layer have also been
suggested**Modification of the effective barrier height and rmawing of the depletion layer have
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