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Kurzfassung

In letzter Zeit hat das resistive Schalten von TiO, im Hinblick auf eine Anwen-
dung in "resistive random access memory” (RRAM) vermehrt Aufmerksamkeit auf
sich gezogen. TiOs zeigt charakteristisches nichtfliichtiges resistives Schalten zwis-
chen einem hochohmigen (HRS) und einem niederohmigen Zustand (LRS). Sowohl
unipolares als auch bipolares Schalten in Abhéngigkeit von der jeweils verwendeten
Strombegrenzung wéahrend der Elektroformierung wurden in TiO, beobachtet.

Im Rahmen dieser Arbeit ist die charakteristische Strom-Spannungs (I-V) Hys-
terese von drei verschiedenen Ausgangszustanden, unformiert, unipolar aktiviert und
bipolar aktiviert, untersucht und mittels der Bildung und Migration von Sauer-
stoffleerstellen erklart worden. Die I-V Hysterese von unformiertem TiOs zeigte
fliichtiges Verhalten, das durch eine zeitliche Anderung des Widerstandes zu erkléren
ist. Diese Anderung ist abhéingig von der angelegten Spannung. Im Gegensatz dazu
zeigten die unipolar und auch die bipolar formierten Zustinde ein nichtfliichtiges
Verhalten der Widersténde.

Es gibt einige Hinweise auf die Bildung von gasformigem Sauerstoff wahrend
der Elektroformierung, die sowohl durch TOF-SIMS, ”time-of-flight secondary ion
mass spectroscopy”, als auch durch die beobachtete morphologische Anderung der
Schaltzellen wiahrend der Formierung gestiitzt werden. Unter der Annahme, dass
eine grofle Anzahl an Sauerstoffleerstellen wihrend des Elektroformierungsprozesses
induziert wurde, ist das I-V Verhalten von elektroformierten Schaltzellen durch eine
Verdnderung der Sauerstoffleerstellenverteilung innerhalb des TiO, (z < 2) simuliert
worden.

Die Simulation der bipolaren I-V Hysterese erfolgte unter der Beriicksichtigung
von Sauerstoff-Erzeugungs- bzw. Vernichtungsreaktionen an der Pt/TiO, Grenz-
flache. Diese Reaktionen sind eine Funktion der angelegten Spannung und bestimmen
die Verteilung von Sauerstoffleerstellen in TiO,. Resultierend daraus kann die Hohe
der Schottky-Barriere an der Kathode/TiO, Grenzfliche durch die Anderung der
Sauerstoffleerstellenverteilung beeinflusst werden. Daher kann das bipolare resistive
Schalten einschlieBlich der Elektroformierung als eine elektrochemische Reaktion mit
der Beteiligung von Sauerstoff verstanden werden.






Abstract

Recently, the resistive switching behavior in TiOy has drawn attention due to its
application to resistive random access memory (RRAM) devices. TiO shows char-
acteristic non-volatile resistive switching behavior, i.e. reversible switching between
a high resistance state (HRS) and a low resistance state (LRS). Both unipolar resis-
tive switching (URS) and bipolar resistive switching (BRS) are found to be observed
in TiO, depending on the compliance current for the electroforming.

In this thesis the characteristic current-voltage (I-V) hysteresis in three different
states of TiO,, pristine, URS-activated, and BRS-activated states, was investigated
and understood in terms of the migration of oxygen vacancies in TiO,. The I-
V hysteresis of pristine TiOy was found to show volatile behavior. That is, the
temporary variation of the resistance took place depending on the applied voltage.
However, the I-V hysteresis of URS- and BRS-activated states showed non-volatile
resistive switching behavior.

Some evidences proving the evolution of oxygen gas during electroforming were
obtained from time-of-flight secondary ion mass spectroscopy analysis and the vari-
ation of the morphology of switching cells induced by the electroforming. On the
assumption that a large number of oxygen vacancies are introduced by the electro-
forming process, the I-V behavior in electroformed switching cells was simulated with
varying the distribution of oxygen vacancies in electroformed TiO, (z < 2).

The I-V hysteresis undergoing the BRS was simulated with taking into con-
sideration oxygen formation/annihilation reactions at a Pt/TiO, interface. The
oxygen-related reactions given as a function of the applied voltage affect the distri-
bution of oxygen vacancies in TiO,, consequently, the Schottky barrier height at the
cathode/TiO, interface is influenced by the oxygen vacancy distribution. Therefore,
the BRS behavior including the electroforming characteristics could be understood
in terms of the oxygen-related electrochemical reactions.
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Introduction

Resistive switching of transition metal oxide (TMO) materials including TiO[1-
3], NiO[4, 5], and NbyOs5[6] as well as perovskite-type oxides including SrZrOs]7, 8],
Pb(Zr,T1)O3[9], and SrTiO3[10] is a very attractive subject of technical and scientific
research. These materials show characteristic bistable resistance states, a high resis-
tance state (HRS) and a low resistance state (LRS). Recently, studies to apply TMOs
to resistive random access memory (RRAM) devices have been performed because of
advantages, such as the high off/on ratio and the low inherent scaling problem com-
pared to capacitance-based RAMs and even other resistance-based RAMs, such as
phase change RAM (PcRAM) and magnetic RAM (MRAM).[11] Furthermore, some
materials show multi-stable resistive switching behavior so that they have possibility
to be applied to multi-bit operation devices.[12] However, the resistive switching of
TMOs needs large current (> 1 mA) for the reset switching (LRS — HRS). As the
density of integrated circuits increases, the size of the complementary metal-oxide-
semiconductor (CMOS) shrinks according to the design rule. The channel area of the
CMOS shrinks as well following the design rule so that the current provided through
the channel decreases. Therefore, the large reset current hinders the application of
TMOs to integrated RRAM devices.

Resistive switching behavior can be classified into unipolar resistive switching
(BRS) and bipolar resistive switching (URS). URS behavior has been often observed
in binary TMO such as TiO,, NiO, and NbyOs. The URS operation is barely de-
pendent on the applied voltage polarity so that if a voltage as high as the switching
voltage is applied the URS operation can be achieved regardless of the voltage po-
larity. Unlike the URS, the BRS depends on the applied voltage polarity. If the
reset switching occurs under one voltage polarity, the set switching (HRS — LRS)
occurs under the other polarity. Therefore, the applied voltage as well as the voltage
polarity should satisfy a proper switching condition for the BRS operation. The BRS
has been often observed in perovskite-type oxides such as SrZrOg, Pb(Zr,Ti)O3, and
SrTiO3. The BRS has been also observed in cation-doped glass materials such as
Ag-doped GeSe,[13], Ag-doped AssS3[14], and Cu-doped SiO,[15].

The resistive switching behavior in TMOs has been frequently explained in terms
of the formation and rupture of conduction paths.[2, 3, 10] Owing to the advance-
ment of microscopic observation technologies, e.g. scanning tunneling microscopy
and atomic force microscopy, indications for the generation and rupture of local con-
duction paths as the mechanism of the resistive switching have been found, which
support the conduction path model.[2, 10] Since the first report on oxide insulator by
Hickmott[16], the resistive switching in TMOs has been studied for decades, never-
theless, the detail of the mechanism has been still not clearly identified leaving many
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open questions.

The mechanism of URS might be the fuse-antifuse of conduction paths by the
applied electric energy to switching cells. Considering very high power dissipation in
the local conduction paths during the voltage or current application, the fuse-antifuse
of the conduction paths by the Joule heating might explain the URS behavior.

Concerning the mechanism of BRS, has been suggested up to now, BRS can be
classified into anion- and cation-migration-induced BRS and electronic BRS. The
anion-migration-induced BRS includes the BRS in perovskite-type oxides and some
binary TMOs. The migration of anions, due to the drift-diffusion, and their elec-
trochemical reactions at the interface between the anode and the switching material
leads to changes in the resistance.[10, 17, 18] That is, the BRS is attributed to an
intrinsic element rather than extrinsic elements, for instance, an electrode material.
The cation-migration-induced BRS includes the BRS in cation-doped glass materials
and some crystalline materials with diffusive electrode. This BRS is attributed to
the migration of extrinsic cations, doped cations or diffusing cations from electrode.
The electronic BRS deals with the resistive switching resulting from the change in
electronic transport behavior including the electronic charge injection at the cathode,
and the trapping and de-trapping of electronic carriers.[19]

The purpose of this work is to investigate the electric conduction characteristics
of non-doped TiO, in various resistance states, pristine, BRS-activated, and URS-
activated states and the correlation between the structural and chemical change in
TiOs, due to electroforming, and the accompanying change in the current-voltage
behavior. And it is also the purpose of this work to suggest the proper mechanism
of the resistive switching based on experimental observations.

This thesis is divided into seven chapters. In Chapter 1 the overview on the
resistive switching behavior in transition metal oxides is given. Chapter 2 gives
the preparation procedure of three different resistive switching cells, a stack, a pla-
nar, and a modified stack switching cell. Chapter 3 shows the microstructural and
the chemical properties of pristine TiOs. The crystal structure, the microstructural
characteristics, and the stoichiometry of the pristine TiO, are identified by various
techniques. Chapter 4 gives the electrical properties of pristine TiOs. The current-
voltage-temperature and the current-time relations are presented and the impedance
spectra in a wide frequency range are also explained. Chapter 5 contains the electro-
forming characteristics of TiO5 and the modeling of the electric conduction behavior
in electroformed switching cells. Electroforming is performed on the three different
switching cells with various parameters such as voltage/current polarity, compliance
current, voltage, and the atmosphere. The structural and the chemical variations
induced by the electroforming are explained, suggesting that the electroforming is
due to an electrochemical reaction involving the evolution of oxygen gas. Finally,
the mechanism of the current-voltage behavior in electroformed switching cells is
suggested in terms of the reduced schottky barrier height at the cathode/TiO,, inter-
face due to the presence of the oxygen vacancies introduced by the electroforming.
Chapter 6 discusses the URS behavior of TiOy. The characteristics of the URS and
the impedance spectra of TiOy in various resistance states are presented. In Chap-
ter 7 the BRS behavior of TiO, with different thicknesses and different pad-size is
given. The mechanism of the BRS is finally suggested in terms of an electrochemical
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reaction involving oxygen ions.

Please note that in the text the term “TiO,” means the oxygen-loss titanium
oxide phase composing a conduction path and “TiOy” denotes pristine stoichiometric
TiOs or the whole titanium oxide film including the conduction paths consisting of
TiO,.






Chapter 1

Overview on the resistive
switching in transition metal
oxides

In this chapter the overview on resistive switching behavior and materials is pre-
sented. In a broad meaning resistive switching materials can include giant magne-
toresistance materials such as NiFe, CoFe, and Co and phase change materials such
as Ge,Sb,Te,. However, this study covers the transition metal oxides showing re-
sistive switching behavior. The resistive switching behavior in the transition metal
oxides can be classified into two categories, unipolar resistive switching and bipolar
resistive switching. The mechanism of unipolar resistive switching is estimated to be
the fuse-antifuse of conduction paths. The fuse-antifuse-based resistive switching has
been observed in many binary transition metal oxides. The mechanism of bipolar
resistive switching is considered to be the migration of anions. The anion-migration-
based resistive switching has been most often observed in perovskite-type oxides so
that ’anion’ mainly denotes an oxygen ion. Brief overview on both resistive switching
categories are presented.

1.1 Bipolar and unipolar resistive switching

Resistive switching shows hysteretic current-voltage (I-V) behavior denoting the
switching between two characteristics resistance states, a high resistance state (HRS)
and a low resistance state (LRS). The resistive switching between the HRS and the
LRS can be achieved by controlling the applied voltage. The switching from the
HRS to the LRS is termed set switching and the switching the other way than the
set switching is termed reset switching. If a voltage as high as one switching volt-
age is applied to a switching cell, the resistive switching takes place, that is, unless
the applied voltage is as high as the switching voltage, no change in the resistance
state takes place. This nonvolatile resistive switching behavior can be applied to
nonvolatile memory devices.

Resistive switching can be classified into bipolar resistive switching (BRS) and
unipolar resistive switching (URS). In URS resistive switching behavior is not depen-
dent on the applied voltage polarity. Namely, the polarity of switching voltage does
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Figure 1.1: Schematic I-V curve of (a) URS and (b) BRS[20]

not influence the following switching behavior. For instance, if set switching takes
place under one voltage polarity, the following reset switching can takes place under
both voltage polarities. Therefore, an amount of the voltage applied to a switching
cell is important for the URS operation rather than the applied voltage polarity. In
BRS an amount of voltage as well as the applied voltage polarity plays a very crucial
role in the resistive switching. The set and the reset switching voltages are opposite
to each other. If the set switching takes place under one voltage polarity, the reset
switching takes place under the other voltage polarity. Therefore, both an amount of
the applied voltage and its polarity must satisfy proper conditions for the BRS oper-
ation unlike the URS. Schematic I-V curves of the URS and the BRS are depicted in
Fig. 1.1. Compliance current is an important parameter for URS operation. At the
moment when the set switching takes place the current abruptly increases so that the
switching cell will undergo kind of permanent dielectric breakdown without setting
compliance current. Therefore, the compliance current plays a role in avoiding the
dielectric breakdown during the set switching of the URS. For the reset switching
the compliance current used for the set switching should be deactivated because the
reset current is normally higher than the compliance current. Otherwise, no reset
switching will take place due to the lack of enough current. The compliance current
is not necessary for the reset switching. For the BRS operation the compliance cur-
rent is not necessary for some systems, for instance, the BRS in TiO, which will be
mentioned in Chapter 7.

1.2 Resistive switching mechanism

Resistive switching mechanism has not been clarified yet leaving many open ques-
tions. Nevertheless, local conduction paths in a switching material are estimated to
be involved in the resistive switching. Indeed, in many systems it has turned out
that the resistance of the LRS is not scaled by the pad-size.[2, 7, 21, 22] From this
observation it can be speculated that local conduction paths whose number can not
be scaled by the pad-size exist in the insulating matrix. Electroforming plays a role
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Figure 1.2: (a) Calculated temperature distributions in Pt/TiO,/Pt containing a
conduction path under a current of 89 p A. (b) Maximum temperature with respect
to the applied current.

in the formation of the conduction paths. During the electroforming process a large
amount of electric energy is provided for a switching cell so that the power dissipa-
tion in the cell is estimated to be high enough to change the local microstructure of
the cell, forming the conduction paths.

1.2.1 Fuse-antifuse of conduction paths

The URS in many binary transition metal oxides falls into this category. The URS
in binary transition metal oxides such as TiO5[1-3], NiO[4, 5], NbyOs[6] has been
often reported. Considering URS characteristics, conduction paths are expected to
be formed or ruptured by the applied voltage. At the reset switching the conduction
paths become locally ruptured. The locally ruptured part of a conduction path has
an insulating phase so that the overall resistance of the conduction path becomes
insulating. Several literatures have reported that the rupture of the conduction path
takes place at the anode.[23, 24] However, concerning the temperature distribution
in the conduction path shown in Fig. 1.2, the antifuse of the conduction path is pre-
dicted to take place in the middle of the conduction path rather than the anode side.
At the set switching the locally ruptured conduction paths can recover a conducting
phase from an insulating phase so that the low resistance before the previous reset
switching can be recovered. The reset switching can be attributed to local power
dissipation in the conduction paths. Indeed, the remarkable increase in the temper-
ature in the conduction paths due to the power dissipation can be identified using
finite element analysis as shown in Fig. 1.2. The increase in the lattice temperature
can lead to the phase transitions of the conduction paths although the detail of the
reset switching is still obscure. In this sense the URS behavior is not different from
the resistive switching in phase change materials.
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Optical microscope

g

Figure 1.3: Optical microscope image of an electroformed undoped SrTiOj single
crystal with two planar Au electrodes. (a), (b), and (c¢) show the region near the
cathode, the central region, and the region near the anode, respectively. The left
inset shows a probable fine filament structure at the cathode. The right inset shows
the formation of gas bubble below the anode.[10]

1.2.2 Resistive switching induced by anion migration

The BRS in many perovskite-type ternary oxides falls into this category. The BRS
behavior in (Ba,Sr)TiO3[25], SrZrO;[7, 8], SrTiO3[10], and (Pr,Ca)MnO3[18] has
been frequently reported. Recently, it has been reported that TiOy shows not only
URS but also BRS behavior.[26] The BRS in these systems is considered to be at-
tributed to the migration of the anions (oxygen ions) and their reactions at the
interface between the anode and the switching material. The conduction paths are
considered to be composed of oxygen-deficient non-stoichiometric phases with a con-
ductivity higher than that of the stoichiometric phase. Some clues indicating the
oxygen ion-involved BRS behavior have been reported in some literatures.[10, 17, 18]
Szot et al. have demonstrated that the BRS in undoped SrTiOj is due to the mi-
gration of the oxygen ions along the network of the extended defects and shown the
evolution of oxygen gas at the anode as a result of the BRS operation.[10] Nian et
al. have shown the difference of the resistive switching behavior between oxygen-
sufficient and oxygen-deficient (Pr,Ca)MnOj films and measured the relaxation of
the resistance. They have demonstrated that the relaxation of the resistance in
the oxygen-deficient sample is attributed to the oxygen diffusion in (Pr,Ca)MnO;
by solving the one-dimensional oxygen diffusion equation.[18] Janousch et al. have
shown a more direct evidence indicating the role of oxygen vacancies in the forma-
tion of the conduction paths of a Cr-doped SrTiOj single crystal cell. They have
shown the distribution of oxygen vacancies between two laterally located electrodes
on the Cr-doped SrTiOj single crystal, which was obtained from Cr K-edge X-ray
absorption near edge spectroscopy (XANES) spectra.[17] Indeed, the two electrodes
were connected via oxygen vacancies by the electroforming. By these observations
oxygen ion/vacancy migration and their reactions are judged to play a crucial role
in the BRS behavior in the transition metal oxide switching cells.
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Figure 1.4: Cr X-ray fluorescence mapping showing the distribution of oxygen va-
cancies between the anode and the cathode.[17]






Chapter 2

Sample preparation

In this chapter the fabrication procedure of Pt/TiOs/Pt resistive switching cells is
introduced. For different purposes three different resistive switching structures i.e.
stack, planar, and modified stack structures were fabricated using electron-beam and
photo lithography techniques. Sputtering was used for both TiO5 and Pt depositions.

2.1 Sputtering of TiO; and Pt

TiOs films were deposited using a Leybold Univex 450C magnetron sputtering system
whose schematic is shown in Fig. 2.1(a). The robot arm in the transfer chamber
moves wafers loaded in the load lock chamber to a Ti or Pt dc sputtering chamber,
therefore, in situ deposition is possible. Ex-situ sputtering was mainly used for
the patterned electrode. Using reactive sputtering TiOs could be deposited from a
Ti metal target. The gas mixture of 77 % Ar and 23 % O, was injected into the
chamber and a dc voltage was applied to the Ti target so that Ar+O, plasma could be
generated. Plasma emits visible light resulting from the transition of electrons from
excited states to the ground state so that the wave length of emitted light depends on
the electronic structure of gas molecules. Ar+0O, plasma emits red purple light since
Ar emits purple light and O, red light. A schematic of reactive sputtering is shown
in Fig. 2.1(b). An applied voltage is mainly dropped in the vicinities (sheaths) of
cathode and anode because the electric field penetration depth in a glow region is
very small due to a huge number of electrons and ionized gas molecules in a glow
region. The momentum transfer from accelerated Art ions in the sheath near the

Table 2.1: Sputtering parameters for TiOy and Pt depositions

materials TiO, Pt
Substrate temperature room temp. room temp.
Working pressure 2.2 Pa 1.35 Pa
Working gas composition 77 % Ar + 23 % Oy  pure Ar
Presputtering time 300 s 30 s
Dc input power 300 W 375 W
Target diameter 4 inch 4 inch
Wafer dimension 1 x 1 inch? 1 x 1 inch?
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Figure 2.1: (a) Schematic layout of a Leybold Univex 450C; (b) Schematic of a
sputtering process.
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Figure 2.2: TiOy thickness with respect to sputtering time, measured by XRF.

cathode (Ti target) to Ti atoms on the target surface gives rise to the sputtering
of Ti atoms. The sputtered Ti can react with O, molecules while they reach the
substrate so that a TiO, film can be formed on the substrate. On the other hand, Pt
was formed using dc sputtering in pure Ar atmosphere. The sputtering parameters
for TiO4 and Pt are shown in Table. 2.1.

Thickness of TiOs films was determined by the areal density of Ti atoms in
deposited TiO, measured using x-ray fluorescence (XRF). The obtained areal density
of Ti divided by the volume density of Ti gives the thickness of the TiO, films. The
ideal volume density of Ti in TiO, anatase was taken as the volume density of
Ti. Indeed, the sputter grown TiO, is found to have the anatase phase as will be
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Figure 2.3: Schematic of a Pt/TiO4/Pt stack resistive switching cell.

mentioned in Chapter 3. The determined film thickness with respect to sputtering
time is shown in Fig. 2.2. The films were deposited on 100 nm thick sputter grown
Pt substrates whose adhesion layer underneath Pt was ZrO, instead of TiO,. Using
the ZrO, adhesion layer is helpful to the correct XRF measurements by avoiding Ti
signals from an adhesion layer. The XRF results were well-consistent with the film
thicknesses determined from cross-sectional scanning electron microscope (SEM).

2.2 Fabrication of Pt/TiO,/Pt stack resistive switch-
ing cells

Pt/TiO4 /Pt resistive switching cells with stack structures were fabricated. Blanket
TiOs films were deposited on 100 nm thick sputter grown Pt substrates having a
Pt/7Zr0,/Si0,/Si structure with various sputtering times 15, 30, 45, and 60 mins
corresponding to thicknesses of 27, 55, 75, and 100 nm, respectively. Top electrodes
were patterned using a lift-off or a shadow mask process. Circular-shaped top elec-
trodes with five different diameters, 100, 150, 250, 500, and 1000 pum, were formed.
For the lift-off process photoresist patterns were formed on a blanket TiO, layer,
then dc sputtering for a 70 nm thick Pt film followed. Since the Pt sputtering was
performed at room temperature, the sputtering barely imposed high heat on the
photoresist so that the lift-off was successful. A schematic of the stack switching cell
is shown in Fig. 2.3.

2.3 Fabrication of planar resistive switching cells

Concerning the study on the mechanism of resistive switching, the stack switching
cells have the drawback that switching takes place in the volume of TiOs embedded
in the structure, therefore, it is hardly possible to observe some clues of resistive
switching mechanism using experimental techniques such as conductive atomic force
microscope and SEM. Planar resistive switching cells have the advantage that the
active area for resistive switching, considered to be in the gap between two electrodes,
is exposed to the air so that observation of the active area is possible. An SEM image
of the switching cell with a gap width of 100 nm is shown in Fig. 2.4(b) with an
enlarged image of the gap in the inset. The fabrication procedure of this switching cell
is as follows. First, a blanket TiO, layer was deposited on a SiN,/SiOy/Si substrate.
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Figure 2.4: (a) Schematic of the planar switching cell. (b) Plane SEM image of the
planar switching cell. The inset on the upper left side is an enlarged image of the
gap between the two electrodes.

Coarse electrodes on the TiOs film as shown in the large area of Fig. 2.4(b) were
patterned using photo lithography followed by Pt metallization. The smallest gap
width between two electrodes which can be achieved by the photo lithography is
about 1 pm, which is considered to be too large to carry out electroforming with
a reasonable applied voltage. Therefore, fine electrodes with a gap width as low as
100 nm as shown in the inset of Fig. 2.4(b) were patterned using electron-beam
(e-beam) lithography after the coarse electrode formation. Polymethylmethacrylate
(PMMA) was used as an e-beam resist for the direct e-beam lithography. Using spin
coating a PMMA layer was coated and the gap was patterned by e-beam writing. Pt
metallization followed the gap patterning. Electroforming voltage is considered to
be proportional to gap width so that a planar cell with a large gap would show very
high electroforming voltage which is hardly applied by normal voltage sources.[64]
The detail of the electric transport characteristics of the planar switching cells will
be given in Chapter 4.

2.4 Fabrication of modified stack switching cells

Modified stack switching cells were fabricated, where electric transport takes place
along grain columns similar to the stack switching cell and experimental observations
during or after resistive switching can be also obtained. Both top electrode (TE) and
bottom electrode (BE) consist of a fine and thin electrode and a coarse and thick
electrode as can be seen in Fig. 2.5. The configuration of the fine electrodes of the
TE and the BE forms a small overlap where TiO, is in-between. The electrodes in
the active (overlapped) region are thin so that the effect of resistive switching on the
switching cell structure can be observed, which can be hardly observed with thick
(> 70 nm) electrode. The coarse electrodes were formed for electrical measurements,
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Figure 2.5: (a) Schematic of the modified stack switching cell. (b) Plane SEM image
of the active area where top and bottom electrodes are overlapped.

which were thick (> 70 nm) enough not to be damaged by the mechanical stress
imposed by probes (needles). First, the fine BEs were formed on a SiN, substrate
using photo lithography followed by Pt sputtering with the variation of sputtering
time in order to identify the effect of electrode thickness on resistive switching be-
havior. Second, the coarse BEs were formed using the same method as for the fine
BE formation. Third, a blanket TiO film was deposited on the whole BEs and SiN,,.
The whole area of TiOg apart from the several small squares covering the BEs partly
was etched using reactive ion beam etching with a photoresist mask. Finally, the fine
and coarse TEs were formed in the identical manner to that for the BE formation,
giving rise to the overlap between the BE and the TE. Fig. 2.5(b) shows an SEM
image of the modified stack switching cell. In the image the overlapping between the
fine TE and the fine BE can be seen although the image is more or less vague. The
advantages of the modified stack switching cells will be mentioned in Chapter 5.






Chapter 3

Structural and chemical properties
of pristine TiO-

In this chapter the microstructural and the chemical characteristics of pristine TiOq
are presented. The microstructural characteristics were analyzed using X-ray diffrac-
tion, scanning electron microscope, and transmission electron microscope and the
chemical characteristics using Rutherford back scattering and X-ray photoemission
spectroscopy. From the analysis the crystalline structure of sputter grown TiO, was
found to be stoichiometric TiO, anatase. The transmission electron microscope anal-
ysis showed that crystalline TiO, anatase was embedded in an amorphous phase and
the grain size of the crystalline anatase was quite small (< 20 nm).

3.1 Microstructural characteristics

A 100 nm thick TiOy film was deposited on platinized Si and SiN, substrates us-
ing reactive sputtering at room temperature. To identify the crystalline structure
of the TiO; film X-ray diffraction (XRD) analysis was performed using a glancing
mode with a small fixed angle of an incident X-ray. A normal #-20 mode was also
tried, however, no diffraction pattern could be observed. It can be guessed that the
crystallinity of the film was not well evolved. Figures 3.1(a) and (b) show the XRD
peaks of the TiO, films on the platinized substrate and the SiN, substrate, respec-
tively. Several peaks corresponding to TiO, anatase could be observed for both TiO,,
films as shown in Fig. 3.1, and thus TiO, was found to be anatase regardless of the
substrates. Anatase is generally regarded as a low temperature phase of TiOy. The
TiO, film was deposited at room temperature so that TiO, was anatase as a matter
of course.

The structure of TiOy anatase is depicted in Fig. 3.2. Anatase belongs to a
space group of I4;/amd(141), tetragonal with the longer c¢ lattice constant than
a.[28] The lattice constants a and ¢ are 3.7842 A and 9.5146 A, respectively.[29] The
basic building block is a TiOg octahedron depicted in Fig. 3.2(b). The arrangement
of TiOg octahedra determines the crystal structure of TiO,, anatase, rutile, and
brookite. Indeed, all anatase, rutile, and brookite consist of TiOg octahedra.

It is known that titanium oxide undergo various phase transitions relying on
thermodynamic variables i.e. temperature, oxygen partial pressure and so on. This

13
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Figure 3.1: XRD peaks of the TiOy on (a) a platinized substrate and (b) a SiN,
substrate, measured using a glancing mode.

is attributed to transition metal Ti, which can have various valence states. The
phase diagram of titanium oxides is shown in Fig. 3.3. The transition of the crystal
structure and the stoichiometry of titanium oxide is accompanied with the that of
the electrical properties. Indeed, TiO, is regarded as n-type semiconductor while
TiOy_,/2, where about n> 1.5, is regarded as metal. Even the small change in
the stoichiometry of the Magnéli phase leads to the large change in the electrical
properties. The Magnéli phase has a pseudo-rutile structure expressed as Ti,Og,_1,
where n > 4.[31-33] In Fig. 3.3 the Magnéli phase is located between Tiz3O5 and
TiO,.

Cross-sectional scanning electron microscope (SEM) image of a 110 nm thick
TiO, film is shown in Fig. 3.3. It can be seen that the film consists of many thin
columns termed columnar structure. The aspect ratio of the columns is quite high,
implying that in the initial stage of the film growth the nucleation of seed grains is
dominant rather than the lateral growth of seed grains. The lateral growth occurs
by virtue of the surface diffusion of adatoms on the substrate, which is a thermally
activated process. Since the working temperature of the TiOy deposition was room
temperature, the surface diffusion of the adatoms is believed to be non-activated.
Therefore, the nucleation was prior to the surface diffusion, resulting in the formation
of the columns with the high aspect ratio.

For the observation of the microstructure of TiO4 transmission electron micro-
scope (TEM) was used. The procedure of TEM sample preparation is like following.
First, a TiO, film was deposited on a SiN, /SiO, /Si/SiO, /SiN, substrate. Second, a
photoresist mask was formed on the back side of the substrate for the ion beam etch-
ing of the SiN, and SiO, on the back side. The photoresist mask covered the whole
surface of the back side apart from 9 squares whose side length was 770 pym. Third,
the SiN, and SiO, in the open 9 squares were etched in turn using Ar ion beam
exposing Si, and then the photoresist mask was removed in acetone remaining only
SiN, serving as a hard mask for the wet etching of the Si. Finally, the wafer with the
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Figure 3.2: (a) TiO anatase structure. (b) TiOg octahedron. The lager balls are O
ions and the smaller balls Ti ions.[27]

SiN,, hard mask was placed in 20 % Tetramethylammonnium hydroxide (TMAH)
solution for 12 hours at 80 °C for the anisotropic etching of Si. The anisotropic
etching is attributed to the surface energy difference between the different planes of
the diamond cubic structure. Since the SiN, layer on the front side served as an etch
stop layer, the wet etching stopped at the SiN, layer forming pyramid-shaped win-
dows for TEM observation as can be seen in Fig. 3.4. The windows were necessary
to be as small as possible (a square of about 20 to 30 pm) to minimize buckling of
the sample due to residual mechanical stress being imposed on the thin membrane
structure after the back etching.

Figure 3.5 shows a plane TEM image of a 30 nm thick TiOy film grown on
the SiN,/SiO,/Si/SiO,/SiN, substrate. The figure is a bright field image so that
diffracted electron beam makes dark image and transmitted electron beam makes
bright image. In Fig. 3.5 it can be noticed that the locally crystalized TiOy grains
(dark region) are embedded in the amorphous phase, implying that TiOs is not fully
crystalized. The grain size is quite small, less than 20 nm. The small grain size as
well as the poorly crystalized phase is estimated to be the reason for the difficulty
in the XRD analysis using a #-260 mode. The electron diffraction pattern is depicted
in the inset of Fig. 3.5. The circles denote the electron beam diffracted from the
underlying SiN, layer and the bright spots around the central, transmitted beam
denote the beam diffracted from many atomic planes of TiOs.
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Figure 3.3: Phase diagram of titanium oxides.[30] Right: Cross-sectional SEM image
of a 110 nm thick TiO, film

Figure 3.4: (a) Schematic of the TEM observation window. (b) SEM image of the
window.

3.2 Chemical characteristics

The stoichiometry of TiOy were determined from Rutherford back scattering (RBS)
analysis. For the RBS analysis a 27 nm thick TiO film was deposited on a platinized
Si substrate with an adhesion layer of ZrO, rather than TiO,. The ZrO, adhesion
layer was chosen to avoid the interference by the adhesion layer. The RBS and the
data fitting results are shown in Fig. 3.6. The data fitting with the assumption of
stoichiometric TiO, is well consistent with the RBS result, suggesting that the TiOq
film is composed of stoichiometric TiOs.

The stoichiometry of TiOs was also identified using X-ray photoemission spec-
troscopy (XPS) analysis. The XPS measurement was performed on a 27 nm thick
TiO, film on a platinized Si substrate with an X-ray incidence angle of 45° from
the TiOs surface. The spectra of Ti 2p and O 1s are shown in Fig. 3.7. By fitting
the obtained Ti 2p spectrum with Ti 2p spectra of different Ti valence states, Ti%*,
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Figure 3.5: Plane TEM image of TiOy. The inset shows the electron diffraction
pattern.

Ti**, and Ti**, it was found that only a valence state of Ti** could be detected.
This implies the contribution of the other valence states to the Ti 2p spectra is tiny
so that they could not be detected. An O 1s spectrum could be divided into three
different spectra as shown in Fig. 3.7(b). The peak with the highest intensity at
a binding energy of 530.2 €V is from the lattice oxygen. The peak at 531.4 eV is
attributed to the physisorption of (OH) on the TiOy surface. The lowest peak at
532.5 eV is attributed to the chemisorption of HyO on the surface.[34]
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Chapter 4

Electrical properties of pristine
TiO-

In this chapter the electrical conduction behavior of TiO, films is presented in ap-
plied voltage, time, and temperature domains. TiO, is generally regarded as an
electrolyte material, where both electronic and ionic conductions contribute to the
overall electrical conduction. Current-time curves and their Fourier transformation
data demonstrate the contribution of ionic conduction behavior to the total conduc-
tion. Furthermore, impedance spectroscopy was used to check dielectric relaxation
as well as the contribution of ions to impedance spectra.

4.1 Current-voltage-time characteristics

Current-voltage (I-V) behavior of TiOy can reveal the electrical conduction mech-
anism. For instance, the conduction mechanism can be roughly guessed by fitting
measured /- V curves with the confined conduction mechanisms: (a) electron injection
such as thermionic emission and tunnel injection (b) film bulk conduction such as
drift-diffusion and hopping conduction. However, it does not seem that the conduc-
tion mechanism of electrolyte TiOs can be easily understood using the conventional
conduction equations because most of the conventional conduction equations deal
with only steady state electronic leakage current rather than ionic current. In this
section, the qualitative conduction description of TiOs will be reasoned with ana-
lyzing measured I-V curves at various temperatures and current-time (I-t) curves at
various constant voltages.

4.1.1 Electrical conduction theory

By electrical conduction behavior materials can be classified into metal, semiconduc-
tor, and insulator. The conductivity of metal decreases with increasing the lattice
temperature due to the decrease in the electron mobility resulting from the interac-
tion between the free electrons and the thermally activated phonons. The number
of the free electrons is barely influenced by the lattice temperature. As metal is
considered to consist of lattices in an electron sea, the number of the free electrons
in the sea is hardly affected by the small waves due to the change in lattice temper-
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ature. In case of semiconductor, both decrease and increase in the conductivity can
be observed depending on the lattice temperature. The number of the free electronic
carriers, electrons and holes, increases as increasing the lattice temperature because
the electrons in the valence band can move to the conduction band by virtue of ther-
mal energy, resulting in the increase in the number of the free electrons and the holes.
However, beyond a certain temperature the decrease in the electron and the hole mo-
bilities will take place as happening in metal. The conductivity of insulator keeps on
increasing as the lattice temperature increases. The electronic carriers are excited by
thermal energy, implying the increase in the number of the carriers. In principle, the
electronic carriers in insulator follow the Fermi-Dirac statistics, in which probability
f, an electron or a hole will have energy ¢, is given by f (¢) = [1 + e(e‘EF)/kBT}_l,
where €p, kg, and T mean the Fermi energy, the Boltzmann constant, and the
absolute-temperature, respectively.

The probability, an electron or a hole following the Fermi-Dirac statistics has an
energy higher than a certain energy €y, is expressed as

p= ffzo f (5) de _ In [1 + e*(fofsp)/kBT]
fooo f(e)de In [1 + ecr/ksT)

(4.1)

However, the electronic carriers in insulator can be described using the Boltzmann
statistics. Unless the conduction band edge (valence band edge) for the electrons
(holes) is very close to the Fermi energy, the Boltzmann can replace the Fermi-Dirac
statistics. For the Boltzmann statistics f can be described as f = e~ (¢=<r)/ksT 5o
that the probability that an electron or a hole will have an energy higher than ¢ is
given by
w © (e=er)/kBT ¢ _ o~ (co—er)/kaT (4.2)

fooo e—(e—€r)/kBT (¢ ’ ’
For the description of heavily doped insulator whose Fermi energy is close to the
conduction band (valence band) for n-type (p-type) the Fermi-Dirac statistics should
be applied. Later, the electric conduction behavior of heavily self-doped TiO, will be
dealt with based on the Fermi-Dirac statistics rather than the Boltzmann statistics.

In order to describe the electric carrier transport in insulating films, one should
solve the drift-diffusion equation of electric carriers based on the Crowell and Sze
model with proper boundary conditions.[37] Baniecki et al. have reported that many
different conduction equations, for instance, the thermionic emission and the modified
Schottky equations and the drift-diffusion theories of Wagner and Schottky, can be
derived from the Crowell and Sze model under various conditions.[38] However, most
literatures have taken only electronic carriers, electrons and holes, into account so
that the time-dependent drift-diffusion of ions has not been considered even for
electrolyte materials.

The ionized donors and acceptors in insulator serve as space charges, and thus
the space charges distribution varies with respect to time, resulting in the variation
of the internal electric potential distribution. Considering the low diffusivity and the

mobility of ions, it can be estimated that it takes a while for the ionic system to reach
a steady state. Therefore, when the conduction behavior of electrolyte is dealt with,
the conduction behavior should be taken into account in an applied voltage domain
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as well as a time domain. Time-dependent conduction behavior in a one-dimensional
case can be described using the one-dimensional drift-diffusion equation and Fick’s
second law. The drift-diffusion equation is given by

807;

Ipp (z,t) = Aq;zi (ziciuiE — Di&v) (4.3)

where A, q, z;, p;, D;, and ¢; denote the pad-size of insulator, the elementary charge,
and the ionization number, the mobility, the diffusivity, and the concentration of
charged particle ¢, respectively. And Fick’s second law is given by

b Ol
ot Oz’

(4.4)

where I, denotes Ipp of charged particle i. The equations can be solved numerically
with proper boundary conditions.
Current I at time ¢ consists of Ipp as well as displacement current A9D/0t.

oD
ot’
where D denotes dielectric displacement. [ is a constant along coordination x at
a given time t. Equation 4.5 can be applied to all systems where mass transport
takes place, including closed systems as well as open systems to atmosphere. D is
attributed to dielectric response behavior and the change in the gravity center of
space charge distribution. The details will be explained in Sec.1.2.1.

4.1.2 Current-voltage characteristics of Pt/TiO,/Pt

For the dielectrics in which the ion-related current is negligible the electronic leakage
current can be distinguished from the the dielectric relaxation current using the
method suggested by Dietz et al.[39] A sketch of the charging and the discharging
currents responding to a voltage pulse is depicted in Fig. 4.1. In these dielectrics
the discharging current is regarded as the dielectric relaxation current following the
universal relaxation law, such as, the Curie-von Schweidler law. According to this
method, the relaxation current behavior with respect to time in the time range (4 <
t < t) is identical to that in the time range (¢ > #;). Therefore, by subtracting the
discharging current in ¢ > ¢, from that in ¢; < ¢ < t; the electronic leakage current
can be evaluated.

However, in TiO, the discharging current in ¢ > 5 is attributed to not only the
dielectric relaxation but also the redistribution of the ions (ionic relaxation) because
the ion-related current in TiO; is not negligible. Therefore, the contribution of the
dielectric relaxation to the discharging current is hard to be distinguished from the
contribution of the ionic relaxation. In fact, the charging current behavior in TiOj is
very different from the discharging current behavior so that the dielectric relaxation
current could not be eliminated from the the total current using the method.

I-V behavior of Pt/TiO,/Pt stack cells was measured using a Keithley 2611
System SourceMeter by applying a stepwise voltage sweep with a voltage delay time
1y 0f 0.1 s. Figure 4.2 shows measured I-V curves of Pt/TiO5/Pt stack cells with three
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Figure 4.1: (a) Schematic of the charging and the discharging currents measure-
ment. (b) Applied voltage pulse to the dielectric. (¢) Sketch of the charging and the
discharging currents responding to the voltage pulse shown in (b).[39]

different thicknesses of TiOs (27, 50, 75 nm) and circular-shaped top electrodes with a
diameter of 100 pm. The measured current consists of three contributions: electronic
current, ionic current, and the displacement current composed of dielectric relaxation
and the variation of the gravity center of space charges. In Fig. 4.2 it can be noticed
that the current, especially, under the positive voltage, does not remarkably depend
on the thickness of TiOq. All I-V curves in Fig. 4.2 show hysteretic behavior. The
I-V behavior near 0 V in Fig. 4.2(a) is enlarged in Fig. 4.2(b). The small letters,
a, b, and ¢ denote voltage sweep directions in the sequence a —b — ¢. During the
downward sweep b reverse current is found to flow in the voltage range 0 < V' < 0.36
for 50 nm and 0 < V < 0.74 for 75 nm thick TiO,. During the upward sweep ¢
reverse current flows is again found to follow in the voltage range —0.3 <V < 0 for
50 nm and —0.58 < V' < 0 for 75 nm thick TiO,.

These reverse currents are unlikely to be the static leakage current because the
reverse currents in a time domain show non-steady state behavior, varying with
respect to time. Therefore, they can be speculated to be attributed to the ionic
drift-diffusion undergoing relaxation and the displacement currents. Oxygen vacancy
(V5)! is a possibly dominant defect-type in TiOy as has been reported in many
literatures.[40-43] By applying a voltage the oxygen vacancy distribution will be
changed, that is, the concentration in the vicinity of the cathode (anode) will be
increased (decreased) due to the drift of the oxygen vacancies. Jeong et al. has
reported that the Schottky barrier height (SBH) at a metal/insulator interface is
influenced by the space charge density and its distribution in the insulator, where
the SBH at the interface between a metal and a n-type semiconductor decreases
as increasing the positive space charge density.[35] The SBH at the anode of the
Pt/TiO5/Pt cell therefore decreases by virtue of the applied voltage causing the

1V, means an oxygen vacancy in the Kréger-Vink defect notation
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Figure 4.2: (a) I-V characteristics of Pt/TiOy/Pt stack cells with three different
thicknesses of TiOy (27, 50, and 75 nm). (b) enlarged I-V curves in the voltage
range (—1 < V < 1). The inset depicts the applied stepwise voltage sweep with a
voltage delay time 4 of 0.1 s.

accumulation of the oxygen vacancies at the anode. Consequently, the injection
current increases.

A schematic of oxygen vacancy distribution and electron flow is depicted in Fig.
4.3. The accumulated oxygen vacancies near the cathode will undergo relaxation with
decreasing the applied voltage. The relaxation time of the oxygen vacancies should
be longer than the delay time ¢; of the applied voltage steps, which is normally in
the range 0.1s < t; < 1s. Therefore, the SBH at the anode during the upward sweep
might be different from that during the downward sweep. The SBH after the turning
points of the sweep (£2V) is lower than that before the points, consequently, the
current after the turning points is higher than that before the points. Therefore, the
I-V curves show the hysteretic behavior shown in Fig. 4.2.

Effect of temperature on current-voltage curves

The electrical current in insulator is thermally activated. In case of electrolyte it is
more or less difficult to analyze the conduction behavior with respect to temperature
because the time-dependent drift-diffusion of the ions as well as the displacement
current resulting from the drift-diffusion should be taken into consideration, which
are insignificant for the electrons. The I-V curves of a Pt/TiO5(55 nm)/Pt stack cell
at various temperatures, 30, 44, 58, 72, 85, 98, 111, and 123 °C, are plotted in Fig.
4.4 The delay time of voltage steps was 0.1 s. In Fig. 4.4 it can be realized that
the current is generally activated by the lattice temperature. However, the details of
the thermal activation of the current are not completely understood in terms of the
thermal activation of the electronic and the ionic currents. It is interesting that the
reverse current (negative current) under the positive voltage vanishes with increasing
the temperature, whereas the reverse current (positive current) under the negative
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Figure 4.3: Schematic of V5 distribution and electron flow under an applied negative
voltage

voltage is barely influenced by the temperature. Furthermore, it can be noticed that
the current behavior during the upward sweep in the voltage regime after 4 indicated
in Fig. 4.4 is barely affected by the temperature.

Effect of oxygen injection during Pt top electrode sputtering

Pt(0)/TiO, /Pt stack cells? were fabricated with injecting oxygen gas into the sput-
tering chamber during the Pt top electrode (TE) sputtering. The working gas
consisted of 80 % Ar and 20 % Os. The comparison between the I-V curves of
Pt/TiO5/Pt and Pt(O)/TiO2/Pt can be seen in Fig. 4.5. It can be noticed that
the leakage current as well as the hysteresis under the negative voltage remarkably
decreases by incorporating oxygen into Pt TE while the conduction behavior under
the positive voltage is hardly influenced. This oxygen injection effect is possibly
attributed to the suppression of the oxygen vacancy formation in the TiOg surface
due to the oxygen ion re-sputtering in the initial stage of the Pt sputtering. The
oxygen-reduced TiO, surface can be re-oxidized by the injected oxygen gas prevent-
ing the oxygen vacancy formation so that the density of the oxygen vacancies in
the vicinity of the TE will be much less than that in the Pt/TiO5/Pt cell. Conse-
quently, the SBH at the TE/TiO, interface of the Pt(O)/TiO; cell becomes higher
compared with the Pt/TiOy/Pt cell. Therefore, the leakage current under the nega-
tive voltage is reduced in the Pt(O)/TiOs cell. The reduction of the I-V hysteresis
can be also understood in terms of the lower oxygen vacancy concentration at the
Pt(0)/TiO, interface. The SBH reduction due to oxygen vacancies is insignificant in
the Pt(0O)/TiO/Pt cell, and thus the variation of the oxygen vacancy distribution
caused by the applied voltage does not remarkably influence the variation of the
SBH. Therefore, the I-V hysteresis becomes less obvious.

2Pt0,, is unlikely to be formed during the sputtering. The notation Pt(O) means Pt deposited
with oxygen injection
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Figure 4.4: I-Vcurves at various measurement temperatures. The numbers, 1, 2, 3,
and 4 denote the voltage sweep sequence. The closed and the open symbols denote
positive current and negative current, respectively.

Current-voltage characteristics of the planar switching cells in a pristine
state

The I-V curves of a planar switching cell at various temperatures are depicted in
Fig. 4.6. First of all, it can be noticed that the curves hardly show hysteresis. This
can be explained in terms of the re-oxidation of oxygen vacancies as mentioned in
the previous section. Since the conduction area of TiOy between the electrodes is
exposed to the air, the oxygen in the air can be easily involved in the annihilation
of the oxygen vacancies so that the change in the SBH due to the variation of the
oxygen vacancy concentration at the cathode is unlikely to occur.

It can be guessed that the electric conduction of the planar switching cells occurs
along the surface of TiOs between the two electrodes. Surface conduction is expected
to be different from bulk conduction due to the difference in the electronic structure
of the surface from the bulk. The dangling bonds and the chemi- and the physisorp-
tions on the surface of TiOs can influence the electronic structure giving rise to the
distortion of the electronic structure compared to the bulk of TiOs. Furthermore,
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Figure 4.5: Comparison between the I-V curves of Pt/TiOs/pt and Pt(O)/TiOy/Pt
stack cells.

the conduction may occur through many grain boundaries because of the columnar
grains of TiO,, while for the stack cells the conduction occurs along the columnar
grains with the much less influence of the grain boundaries, therefore, the conduction
behaviors of the planar cells and the stack cells should be different.

In Fig. 4.6 the positive temperature coefficient of resistivity (PTCR)-like effect
can be observed under the positive voltage and the negative voltage below about
-2 V. The currents at 4 V with respect to temperature are plotted in Fig. 4.6(b).
The PTCR effect in ferroelectric materials has been explained in terms of the abrupt
decrease in the dielectric constant at the Curie temperature. The PTCR effect has
been also observed in paraelectric (Ba,Sr)TiOz, which has been explained in terms of
the low dielectric constant layer near the electrode, so-called dead layer.[44] However,
neither the ferro- to paraelectric transition nor the dead layer effect is likely to explain
the PTCR-like effect in the planar TiOg cell. The effect may be caused by the grain
boundaries between many columnar grains. However, the reason for the effect has
not been clarified.

4.1.3 Current-time characteristics of Pt/ TiO,/Pt

Since a frequency space is the inverse of a time space, the dielectric response in a
frequency domain can be obtained by Fourier transforming the current behavior in
a time domain. For the dielectrics with only electronic dc conductance, dielectric
response function f can be obtained by executing the Fourier transform of the mea-
sured I-t curves.[46] As given by Eq. 4.5, the drift-diffusion of charged particles and
the variation of D contribute to the total current. D as a function of time is given
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Figure 4.6: (a) I-V curves of the planar switching cell in a pristine state at various
temperatures. (b) Current at 4 V with respect to temperature.

b
' D(t) = =0 Fp [1+ /0 ) dT} +é /O (e t) de, (4.6)

where €g, Fy, d, and p are the permittivity of vacuum, an averaged electric field, the
thickness of dielectric, and a space charge concentration, respectively. The derivation
of Eq. 4.6 will be given in Section 1.2. Therefore, Eq. 4.5 can be rewritten by

A [T Op(x,t
1(t) = Iop (e,t) + Aso B [0 (6) + f (] + 5 / 222 é“: ) . (4.7)
0
From Eq. 4.7 f can be obtained after a simple arrangement as
1 1 ¢ Op (x,t)
@)= AeoE, [I(t)—Ipp(t)]—4d(t)— €0Eod/o T dzx. (4.8)

Dielectric susceptibility y in a frequency domain can be obtained by Fourier
transforming f in a time domain as shown in the following equation.

X (w) = /000 I () e 2™ dt. (4.9)

Entering Eq. 4.8 into Eq. 4.9 gives the following equation that defines the relation
between x in a frequency domain and [ in a time domain.

F [Ipp (t)] 1 /OO it
— _1 — [ 127w
X (W) A€0E0 + AE()EO 0 (t) € dt

1 d r o] t )
/ xr / ap ($7 )6—127'rwtdt:| dx
EQE 0 LJo ot
1

od
F [Ipp (1)] /°° ot
e I(t)e ™ ™"dt
A€0E0 + AE()EO 0 ( )6

27w /d [ /°° iomt }
— x x,t) e Tt dr, 4.10
=B )y T L, p(x,t) (4.10)
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where F [Ipp (t)] means the Fourier transform of Ipp (¢). By arranging Eq. 4.10
F [Ipp (t)] can be simply expressed as

: d o)
Fllpp(t)] = —AegEo[l+ x (w)] — ZQW(;)A/ x [/ p(z,t) e *™dt| dw
0 0

+ / I(t) e ?mqt. (4.11)
0

X (w) can be obtained from impedance spectrum measurement. At a low dc voltage
Ipp and time-dependent space charge redistribution are insignificant, and thus the
second and the third terms on the right side of Eq. 4.7 are negligible. Therefore,
complex x? in a frequency domain can be measured with a low dc voltage. According
to the Curie-von Schweidler relaxation law, both ¥’ and x” are given by a power-law,

w1 with n slightly less than unity.[47, 48] The ratio of }’ to 1 4+ x” can be given
by[47, 48]
" 7
X' (@) ~ X () = cot <@> . (4.12)
I+ x (W) X (W) 2

Let us regard the sum of F [Ipp (t)] and the second term on the right side of
Eq. 4.11 as F[Ippp (t)], where Ipp p means the drift-diffusion and displacement
current. F [Ipp p (t)] means the number of charges with respect to frequency, which
can contribute to the total current at a given constant voltage. Therefore, it is not
identical to Ipp p (w), the current measured by applying a constant dc voltage with
a small ac signal. On the assumption that the amplitude of a small signal (‘7) is
small enough to write Ipp p (V) using the Taylor expansion, Ipp p is given by the
sum of a static current at constant voltage Vg, I% p.p» and a dynamic current with

small ac voltage ‘7, [~DD_,D,

8]DD D (7
LIy,
v

Ippp =Ippp (Vo) + Ippo = Ipp p (Vo) + (4.13)

What can be obtained from the Fourier transform of I-¢ curves, F [Ipp p (t)], is
I,ODDV p while what can be obtained from impedance spectroscopy is I pp,p, that is,
Ippp (w). Nevertheless, the dependence of I,%D’D and fDD’D on frequency can be
considered to be identical to each other because the small signal barely changes the
frequency dependency. From the equations that have been dealt with up to now
FIpp,p (t)] is given by

FlIppp ()] = —AeoEy[1 + x ()] + /0 h I(t)e 2™t (4.14)

The conduction behavior of a Pt/TiOy/Pt stack cell in the time domain 0 <
t < 1000 s was measured at various constant dc voltages using a Keithley 2611
System SourceMeter. The cell consisted of 27 nm thick TiO,. The measured I-t
curves are plotted in Fig. 4.7. In Fig. 4.7 the I-V curves are found to hardly reach a
steady state. These non-steady states cause the difficulty in the interpretation of low
frequency impedance spectra. The abnormal impedance spectra in a low frequency

3complex x can be described in terms of real and imaginary parts, x = x’ — ix".
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Figure 4.7: I-t curves under applied constant voltages (a) from 0 to 2 V with an
interval of 0.2 V (b) from 1.8 to 0.2 V (c¢) from 0 to -2 V and (d) from -1.8 to -0.2
V in turn. In Fig. (c) the reverse current (positive current) under -0.2 and -0.4
V is observed after about 6 s. In Fig. (d) the reverse current (positive current) is
measured after about 6 s and 400 s under -0.2 and -0.4 V, respectively.

domain will be shown in Sections 1.2.2 and 1.2.3. Using Eq. 4.14, Ipp p can be
obtained in a frequency domain. The fast Fourier transformation of I was carried
out using a MATLAB.

The current as a function of frequency can be written by the following equation
with taking into account the dielectric response to small ac signal v,

I (w) = FIpp.p )] + i27wCV, (4.15)

where C' denotes complex capacitance. The Fourier transformed admittance data
are plotted in the Cole-Cole plane as shown in Fig. 4.8. The curves in Fig. 4.8 show
abnormal behavior in the low frequency regime, where the positive I'm (Z) values
appear due to the frequency-dependent drift-diffusion and displacement currents.
However, in the relatively high frequency regime (1 Hz < w < 10 kHz) the impedance
spectra recover the semicircles because the ionic behavior can not respond to the
frequencies. In the frequency regime (> 10 kHz) the Cole-Cole plots again deviate
from the semicircles because the Curie-von Schweidler relaxation becomes prominent
in the frequency regime.

4.2 Impedance spectra of Pt/TiO,/Pt

The impedance spectra of Pt/TiOq/Pt stack cells in two different frequency domains,
60 Hz < w <1 MHz and 0.1 Hz < w < 100 kHz, are presented. The measurements
in the domain (0.1 Hz < w <100 kHz) were performed to identify the low frequency
characteristics of the impedance, which are expected to involve the sluggish drift-
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diffusion of the ions. And also the impedance spectra in the low frequency domain
are compared with the Fourier transformation of the I-¢ curves shown in Fig. 4.7.

4.2.1 Dielectric behavior in time and frequency domains

D in Eq. 4.5 consists of D due to dielectric response (D,) and the time-dependent
behavior of space charge distribution (Ds.). Both D, and D;, are given by a function
of z and ¢ satisfying the continuity equation, dD/0x = p. On the assumption that
the sum of dielectric response satisfies the rule of the superposition of the dielectric
polarization P, can be defined as a convolution integral over the time variable 7 given
as the following equation.[50]

P, () = = A F(E(t—7)dr. (4.16)

The physical meaning of the convolution integral is that P, observed at time ¢ is
the sum of the responses to the electric fields in the past. D,. is the displacement
induced by time-dependent space charge distribution. Let us suppose sheet charge
—q placed at x between two parallel electrode plates with distance d. Using a simple
one-dimensional electrostatic theory it can be calculated that the areal density of
the induced charges on the left electrode Q.. and the right electrode Q. r are
q (1 —z/d) and gz/d, respectively. In case of arbitrarily distributed positive point
charges ¢; at x;, the areal densities of the charges on the left electrode Qj‘c ; and the
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right electrode Q7 p are
N M+ Q+8+

se, L d d (4 17)
and M+ Qtst
S
wn=Q@ = =Q" -, (4.18)

where QT and M™ denote the areal density of the positive charges between the
electrodes and the first moment of the positive charge distribution, respectively.
And s* denotes the center of the gravity of the positive charge distribution and can
be given by
o fod xpt (x)dx
fod pt(z)dx ’
where pt is a positive charge density. In case of negative charge distribution, the
above equations are valid by changing + to —. Therefore, the areal densities of the
charges induced by both positive and negative charges on the left electrode @, and
the right electrode Q4. r are

(4.19)

1 d
Qse,r. = E/o zp (z) dx (4.20)

and L
Q=07 [ ap(@)ie 4.21)

where p is the sum of p™ and p~. Q is zero to satisfy the charge neutrality condition,
and thus Qs g is equal to —Q, .. By applying the one-dimensional Poisson equation
the electric field at = 0 can be obtained in terms of the densities of the free charges
py, the charges induced by the dielectric response p,, and by the space charges ps.
as can be given by

dE

_Pf + pp + Psc
dz ’

- (4.22)
=0
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And p, and p,. can be described using the divergence of the polarization vector due
to the dielectric response P, and that due to the space charges P;., respectively,
giving the equations p, = —dP,/dx|,—o and ps. = —dP;./dx|,—o. Entering these
equations into Eq. 4.22 gives the following equation.

dD d

— = — (egF + P, + P,
dr |,_, dz (e + B+ Fuc)
Therefore, D (t) can be obtained by entering Eqs. 4.16 and 4.20 into Eq. 4.23 as
given by

pr = (4.23)

=0

t d
D(t):50E+50/0 f(T)E(th)dTJré/O p (x) dz. (4.24)

By executing the Fourier transform of I (¢) in Eq. 4.5 current behavior in a
frequency domain I (w) can be obtained. Since I is not a function of x at a given
time, any = can be taken as a reference point. Let us take an origin point x = 0 as
a reference point. Therefore, since now D, (t), Dy (¢), and E (¢) are time-dependent
functions at = 0. By transforming I (¢) using the Fourier transformation I (w) can
be obtained.

I (w) = Ipp (w) +i27wD (w). (4.25)

D (w) is obtained by the Fourier transform of Eq. 4.24 as expressed as the following
equation.

D () = 0 () + 0x () E () +$ /0 ' { /0 S ot e‘m“tdt} dr,  (4.26)

where x (w) is given by Eq. 4.9. Entering Eq. 4.26 into Eq. 4.25 gives

I(w) =Ipp (w) + i2mweoE (w) [1 + x (w)] + 12 /de [/Ooop(m,t) ei%“tdt] dz.

d
(4.27)
By dividing both sides of Eq. 4.27 by V (w) which is a small ac signal admittance as
a function of frequency is given by

Y (w) = I";D(fj)u) + ZQ?TCC;&O 1+ x W)+ %/0 T [/000 p(z,t) e_ﬂ”“’tdt} dz.
(4.28)

X (w) can be determined by measuring f in a time domain with applying a con-
stant voltage. Under a constant voltage D with respect to time can be described
as

t d
D (t) = eoEy [1 +/ f(r)dr+ é/ xzp(x,1) dx} . (4.29)
0 0
Therefore, I (t) is

L(t) = Ipp (x,1) + oy [5 () + £ () + 2/0 xapgg’t)da:} . (4.30)
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From Eq. 4.30 f (¢) can be obtained after a simple arrangement as

1 1 < Op(x,t)
t) = I(t)—1Ipp ()] —6(t)— —d 4.31
PO = g IO = Top ) =50 = — [« 0ae )
Entering Eq. 4.31 into Eq. 4.9 gives x in a frequency domain obtained from current
measurement in a time domain as can be expressed as expressed as Eq. 4.10.

Finally, admittance as a function of the frequency of an applied small ac signal
Y (w) can be obtained by entering Eq. 4.10 into Eq. 4.28.

Ipp ( ) 42002 /d /oo o
= JE— (Z1%%a
Y (w) V@) + ol |, x ; p(z,t)e dt| dx

12Tw o0 )
— I _ T —i2mwt
d [ ) /O (t)e dt}

127w ¢ OO —i27Tw
+ W/o x {/0 plz,t)e tdt} dx (4.32)

4.2.2 Impedance behavior in the frequency domain (60 Hz
- 1 MHz)

The impedance behavior of a Pt/TiO5(75 nm) /Pt stack cell was determined using an
HP 4284A precision LCR meter in the frequency domain (60 Hz - 1 MHz). Beyond
100 kHz the parasitic components, mainly inductance, from the measurement setup
and the wires became prominent in the impedance so that short circuit calibration
was performed to remove the parasitic components. The parasitic components are
considered to be connected to the device under test (DUT) in series as can be seen in
Fig. 4.10(a). By short circuit measurement the parasitic impedance Z, with respect
to frequency could be defined. Therefore, the intrinsic impedance of the DUT (Zpyr)
could be evaluated by subtracting Z, from the overall impedance including Zpyr and
Zs.

Figure 4.11 shows the calibrated real and imaginary parts of the admittance
[Re (Y) and I'm (Y)] in the frequency domain (60 Hz - 1 MHz) with applying various
constant voltages. At zero voltage the time-dependent variation of the distribution
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Figure 4.11: Re (Y') and Im (Y') in the frequency domain (60 Hz - 1 MHz) measured
with varying a dc constant voltage. (a) Measurements with increasing the applied
constant voltage, 0, 1, and 2 V in turn. Measurements immediately following the
previous measurements (b) with decreasing the applied constant voltage, 1.8, 1, and
0V, (c) with decreasing the constant voltage, -1 and -2 V, and (d) with increasing
the constant voltage, -1.8, -1, and 0 V, in turn.

of the ions is negligible because the drift-diffusion of the ions serving as space charges
are barely activated so that the last term on the right side of Eq. 4.28 can be ignored.

Furthermore, by expressing x as the complex function y = x’ — ix” Eq. 4.28 can be
expressed as

Ipp (w)  i27wweg , 2nweg
Y = 1 — . 4.
W=7yt P+ W) (4.33)
If Ipp is in-phase with V' (w), the first term of the right side of Eq. 4.33 can be

regarded as ac conductance so that Eq. 4.33 stands for an equivalent circuit consisting
of dc and ac conductors and a capacitor in parallel connection with one another as
depicted in Fig. 4.10(b). In Fig. 4.11 it can be noticed that at zero voltage Re (Y)
and I'm (Y') satisfy the Curie-von Schweidler relaxation law, giving the ratio of x” to

1 + Xl7 " ( ) " ( )
X'(w) X' _ B nm
Ty (@) = @) tand = cot (—2 ) . (4.34)

tand and n obtained using Eq. 4.34 with respect to frequency under a constant
voltage of 0 V are plotted in Fig. 4.12. From Fig. 4.12 n is determined to be
between 0.93 and 0.94, showing the very weak dielectric dispersion in the given
frequency domain. At zero dc voltage only the ac conductance behavior can be seen
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Figure 4.12: tan 0 with respect to frequency at 0 V and corresponding exponent n.

in the given frequency domain, implying the dc conductance is much lower than the
ac conductance.

4.2.3 Impedance behavior in the frequency domain (0.1 Hz
- 100 kHz)

The impedance spectra of a Pt/ TiOy/Pt stack cell in the frequency domain (0.1 Hz -
100 kHz) was measured using a Solartron SI 1260 Impedance/Gain-Phase Analyzer.
The measured admittance spectra under various constant voltages are plotted in
Fig. 4.13. The spectra in Fig. 4.13 are generally comparable to those measured in
the frequency domain (60 Hz - 1 MHz) given in Fig. 4.11. The dielectric response
satisfying the Curie-von Schweidler relaxation law can be observed in the frequency
range above 10 kHz for all voltages. The measured admittance spectra under various
constant voltages are plotted in Fig. 4.13. However, the low frequency spectra (< 10
kHz) show difference from the spectra in Fig. 4.11. The difference is believed to be
caused by the non-steady state behavior of the current. As mentioned in Fig. 4.30
the current state hardly reaches a steady state so that both impedance spectra in the
two different frequency domains are determined in two different non-steady states.
Indeed, in the frequency range (0.1 Hz - 100 kHz) the total measurement time under
a dc constant voltage was about 26 min, most time was spent on the measurement
below 1 Hz, whereas in the other range (60 Hz - 1 MHz) the total measurement time
was less than 1 min.

Figure 4.14 shows the Cole-Cole plots of the measured impedance spectra, which
correspond to the admittance spectra shown in Fig. 4.13. In Fig. 4.14(a) the
Warburg impedance spectrum is found to be dominant in the low frequency indicated
by the dot line. The Warburg impedance spectrum follows the locus of the semicircle
in the high frequency regime. The Warburg impedance is attributed to ionic diffusion
and redox reactions. The Warburg impedance is proportional to w='/2, implying that
as increasing the frequency the contribution of the ion-related impedance decreases,
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Figure 4.13: Re(Y') and I'm(Y") in the frequency domain (0.1 Hz - 100 kHz) measured
with varying a dc constant voltage; (a) increasing the voltage, 0, 1, and 1.4 V in turn
(b) decreasing, 1.2, 1, 0 V, (c) -0.2, -1, and -2 V, and (d) increasing -1.8, -1, and 0
V in turn.

consequently, the contribution of the ion-related impedance to the overall impedance
becomes negligible.[49] Therefore, the Cole-Cole plot in Fig. 4.14(a) recovers the
semicircle with increasing frequency.

The Cole-Cole plots in Fig. 4.14 are comparable to the plots in Fig. 4.8. The
deviation from the semicircles in the low frequency range shown in Figs. 4.14(b) and
(c) can be found in Fig. 4.8 as well. It can be therefore concluded that the deviation
is attributed to the time-dependent drift-diffusion and the displacement behaviors of
the ions. There is also deviation from the semicircles in the high frequency range (>
10* Hz) although it can not be recognized in the Cole-Cole planes. The deviation is
attributed to the Curie-von Schweidler law.

In summary, for TiO, electrolyte it took very long time to reach a steady state
under the applied voltage, which might be caused by the sluggish ionic drift-diffusion.
Therefore, the low frequency (< 1 Hz) impedance spectra can not be interpreted using
a simple equivalent circuit model assuming a steady state. The abnormal impedance
spectra in the low frequency domain could be proven to be attributed to be the
ionic drift-diffusion and the displacement due to the ionic drift-diffusion by Fourier
transforming the current behavior in the time domain. However, the contribution
of the ionic drift-diffusion to the impedance spectra could not be distinguished from
that of the displacement current on an experiment basis. Each contribution of the
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Figure 4.14: Cole-Cole plots in the frequency range (0.1 Hz - 60 Hz) at given voltages
of (a) 0.8 V in a upwards sweep, (b) -0.8 V in a downwards sweep, (c) -1.8 V, and

(d) -1 V in a upwards sweep, respectively.

drift-diffusion and the displacement current might be clarified by simulating the time-
dependent drift-diffusion of the ions and the displacement current. In the relatively
high frequency domain (> 1 Hz) the contribution of the ionic drift-diffusion could be
ignored because the ions can not react to the applied ac signal. Consequently, the
impedance spectra in the high frequency domain could be well interpreted using the
simple equivalent circuit.






Chapter 5

Electroforming characteristics in
bipolar resistive switching

Electroforming is an initial process for resistive switching measurements. During elec-
troforming initially insulating TiOs undergoes a huge degradation of the resistance
under an applied voltage/current. In this chapter, the effect of the electroforming in
TiOs on the structural and chemical characteristics of switching cells and their elec-
trical conduction behavior is introduced. Electroforming was performed by applying
a voltage/current to Pt/TiO2/Pt stack cells as well as modified stack cells. The
evolution of gas, most probably oxygen gas, at the anode during the electroforming
could be observed in the modified stack cells. This implies the electroforming is an
electrochemical reaction involving the reduction of TiOs introducing oxygen vacan-
cies in TiOy. The modeling of the electric conduction behavior in the electroformed
cells with assuming the asymmetric distribution of the oxygen vacancies was carried
out. In this chapter the modeling results are presented and the consistency with the
experimental results is demonstrated.

5.1 Electroforming effect on the structural and
chemical properties

Electroforming in TiO, results in the resistance degradation of insulating TiOs as
well as the microstructural and chemical changes in Pt/TiO9/Pt switching cells.
During the voltage/current application for the electroforming the resistance of TiOs
suddenly decreases by several orders of magnitude. Due to the sudden decrease in
the resistance the power dissipation in the switching cell is to increase suddenly
because the power dissipation is inversely proportional to the resistance. The power
dissipation gives rise to Joule heating increasing the lattice temperature. As will
be mentioned later, the Joule heating is regarded to be tremendous so that the
maximum temperature in the switching cell reaches a few thousands K. At such a
high temperature Pt as well as TiO5 would undergo phase transitions. The resistance
degradation of TiOs is therefore expected to be accompanied with changes in the
microstructure and chemistry of the switching cell.

The microstructural changes of dielectrics induced by dielectric breakdown have

39
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Figure 5.1: (a) Cross-sectional TEM image of poly-Si/SiO4/Si after the DBIE.[55]
(b) Plane SEM image of Pt/HfO4/Si after dielectric breakdown. The inset shows an
enlarged image of a hole in the Pt top electrode.

been frequently reported. The dielectric-breakdown-induced-epitaxy (DBIE) is one
example of the resistivity degradation accompanied with microstructural changes.[55,
56] According to DBIE, the dielectric breakdown of the gate oxide in a metal-oxide-
semiconductor capacitor induces the epitaxial growth of Si on the Si substrate so
that it can be estimated that the Joule heating may cause the structural change. A
cross-sectional transmission electron microscope (TEM) image of the DBIE is shown
in Fig. 5.1(a).

A scanning electron microscope (SEM) image of a Pt/HfO, /Si metal-oxide-semiconductor
capacitor destroyed by dielectric breakdown is shown in Fig. 5.1(b). The inset of
the figure is an enlarged image of a hole. An energy dispersive X-ray spectroscopy
(EDX) analysis indicated no Pt signal in the outer circle and only Si signal in the
inner circle meaning Pt was peeled off in the outer circle and even HfO, was peeled
off in the inner circle. After the dielectric breakdown many holes were formed on the
surface of the Pt with destroying the electrode as well as the HfO, layer.

A thin top electrode (TE) is helpful for the observation of the structural changes
of a switching cell using, for instance, SEM and atomic force microscope. Thick
electrode can well hide the changes taking place underneath the electrode so that the
influence of the changes on the surface of the switching cell can be hardly observed.
Therefore, modified stack switching cells with thin TE and bottom electrode (BE)
such as 10 nm and 30 nm were chosen to investigate electroforming-induced structural
changes using SEM. And electroforming carried out on a stack switching cell with
70 nm thick TE and 27 nm thick TiO, as well to check the distribution of ions over
the whole volume of the cell using two-dimensional time-of-flight secondary ion mass
spectroscopy (TOF-SIMS).
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Figure 5.2: Schematics of the idealized configuration of conduction paths (filaments)
in (a) a stack switching cell and (b) a planar switching cell.[20]

5.1.1 Electroforming theory

The mechanism of electroforming has been investigated for a long time, however,
it has not been clarified yet. The electroforming mechanisms which have been sug-
gested can be classified into two categories: (i) purely electronic process involving
localized electronic energy states in the band gap of resistive switching materials
where the localized states are attributed to inherent structural defects even before
electroforming[57], intrinsic ionic defects such as interstitials and vacancies formed
during electroforming,[58, 59] and the ion injection from the anode of a switching
cell; (ii) electrolytic reactions at the anode of a switching cell involving the evolution
of gas, for instance, fluorine gas for fluorides and oxygen gas for oxides.[60] The gas
evolution introduces anion vacancies in crystal. Beyond the percolation threshold
the anion vacancies can form conduction paths, through which electrons can flow
by quantum mechanical tunneling or hopping.[60, 61] The models in Group (i) re-
gard electroforming as a homogenous phenomenon uniformly occurring in the whole
volume of a switching material. According to these models, the degradation of the
resistance is caused by the degradation of the whole volume so that they can explain
the electroforming using a one-dimensional electronic band diagram. The models in
Group (ii) regard electroforming as a nonhomogeneous phenomenon occurring in lo-
calized particular volume in a switching material. The degradation of the resistance
takes place in localized volume, and thus the volume contributes to the resistance
of the overall resistance. Figure 5.2 depicts schematics of the configuration of con-
duction paths in stack and planar switching cells. Recently, conductive atomic force
microscope measurements on transition metal oxide have directly shown that local
conduction paths are involved in the resistive switching; their generation and rupture
are the reason for the switching. In the sense that the electroforming is an initial
process for the resistive switching, the electroforming can be also regarded as a local-
ized phenomenon. Therefore, Group(ii) is proper to explain electroforming. Park et
al. reported the electroforming and the switching behaviors of Au/ZrO,/Zr.[63] The
authors observed many molten spots on the Au TE after the electroforming, which
look similar to the spot in the inset of Fig. 5.1(b). Therefore, the electroforming is
considered to introduce large structural defects accompanied with the drastic change
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Figure 5.3: SEM images of a modified stack cell with 30 nm thick Pt TE and BE and
27 nm thick TiOq electroformed by applying (a) a positive voltage and (b) a negative
voltage on the TE, respectively. The inset in the right figure shows the cross-sectional
image along the dashed line depicted in the main figure, where the two dashed ellipses
designate cavities most probably caused by the evolution of oxygen gas.

in the structure due to the Joule heating.

5.1.2 Structural changes by the electroforming

Electroforming was carried out on modified stack switching cells and a stack switching
cell by applying a voltage source. The modified stack cells consisted of Pt TE and
BE with the same thickness (10 or 30 nm) and 27 nm thick TiO, and the stack cell
70 nm (100 nm) thick TE (BE) electrode and 27 nm thick TiO,. An Agilent B1500A
semiconductor device analyzer and a Keithley 2611 System SourceMeter were used
as a voltage source.

Figures 5.3(a) and (b) show the surface SEM images of the modified stack cells
with 30 nm thick electrodes, which were electroformed by applying a positive and
a negative voltage on the TE, respectively. The TE is therefore the anode in Fig.
5.3(a) and the cathode in Fig. 5.3. Stepwise voltage sweep was applied with a sweep
rate of 0.6 V/s and a current compliance of 50 pA for both cases. The voltage
application time was about 10 s, however, the change in the resistance and the cell
structure very suddenly took place at about 6 V so that the electroforming speed is
difficult to evaluate. Comparing Figs. 5.3(a) and (b) notes the difference, in Fig.
5.3(a) the TE (anode) in the overlap between the TE and the BE is almost intact
apart from the small area peeled off while in Fig. 5.3(b) the large area around the
peeled off area is protruded. A cross-sectional SEM image of the cell shown in Fig.
5.3(b) could be obtained after cutting the cell using focused ion beam etching, which
is shown in the inset of Fig. 5.3(b). The inset identifies that the protrusion was
caused by the formation of cavities at the BE (anode).

The structural change induced by the electroforming can be more clearly observed
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Figure 5.4: SEM images of a modified stack cell with 10 nm thick Pt TE and BE 27
nm thick TiOy electroformed by applying (a) a positive voltage and (b) a negative
voltage on the TE, respectively. The inset in the right figure shows the cross-sectional
image along the dashed line depicted in the main figure.

in the cell with a thinner (10 nm) TE and BE as can be seen in Fig. 5.4. Similar to
Fig. 5.3 the change in the morphology relying on the polarity of the electroforming
voltage can be observed in Fig. 5.4. However, the formation of cavities at the anode
can be more obviously confirmed as shown in Fig. 5.4(b). It can be estimated that
the cavities are attributed to the evolution of oxygen gas at the anode. When the
BE was the anode, the oxygen gas evolved at the BE during the electroforming
accumulates at the anode forming the cavities. When the TE was the anode, the gas
at the TE could escape from the cell damaging the thin TE so that the TE became
peeled off during the electroforming.! By these observations the electroforming in
TiOs can be judged to be an electrolytic reaction forming oxygen gas with giving
rise to the formation of oxygen vacancies in TiOs matrix. The reaction of oxygen
gas formation can be expressed in the Kroger-Vink defect notation as

0% — V5 + 2~ +1/20,. (5.1)

During the electroforming nTiO; is decomposed into free oxygen ions and oxygen
vacancies and the free oxygen ions drift to the anode due to the applied electric field.
The oxygen ions are accumulated at the anode, consequently, the oxygen ions form
oxygen gas by donating two electrons per each oxygen ion to the conduction band.
The oxygen vacancies are regarded to be fully ionized even at room temperature,
having an effective charge of +2. The localized energy states introduced by the
oxygen vacancies in TiOy have been found to be shallow, approximately 0.2 eV
below the conduction band edge.[62] Therefore, the oxygen vacancies can be easily
ionized by releasing electrons to the conduction band. In this sense the reaction in

!The damage is likely to be caused by the explosion of molten TiO with spouting gas like a
volcano.
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Figure 5.5: Schematic of the oxygen vacancy distribution in a Pt/TiOs/Pt switching
cell electroformed for the bipolar resistive switching.

Eq. 5.1 can be considered to be a self-doping process leading to the huge increase
in the electrical conductivity. For this reaction the electrode should be inert so that
the formation of oxide at the anode can be avoided.

On the other hand, the Ti ions in oxygen vacancy-enriched regions might be
reduced to fulfill the local charge neutrality, according to

Ti** + ne” — T+, (5.2)

by capturing electrons from the cathode. Therefore, the captured electrons fill the
Ti 3d band. The reduced Ti ions and the oxygen vacancies can form a metallic
phase, TiOy_;/2, where n is higher than 1.5, and thus the metallic phase composes
a conduction path in an insulating TiOy matrix.

The schematic of the oxygen vacancy distribution in a Pt/TiO,/Pt switching cell
electroformed by positive voltage application is depicted in Fig. 5.5. The formation
of oxygen vacancies during the electroforming is believed to be non-uniform over
the switching cell, which is caused by the non-uniform electric field distribution in
TiO5 possibly due to the roughness of Pt/TiO, interfaces or the geometry of the
TE. Consequently, the non-uniform oxygen vacancy distribution gives rise to a non-
homogeneous conductivity distribution, implying the formation of local conduction
paths. The detail of the Helmholtz layer and the reduced Schottky barrier height
(SBH) depicted in Fig. 5.5 will be explained in Section 5.3.

Furthermore, it could be also observed that the structural changes shown in Figs.
5.3 and 5.4 initiated at the corner of the BE. A simple electrostatic calculation
indicates that the highest electric field is applied at the corner of the BE. The elec-
troforming can be therefore regarded as an electric field-driven process. Indeed, it
has been reported that electroforming voltage is proportional to the thickness of a
switching layer.[64]
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Figure 5.6: (a) Topography of TiOs and (b) conductivity mapping

5.1.3 Resistance degradation using conductive atomic force
microscope

The resistance degradation of TiO5 could be induced by applying a voltage on the
surface of TiOq directly using conductive atomic force microscope (C-AFM). The
sample consisted of 10 nm thick TiOy on 100 nm thick Pt. The tip of C-AFM
was fixed at a point on the surface and two different voltages with positive and
negative polarities were applied to identify the correlation between changes in the
surface morphology and a voltage polarity during the resistance degradation. The
applied negative voltage was found to cause huge protrusion on the surface as shown
in Fig. 5.6(a). The conductivity mapping as shown in Fig. 5.6(b) identifies that
the protrudent area has a much higher conductivity than the other area, implying
that not only structural change but also resistance degradation occurred while the
negative voltage was applied. However, applying the positive voltage could make no
changes in the topography compared to the pristine surface. These observations are
in a good agreement with the polarity dependence of electroforming as dealt with in
the previous section. When the negative voltage was applied to the surface of TiO,,
oxygen gas was evolved and accumulated at the BE (anode) causing the protrusion.
However, when the positive voltage was applied, oxygen gas was pulled out of the
TiO layer so that no accumulation of oxygen gas and no consequent changes in the
structure took place.

5.1.4 Chemical changes by the electroforming

During the electroforming changes in the composition of a switching cell is also
expected to take place. In order to identify the changes in the composition in
the depth direction two-dimensional TOF-SIMS measurements were performed on a
stack switching cell with 70 nm (100 nm) thick top (bottom) electrode and 27 nm
thick TiO2,which was electroformed by applying a positive constant voltage (5 V).
For the depth profile measurements the surface of a specimen should be flat, other-
wise, the profiles obtained from different areas cannot be compared with each other.
As mentioned earlier, the modified stack cells with TE (10 and 30 nm) underwent the
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Figure 5.7: (a) Oxygen signal over the whole 100x100um? area, where the circle is
the circular-shaped top electrode. (b) Depth profile at the point A in the dark area;
(¢) The depth profile at the bright point indicated by B.

serious damage so that the surface became very rough. The stack switching cell with
70 nm thick electrode hardly shows the damage on the surface of the TE. Therefore,
the stack switching cell was chosen for the TOF-SIMS measurements so that it was
possible to compare the depth profiles of each ion from many different points.

Figure 5.7(a) shows the integrated oxygen signal over the depth direction at all
points in the 100x100 pm? scanning area including the whole TE depicted by the
circle. The brightness means the intensity of the oxygen signal. The spatial resolution
of the ion beam was about 1 pm. In the figure the distribution of oxygen over the
area of the switching cell is found to be nonhomogeneous, where a few spots with
higher oxygen concentrations are present. Comparing Fig. 5.7(a) with an image of
the pristine state reveals that these spots were caused by the electroforming. The
depth profiles of each element at a point in the dark area and a bright spot are
plotted in Figs. 5.7(b) and (c), respectively. The profile in Fig. 5.7(c) shows oxygen
incorporation into both TE and BE, whereas the profile in Fig. 5.7(b) is almost
identical to that of a pristine state sample. Since the TE was the anode during the
electroforming, a larger amount of oxygen was incorporated into the TE than the
BE, which can be identified by comparing the ratio of oxygen to platinum in the
TE with that in the BE. The oxygen in the BE might be released from the ZrO,
adhesion layer underneath the BE due to the local reduction by the Joule heating
during the electroforming. The incorporated oxygen most probably stays at grain
boundaries of Pt by forming chemisorbed states rather than forming platinum oxide
(PtO,.) phases.

The bright spots are expected to consist of a TiO, (x < 2) phase instead of
TiO,. Since the oxygen vacancies in TiO, serve as donors, the conductivity of TiO,
(x < 2) is higher than that of TiOs.[65] Therefore, the bright spots in Fig. 5.7(a) are
possibly conduction paths. Unfortunately, the oxygen content in TiO, in the bright
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Figure 5.8: (a) Calculated temperature distributions in Pt/TiO,/Pt containing a
conduction path under a current of 89 p A. (b) Maximum temperature with respect
to the applied current.

Table 5.1: Parameters used for the calculation of the temperature distribution
materials electric resistivity [€2- em] Thermal conductivity [W/mK]

Pt 10 p 71.6
TiO 300 1.26
TiO, 3M 6

spots could not be determined from the TOF-SIMS analysis because the oxygen
signal in TiO, was out of a measurable range.

The results of the TOF-SIMS measurements are in a good agreement with the
observation of the structural changes in the modified stack cell. It can be identified
that the electroforming involves the evolution of oxygen gas at the anode and the
oxygen can be incorporated into Pt electrode.

5.1.5 Calculation of the Joule heating during the electro-
forming

The damage on the surface of the modified stack cells does not seem to be caused by
only the ejection of oxygen gas. By the shape of the broken regions it can be judged
that those regions were molten during the electroforming. As a matter of fact, many
re-solidified Pt droplets headed out of the broken regions could be found around the
regions, implying the heat high enough to melt the local areas of the switching cell
was generated during the electroforming. In order to deal with the electroforming,
the Joule heating effect should be therefore taken into account.

The temperature distribution in a switching cell containing conduction paths
is worth being calculated. On the assumption that the conduction paths consist
of metallic TiO the calculation was carried out using finite element analysis. The
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parameters used for the calculation is given in Tabel 5.1. The resistivity of TiO,
was determined from the resistivity of pristine TiOs. Figures 5.8(a) and (b) show
the simulated temperature distributions in a switching cell including a single TiO
conduction path under an applied current of 89 yA and the maximum temperature in
the conduction path with respect to the applied current, respectively. The diameter
of the conduction path was assumed to be 2 nm. As shown in Fig. 5.8(b), the
maximum temperature in the cell is already above 1000 K at a constant current of
89 1A and it is about 3000 K at 140 A, which is higher than the melting temperature
of Pt and TiO,.2. At this high temperature the variation of the crystal structure as
well as the stoichiometry of TiOs is inevitable as shown in the phase diagram of TiO,,
shown in Fig. 3.3. As mentioned in the previous section, the electroforming in TiOq
is a self-doping process introducing a large amount of oxygen vacancies. Therefore,
the self-doping is regarded to be accompanied with the local phase transition of TiO,
to TiO, (v <2).3

5.2 Electroforming effect on the electrical conduc-
tion behavior of TiO

The electroforming causes huge changes in the current-voltage (I-V) behavior of
TiOs. The resistance undergoes irreversible degradation while electroforming occurs.
The electroforming can be considered to be comparable to dielectric breakdown in
the sense that both phenomena cause the degradation of the resistance. Dielectric
breakdown can be classified into hard and soft breakdown by the possibility of the
recovery from a degraded resistance state. The soft breakdown is regarded as the
temporary degradation of the resistance that can be cured by thermal treatment
to some extent while the hard breakdown is the permanent degradation that can
not be cured. The electroforming might be therefore regarded as a sort of the soft
breakdown. In this section the effect of the electroforming on the I-V characteristics
of TiO4 and the following bipolar resistive switching (BRS) behavior is investigated.
The electroforming was performed using a voltage/current source.

5.2.1 Electroforming with a voltage source

Applying a voltage to a switching cell can bring about electroforming. In the air the
electroforming for the BRS is completed by several electroforming steps with the al-
ternate polarities of the electroforming voltage. Namely, at least two electroforming
steps with the different voltage polarities are necessary to complete the electroform-
ing. The compliance current is an important parameter for the voltage-controlled
electroforming. Without the compliance current the sudden decrease in the resis-
tance of TiOs during the electroforming causes the sudden flow of a large amount of
current, resulting in a sort of hard dielectric breakdown. Therefore, the compliance
current plays a crucial role in preventing the hard breakdown.

2The melting temperatures of Pt and TiO5 at room pressure are 2041 K and 2143 K, respectively
3Tt can be the Magnéli phase or TiO in an extreme case
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Figure 5.9: (a) Current-time curve of a Pt/TiO2(100 nm)/Pt stack switching cell
during the first electroforming step performed by applying a constant voltage of -8
V with a compliance current of 2 mA. (b) The second electroforming step performed
by applying a voltage sweep with a compliance current of 1 mA. (¢) BRS curve after
the second electroforming step. The inset shows the applied voltage cycle.
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Figure 5.10: (a) The first electroforming with applying a positive constant voltage
of 2V to a Pt/TiOy(75 nm) /Pt cell. (b) The second electroforming with applying a
positive voltage sweep. After the second electroforming the cell was shorted.

Figure 5.9 shows the electroforming procedure in a Pt/TiO5(100 nm)/Pt stack
switching cell. The first sudden degradation of the resistance occurred at about 1500
s under a constant voltage of -8 V and the second degradation occurred at 1.7 V by
the applied voltage sweep. Afterwards, the stable BRS shown in Fig. 5.9(c) could
be measured. This alternate voltage application is essential to the electroforming
for the BRS activation. The application of successive voltages of the same polarity
caused the hard dielectric breakdown or the transition to the low resistance state of
the unipolar resistive switching (URS) as shown in Fig. 5.10.

The gradual increase in the compliance current for successive electroforming steps
is helpful to the activation of stable BRS. In case that the second electroforming is
performed with a compliance current much higher than that for the first electroform-
ing, the electroforming often gives rise to the transition to the low resistance state of
URS. The completion of the electroforming could be confirmed by the observation of
negative differential resistance (NDR). Before the completion of electroforming only
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Figure 5.11: (a) Current-time curve of Pt/TiOy(55 nm)/Pt during the first electro-
forming by applying a constant voltage of -5.5 V with a compliance current of 300
wA. (b) The second electroforming by applying a voltage sweep with a compliance
current of 200 pA. (¢) The BRS curves after the second electroforming. The inset
shows the applied voltage with respect to time.

the decrease in the resistance occurred under alternating voltages as shown in Fig.
5.9. Finally, NDR took place during the voltage sweep after the last electroform-
ing step so that the electroforming could be judged to be completed. It could be
found that the number of electroforming steps decreases with increasing compliance
current during the electroforming steps. However, at least two electroforming steps
with the alternate polarities were necessary for the BRS activation regardless of the
compliance current.

The polarity of set switching [high resistance state (HRS) — low resistance state
(LRS)] voltage and reset switching [LRS — HRS] voltage was determined by the
first voltage cycle following the last electroforming step. As shown in Figs. 5.9
and 5.11, for both cases the last electroforming occurred under the positive voltage,
however, the BRS behaviors shown in Figs. 5.9(c) and 5.11(c) are different. The
difference in the BRS behavior is due to the difference in the applied voltage cycle.
The BRS in Fig. 5.9(c) was measured by applying a voltage cycle starting with a
downwards sweep as plotted in the inset of Fig. 5.9(c) whereas the BRS in Fig.
5.11(c) by applying a voltage cycle starting with an upwards sweep. In spite of the
different voltage cycles, the NDR could be observed for both cases. This might be
attributed to the activation of an electrochemical reaction involved in the NDR at
both TE/TiO, and TiOy/BE interfaces.

According to Eq. 5.1, oxygen vacancies are created in the vicinity of the anode
during the electroforming, inducing the decrease in the resistance of TiO,. Since the
voltages with the different polarities were applied to the cells for the electroforming,
both interfaces are expected to have undergone the gas evolution introducing oxygen
vacancies at the interfaces. The annihilation of oxygen vacancies is estimated to take
place at the cathode by pushing the oxygen ions incorporated in the cathode into
oxygen vacancy-enriched TiO,. Consequently, the annihilation induces the increase
in the resistance of TiO,. It can be therefore estimated that for the case shown in Fig.
5.9(c) the oxygen vacancy annihilation at the TE/TiOs interface was brought about
by the first downwards sweep, suggesting that the upper interface was responsible
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Figure 5.12: (a) Electroforming sequence of Pt/TiOy(55 nm)/pt. The first electro-
forming occurs under a constant positive voltage of 5 V with a compliance current of
1 mA. (b) The seconde to the forth electroformings occur under the voltage sweeps.
(¢) The fifth electroforming occurs. (d) the BRS curve after the fifth electroforming.

for the BRS while for the case shown in Fig. 5.11(c) the oxygen vacancy annihilation
at the TiO,/BE interface was brought about by the first upwards sweep so that the
bottom interface was responsible for the BRS.

Dependence of the electroforming on the polarity of the applied voltage

The first electroforming could also occur under a positive constant voltage. Figure
5.12 shows the first electroforming of Pt/TiO2(55 nm)/Pt under a positive constant
voltage and the following additional electroforming steps performed by applying volt-
age sweeps. The electroforming procedure was similar to those shown in Figs. 5.9 and
5.11: the alternate voltage applications with the different polarities were necessary.
The gradual degradation of the resistance was observed during the first electroform-
ing as shown in Fig. 5.12(a), compared with the negative voltage application shown
in Figs. 5.9 and 5.11. This gradual degradation instead of the abrupt degradation
was possibly attributed to the growth of the conduction paths, retarded by the chemi-
cal oxidation at the TE/TiO,, interface by virtue of the external oxygen. Pt/TiOy/Pt
can be considered to be an open system where oxygen can be exchanged between
the cell and the air through the Pt TE. In fact, it turns out that the atmosphere has
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Figure 5.13: (a) I-V curves of Pt/TiO2(55 nm) /Pt after the first electroforming with
different compliance currents (100, 200, and 500 pA) under a constant voltage of -5
V; (b) I-V curves after the electroforming under two different voltages (-5.5 and -6
V) with a compliance current of 300 pA. The inset depicts the I-V curve after the
electroforming shown in Fig. 5.12(a)

influence on electroforming behavior as will be mentioned later. During the positive
voltage application to the TE the reaction in Eq. 5.1 took place pulling oxygen in
TiO5 out of the cell. At the same time the reduced TiO5 could undergo re-oxidation
by virtue of the oxygen gas in the air so that the gradual degradation could occur
instead of abrupt degradation. On the other hand, in case of the first electroforming
by applying a negative voltage to the TE, the re-oxidation at the TiO5/BE can be
ruled out because the lower interface is barely likely to be influenced by the air.
Therefore, the abrupt decrease in the resistance could occur.

Dependence of electroforming on voltage and compliance current

I-V characteristics after the first electroforming were influenced by electroforming
parameters such as voltage and compliance current. The first electroforming was
performed on Pt/TiO2(55 nm)/Pt stack switching cells with different compliance
currents (100, 200, and 500 pA) under a constant voltage of -5 V or with different
constant voltages (-5 and -6 V) under a fixed compliance current of 300 pA. After
the first electroforming, the I-V behavior of each cell was determined by applying a
voltage sweep. Figures 5.13(a) and (b) show the measured I-V curves from the cells
electroformed with different compliance currents (100, 200, and 500 pA) under a
fixed voltage of -5 V and with different constant voltages (-5 and -6 V) under a fixed
compliance current of 300 pA, respectively. The dependence of the I-V behavior in
the electroformed state on electroforming parameters showed large data scattering.
Even for the cells electroformed with the same parameters the I-V curves were quite
different from each other, for instance, the black and the red curves in Fig. 5.13(a)
and the red and the green curves in Fig. 5.13(b). The I-V curve in the inset of Fig.
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Figure 5.14: (a) Electroforming in Pt/TiO2(55 nm)/Pt, performed in the air by
applying two successive constant currents, 500 pA in the time domain (0 — 2090

s) and -500 pA in the time domain (2097 — 2828 s). (b) BRS curves measured by
applying the current sweep shown in the inset

5.13(b) was measured from the cell whose first electroforming behavior was shown in
Fig. 5.12(a). Nevertheless, a rough tendency could be noticed. Comparing the I-V
curves in Fig. 5.13 with that in the inset of Fig. 5.13(b) notes that the current under
the same polarity as that of the electroforming voltage is lower than the current under
the other polarity. During the electroforming oxygen vacancies were introduced in
TiOs according to Eq. 5.1. Especially, they were expected to be concentrated at
the anode, giving rise to the SBH reduction at the anode. Therefore, in case of
the positive electroforming voltage application to the TE, the SBH at the TE/TiO,
interface became lowered so that more electrons could flow over the lowered SBH
under the negative voltage applied to the TE compared with case of the positive
voltage application to the TE. Vice versa in case of the negative electroforming
voltage application.

5.2.2 Electroforming with a current source

Electroforming occurred under a voltage source as well as a current source. The
advantage of current-controlled electroforming is that setting compliance current
is unnecessary. In case of voltage-controlled electroforming, compliance current is
crucial to avoid permanent dielectric breakdown as mentioned earlier. As soon as
the current reaches the compliance current during the electroforming, the voltage in
a switching cell becomes out of control so that the electroforming leaves uncertainty.
However, in case of the current-controlled electroforming, the voltage-current (V-I)
behavior in the cell can be well evaluated during the electroforming without the
uncertainty caused by the compliance current.

Figure 5.14 shows the electroforming and BRS behaviors of Pt/TiO2(55 nm)/Pt
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Figure 5.15: (a) Electroforming of Pt/TiO2(55 nm)/Pt in vacuum with applying the
constant currents, 500 pA and 1 mA. (b) BRS curves of the cell electroformed by
a current of 500 pA with applying the current sweep shown in the inset. (c) BRS
curves of the cell electroformed by a current of 1 mA with applying the current sweep
shown in the inset.

measured using a current source in the air. The electroforming was carried out by
applying two succeeding constant currents, 500 pyA in 0 — 2090 s and -500 pA in
2097 — 2828 s. Since at least two electroforming steps with alternate polarities were
needed for the voltage-controlled electroforming, the same method was applied for
the current-controlled electroforming. The first electroforming took place very fast
in the beginning of the current application so that its voltage-time ( V-t ) locus could
not be observed. Therefore, the voltage during the first constant current application
seems to be a constant in Fig. 5.14(a). The V-t locus of the second electroforming
could be obviously observed. The sudden decrease in the voltage at 2230 s shown
in Fig. 5.14(a) denotes the abrupt decrease in the resistance, implying the second
electroforming occurred. After the two electroforming steps the BRS curves shown
in Fig. 5.14(b) could be measured with the current sweep shown in the inset of
Fig. 5.14(b). It can be noticed that no more than two electroforming steps were
necessary for the current-controlled electroforming. Therefore, many electroforming
steps which were often necessary for the voltage-controlled electroforming could be
avoided by using the current-controlled electroforming.

Electroforming in vacuum

The gas environment surrounding a switching cell can have influence on the electro-
forming behavior because oxygen gas is considered to be involved in the electroform-
ing and the oxygen gas in the air might react with TiO,. In order to identify the
effect of the air on electroforming, current-controlled electroforming was performed
in a vacuum chamber whose pressure was about 3 x 107 Pa. Figure 5.15(a) shows
V-t profiles of Pt/TiO5(55 nm)/Pt undergoing the electroforming carried out by ap-
plying two different positive constant currents (500 A and 1 mA). The following
BRS curves are plotted in Figs. 5.15(b) and (c). The current application for the
electroforming started at 1 s. The BRS behavior in Fig. 5.15(b) is quite similar to
that measured in the air shown in Fig. 5.14(b). It is interesting that the stable BRS
state could be achieved without the second electroforming step. This is quite differ-
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Figure 5.16: (a) Electroforming of Pt/TiO9(55 nm)/Pt in the vacuum by applying
three different constant currents -100 pA, -500 pA, and -1 mA. The current applica-
tion started at 2 s. (b) BRS curves of the cell electroformed with -100 pA, (c) -500
pA, and (d) -1 mA.

ent from what was observed in the electroforming in the air. The small decrease in
the voltage at 490 s under a constant current of 500 pA was observed after the first
abrupt decrease in the voltage at 342 s, and then the BRS could be measured with-
out additional electroforming steps. Under a constant current of 1 mA the resistance
degradation occurred very quickly in the beginning of the current application given
by a unit step function with respect to time so that a current-time locus showing the
degradation could not be detected. After the very quick degradation by the higher
current (1 mA) the resistance became much lower than that of the cell electroformed
by the lower current (500 pA) shown in Fig. 5.15(b), and thus the BRS with a lower
resistance for both HRS and LRS was measured as shown in Fig. 5.15(c).

The BRS could be also activated by a single electroforming step with a negative
current in vacuum, relying on the amount of the applied current. Pt/TiO5(55 nm)/Pt
cells were electroformed in vacuum by applying three different constant currents (-
100 pA, -500 pA, and -1 mA). The electroforming behaviors and the following BRS
curves of the cells are shown in Fig. 5.16. Under a current of -100 pA the resistance
underwent one time abrupt decrease at 26 s as shown in Fig. 5.16(a). Afterwards,
no additional decreases in the resistance occurred under the given current. However,
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the second electroforming occurred during the upwards current sweep, finally, the
BRS could be measured as shown in Fig. 5.16(b). The resistance under a current
of -500 pA underwent two times abrupt decreases, the first decrease at 4 s and the
second one at 110 s. Afterwards, no additional electroforming steps were necessary
for the activation of the BRS as shown in Fig. 5.16(c). This electroforming behavior
is comparable to the electroforming under a current of 500 pA shown in Fig. 5.15(a).
The resistance under a current of -1 mA underwent one time abrupt decrease in the
resistance in the beginning of the current application at 2.8 s. However, the resistance
after the single decrease was comparable to that after the the two times decrease
under a current of -500 xA and no additional degradations (electroforming) were not
necessary for the BRS observation as shown in Fig. 5.16(d). This is comparable to
the case of the electroforming under a current of 1 mA shown in Fig. 5.15(a).

For the description of the electroforming in the air the chemical reaction of oxygen
gas molecules in the air with oxygen vacancies at the TE/TiO, interface should
be taken into account. Pt is catalyst for the decomposition of gas molecules.[69]
Especially, Pt can decompose oxygen gas molecules into oxygen atoms by forming
chemisorption of oxygen atoms on the surface.[69] Oxygen gas molecules can form
the chemisorption states by the following reaction.

1/202(q) + V;zd - Oada (53)

where V,4 and O,, denote a vacant adatom site and an oxygen adatom, respectively.
Then the oxygen adatoms can react with oxygen vacancies according to the following
reaction.

Oua + 26~ + V5 — OF + Vag. (5.4)

The mechanism of the influence of the atmosphere on the electroforming can be
speculated based on the chemical reactions Eqs. 5.3 and 5.4 for four different condi-
tions of the electroforming: applying (i) a positive voltage/current and (ii) a negative
voltage/current to the TE in the air and (iii) a positive voltage/current and (iv) a
negative voltage/current to the TE in vacuum.

(i) Under the positive voltage/current application to the TE in the air oxygen vacan-
cies are formed at the TE/TiO, interface according to the electrochemical reaction
shown in Eq. 5.1, leading to the reduction of the SBH at the TE/TiO, interface.
They drift and diffuse to the BE due to the applied electric field and the gradient of
the oxygen vacancy concentration. The drift and diffusion of the oxygen vacancies
result in their accumulation in the vicinity of the TiOy/BE interface, giving rise to
the SBH reduction at the TiO,/BE interface and the growth of the oxygen-deficient
phase (conduction path) from the TiO,/BE interface, which is headed for the TE.
During the growth of the conduction path from the TiO,/BE, the electrochemical
oxidation of the Ti®~™7 jons in the vicinity of the TE/TiO, takes place hinder-
ing the conduction path from reaching the TE. Furthermore, the chemical oxidation
also takes place by virtue of the external oxygen, according to the chemical reac-
tions in Egs. 5.3 and 5.4. Consequently, the conduction path can not connect the
BE with the TE. Therefore, the additional electroforming by applying the negative
voltage/current is necessary to attract a large amount of oxygen vacancies to the
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Table 5.2: Sketches of the electroforming mechanism for the BRS in the air.

Ambient positive — negative negative — positive

The first electroforming process
by the applied positive
voltage/current

The first electroforming process
by the applied negative

voltage/current
0, +Vor+l -V or-/ o
Oz(g) +2V,; =20, T T 02(5) +2V, — 20,
0-0 0 -0
Oﬂd+22_—)Vﬂd+021 Pf+0xo—)PfO +V; +227 OﬂdJrzg’_)VﬂdJrOZ’(
02 0'+2e 2-
Ve Ot S0 Vi Ve Vo +07 =0 ly iy
2 Py VO“VO"
— GCV’: Vo" GCV:, Voo
JV - lﬂV’" £ DV” ox _‘_/o" JVX = 2_’“7/‘_7 b= DVTJ % VO..VO
Electric field VOV Electric field oV,
V - O" VO..
Vo v Vo

PtO™+2e"  PtO"+2e

PEH L = PIOT 4T +2e”
(a) J:— Conduction path (C)

Conduction path
[ ] |

Reduced SEH Reduced SEH

Air The second electroforming process The second electroforming process
by the applied negative by the applied positive
voltage/current voltage/current
9 -Vor-l %: +Vor+
Ong + 2V = 204 T Oy +2Veg — 204 T
0-0 0-0
O+ 28 PO pior Oy +22” Pt Oy = PO+ V) + 227

Ly, +0r0z- PO LV, OO PtO™+2e-

Vs +0" 50; R 77

o V_m

o

v

o v,

o] V-

; Vay o

e ST -

VIKI Vst Vo VO..

Ptg’+23 PtO™+2e- Pto, .pto"
P - PtO
Pt+Op — PO +V5 +2¢

(b) — Conduction path (d) pr— Conduction path
[=——=3] |
Reduced SBH Reduced SBH

TE/TiO, interface, leading to the formation of the complete conduction paths con-
necting the BE with the TE. Sketches of the electroforming mechanism for this case
are depicted in Figs. (a) and (b) in Table 5.2.

(ii) Under the negative voltage/current application to the TE in the air a large
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Table 5.3: Sketches of the electroforming mechanism for the BRS in vacuum.
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number of oxygen vacancies is introduced at the TiOo/BE interface, and thus the
SBH at the interface is reduced. They drift and diffuse to the TE and are accu-
mulated at the TE/TiO, interface, resulting in the growth of a conduction path
from the TE/TiOq interface, which is headed for the BE. During the growth of
the conduction path, the Ti*=™* ions in the vicinity of the TE/TiO, interface is
electrochemically reduced due to the migration of oxygen vacancies to the TE. Si-
multaneously, the chemical oxidation occurs because of the external oxygen in the
air, retarding the accumulation of the oxygen vacancies at the TE/TiO, interface
and also the growth of the conduction path. This can be the reason for the longer
electroforming time for the negative voltage/current application compared with the
positive voltage/current application as can be noticed by comparing Figs. 5.9 and
5.11 with Fig. 5.12. A number of the oxygen vacancies accumulated at the TE/TiO,
interface is not enough to lower the SBH at the TE/TiOy because of the chemical
oxidation due to the external oxygen. Therefore, the additional electroforming with
the positive voltage/current application is necessary for the formation of oxygen va-
cancies at the TE/TiOy interface to lead to the reduction of the SBH. Sketches of the
electroforming mechanism for this case are depicted in Figs. (c) and (d) in Table 5.2.

(iii) In the electroforming performed in vacuum the chemical oxidation at the TE/TiO,
interface is negligible. Under the positive voltage/current application to the TE, a
large number of oxygen vacancies is introduced in the vicinity of the TE/TiO in-
terface. The formed oxygen vacancies drift and diffuse to the BE so that they are
accumulated at the TiO,/BE interface, resulting in the SBH reduction. A conduction
path grown from the TiO,/BE interface can reach the TE since the chemical oxida-
tion can be ruled out. Therefore, the electroforming can be completed by the single
positive voltage/current application. Figure (a) in Table 5.3 illustrates a sketche of
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the electroforming mechanism for this case.

(iv) In case of the negative voltage/current application to the TE in vacuum, the
oxygen vacancies formed at the TiO,/BE interface drift and diffuse to the TE and
can be accumulated at the TE/TiO, interface. And a conduction path grows from
the TE/TiO; interface and reaches the BE without additional electroforming steps.
Figure (b) in Table 5.3 depicts the electroforming mechanism for this case.

The non-homogeneous growth of the conduction paths is most possibly due to the
non-uniform distribution of the electric field over the switching cells. The area of
the conduction paths would be a few tens ym? as estimated from the SIMS analysis.
Considering the low diffusivity and mobility of oxygen vacancies in the TiOy matrix,
it can be estimated that the accumulation of oxygen vacancies at the cathode due
to their drift and diffusion is a time-consuming phenomenon. This is well consistent
with what was observed in Figs. 5.15 and 5.16, where it took more than 100 s for
the second decrease in the resistance to occur.

5.3 Modeling of the conduction behavior in the
electroformed TiO,

The discussion on the electroforming in this chapter up to now indicates that the local
reduction of TiO, is involved in the electroforming, forming the conduction paths
consisting of a TiO, phase. The area of a conduction path is believed to be a few ym
according to the TOF-SIMS measurements. The distribution of oxygen vacancies in
the TiO, conduction path is expected to rely on the polarity of electroforming voltage
because the reduction reaction occurs at the anode. The influence of the oxygen
vacancy distribution on the electric conduction behavior can be estimated by solving
the drift-diffusion equation of electrons* at a given oxygen vacancy distribution. The
one-dimensional current density of electrons as a function of coordinate x can be
given by

d€F

Je = Nefle e (5.5)
where n, and g, denote the concentration and the mobility of free electrons, respec-
tively. Concerning the high mobility of free electrons, the quasi-static distribution of
the electrons can be assumed during the delay time of the applied stepwise voltage
sweep.® In heavily doped n-type semiconductor in which the Fermi energy is located
above €, — 3kgT, where ¢, denotes the conduction band minimum, the Boltzmann
statistics is no longer valid for the description of the electron distribution. Therefore,

4Since oxygen vacancies in TiO5 are donors so that the electroformed TiOs is regarded as heavily
doped n-type semiconductor. Since now only electrons are taken into account with ignoring holes.

5The delay time of stepwise voltage sweep was longer than 0.1 s so that the quasi-static approx-
imation is reasonable.
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Figure 5.18: Schematic of the Helmholtz and the double layers at a Pt/TiOs interface.

ne is described using the Fermi-Dirac statistics as given by

_ﬂm§/2/°° Nye

Ne =
e Lrew ()

de, (5.6)

where m, and & denote the effective mass of an electron and the Planck constant,
respectively.

The configuration of Pt/TiOq /Pt for the calculation is shown in Fig. 5.17(a). The
Helmholtz layer at the Pt/TiO, interfaces was taken into account for the description
of the electric conduction behavior. The Helmholtz layer is supposed to be formed at
a metal/electrolyte interface due to the separation of two oppositely charged layers,
one is on the metal side and the other is on the electrolyte side at the interface.[49]
Considering the high electron concentration in the metal, the electric field screening
length is estimated to be very short and also the size of an electron must be very
small compared to ions so that the charged layer on the metal side must be located
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only at the interface without a remarkable electric field penetration into the metal.
However, the ions working on the electric field screening in the electrolyte have a
finite size, and thus the finite distance between the charged layer on the metal side
and the center of the charge of the ions is supposed to be presented. In the ideal
case, the distance is an ionic radius. The plane passing through the center of the
ions nearest to the interface is called the Helmholtz plane and the layer between the
interface and the Helmholtz plane is called the Helmholtz layer. The electric field
in the electrolyte cannot be completely screened by the ions at the Helmholtz plane
due to the finite size of the ions as well as a lower concentration of the ions compared
to the electron concentration in the metal. The electric field is therefore additionally
screened by the space charges in the vicinity of the interface. A schematic of the
Helmholtz layer is depicted in Fig. 5.18.

On the assumption of no potential drop in Pt, the Schottky barrier height for
the electrons transferring from the left electrode (LE) to a conduction path (TiO,)
in TiO, and from the right electrode (RE) to TiO, can be expressed as ¢f =
bm — X1io, — ¢V (0) and ¢ff = ¢y — X7i0, + qVap — qV (d), respectively. ¢, xri0,,
V (0), V (d), and V,, denote the work function of Pt, the electron affinity of TiO,,
the electrostatic voltage at 0 and d, and an applied voltage to the RE, respectively.
Therefore, the voltage drops in the left and right Helmholtz layers are V (0) and
Vap — V (d), respectively. The band diagram of the Pt/TiO, /Pt junction at 0 V is
depicted in Fig. 5.17(b). In Fig. 5.17(b) it can be noticed that the Fermi energy of
TiO, is located above the conduction band minimum except for the interface regions,
meaning the electron concentration is very high. Despite of the high electron concen-
tration TiO, is estimated to show semiconducting behavior because the difference
between the Fermi energy and the conduction band minimum is just about kpT.

5.3.1 Calculation of the voltage distribution in Pt/TiO,/Pt

The voltage distribution in Pt/TiO, /Pt can be calculated using the Poisson equation
given by
dE— qp
dr ey

(5.7)

where g, denotes the dielectric constant of TiO,. By solving this equation E and V'
at © = d can be obtained as the following equations.

E(d) = E(0) + g:]so /O p(2)de (5.8)
and ;
Vi) =V©)-E0)d- L /O /0 p(2/) da'da. (5.9)

On the assumption that the electric field penetration depth in Pt is very small so that
the voltage drop in Pt is negligible, V,,, is equal to the summation of the voltage drops
in the left Helmholtz layer, TiO,, and the right Helmholtz layer (V7, V3, V3). Accord-
ing to the continuity equation, Vi and V3 are —dye,E (0) /e,g and —dse, E (d) /e,m,
respectively. di, ds, and e,y denote the thickness of the left and right Helmholtz
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layers and the dielectric constant of the Helmholtz layer, respectively. Therefore, V,,
can be rewritten as

die, dse,
1€ E (0) _ 3E
ErH ErH

V= — E(d)+V(d) -V (0). (5.10)

Arranging Eq. 5.10 after entering Egs. 5.9 and 5.8 into Eq. 5.10 gives £ (0) as
expressed as

1 dy [
E0) = — [Vap + L8 / p(a')da’
0

dier/erg +d+ dse,/ern ErHEQ

8Tgo/ / " da dx]. (5.11)
— / / 2"y da" (5.12)

V (x) can be obtained by entering Eq. 5.11 into Eq. 5.12.

Since V () is given by

5.3.2 Numerical calculation of the electric conduction be-
havior

The boundary conditions for the calculation of electron distribution are the current
densities at the LE/TiO, and TiO,/RE interfaces (J;, and Jg). Ji, is the summation
of the current density from the LE to TiO, (Jrr) and from TiO, to the LE (Jrpr),
therefore, J, = Jr;, — Jpr. In the same way Ji can be given by Jgr = Jgr — Jrg.
Jrr and Jgr can be expressed using the Landauer-Biittiker formalism as[70]

dk,dk,dk. 5.13
o= i | g © 619

Jrr Wme / / / W/hk of (€) dhydhydk.. (5.14)

where k3, ky,, and k. denote the wave vectors of an electron in the directions x, y,
and z, respectively. And f (¢) denotes the Fermi-Dirac distribution function. For
a simpler calculation, the above equations can be approximately expresses as the
form similar to the Richardson conduction equation. Equations.5.13 and 5.14 can be
therefore described by

and

[e’e] N/\/E d
— e

Jor = qA
e(0) 1 4 exp (6 EF'")

(5.15)

and

Jrr = qA/ V€ de, (5.16)

o(d) 1+ exp (;*Fk';;*T‘IVap)
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Figure 5.19: Arrangement of N nodes along x. The distance between neighboring
nodes is d/ (N —1).

respectively. N/ is given by v2mi/?/ (B372). A, €. (0), €. (d), and €z, denote the
velocity of the electron transfer, the conduction band edge at 0 and d, and the Fermi
energy of the LE, respectively. In the same way Jrp and Jrg can be expressed as

®  Nlye—¢€ (0
Jrp = qUTL/ S S (0) de (5.17)
e(0) 1+ exp [%F})}
and
00 N’ . d
Jrr = quR/ —( d) de, (5.18)
ee(d) 1 4+ exp {%FT()}

respectively. er (0) and €x (d) mean the Fermi energy at 0 and d, respectively. vr,
(vrr) means the velocity of the electron transfer from TiO, to the LE (RE). They can
be determined from a given A at zero voltage. Therefore, the boundary conditions
Ji, and Jg are given by

Jr = —qAN'/ ¢de + qur N, /e el —F——————de (5.19)

«(0) 1 4 exp (E eF’") e(0) 1 + exp [6 GF(O)]

and

€c

ee(d) 1+ exp e EF(d ]

* Ve

@ 1+ exp (4‘ ‘FTZT‘IVap)

:_qUTRN, de-l—qAN//

de,
(5.20)
respectively. ep and €, as a function of x can be obtained by solving Eq. 5.5 with
the boundary conditions. Equation 5.5 cannot be analytically solved so that nu-
merical methods should be used. For the calculation N nodes are arranged along
z in TiO, as can seen in Fig. 5.19. The distance between neighboring nodes is
d/ (N —1). As decreasing the distance, the calculation results become more reliable
with avoiding calculation errors. In the steady state the current densities at each
node [J. (i =1),J. (i =2),J. (i = 3),---] are equal, and thus the following equation
should satisfy.

Jo=Jili=1)=J,(i=2) == J.(N) = Jg. (5.21)
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€ (i) can be described as €. (i) = ¢f + €pgn) — ¢V (i). Now there are 3N variables:
V (1), er (i), and dep/dz|, where ¢ = 1,2,--- , N. However, not all 3N variables are
independent. Let us suppose that V' (i) where i = 1,2,--- | N are known so that N
variables are eliminated from the 3N variables. From the condition Jp = J. (i = 1),
dep/dz|,_; can be described as a function of ep (i = 1),

der
dz
And from the condition Jj, = J. (i = 2), dep/dx|,_, can be described as

= filer (i =1)]. (5.22)

i=1

der
dx

On the condition that d/ (N — 1) is small enough, dep/dz|,_, can be described as
(N —=1)[er (i =2) —ep (i = 1)] /d so that the following equation is valid.

er(i=2) —ep(i=1)+ —1_ dr (5.24)

N—-1dx|,_,’

= faler (i=1),er (i =2)]. (5.23)

=2

Therefore, dep/dx|,_, in Eq. 5.23 becomes a function of only €z (i = 1). In the same
way, € (i) and dep/dz|; at all nodes can be described as a function of only ex (i = 1).
Now there are N + 1 variables left: V(i =1),V (i=2),---, and ¢p (i = 1).

5.3.3 Algorithm of the calculation

To obtain proper voltage and Fermi energy profiles an iterative method is very help-
ful. Here, the Newton-Raphson method is used for the iteration.[71] The solution of
a non-linear differential equation, for instance, the implicit finite difference equation,
can be obtained by converting the non-linear differential equation into a linear equa-
tion. The linearized equation can be solved using a standard linear solver. However,
the solution obtained from the first calculation can not be the real solution of the
non-linear differential so that the calculation should be iterated unless the true solu-
tion is reached. Let us suppose that function f;, where i = {1,2,..., N}, depicted by
f, are functions of v;, where ¢ = {1,2,..., N}, depicted by v, and the equation which
will be solved is f = 0. First, an initial set of values v/=! should be given to function
f. The second set of values v/=2 can be obtained from the following equation.

Vit =vi—J (vj)_1 (), (5.25)
where ,
v
. vy
vi=| 7|, (5.26)
o
1 (v)
L
F)=1" (:V]) : (5.27)
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This process should be repeated until v/ converges on stationary values. Then, v/
are the solutions of the equation, f; = 0 for all 4. For this iteration initial values v/=!
should be carefully chosen, otherwise, the iteration will give non-realistic solutions.

Arbitrary voltage distribution along the nodes [V/=!(i),i = 1,2,---  N] and
e='(i=1) are input as initial conditions. The € (i = 1) value is optimized at
the given initial voltage distribution using the Newton-Raphson iteration. And
thus €% (i) and de%/dwb at all nodes can be optimized as well. The charge den-
sity p°(i),7 = 1,2,--- ;N can be calculated with e (i) calculated from the initial
voltage dlstrlbutlon and the optimized ep (¢) and dep/dz|; using Eq. 5.6 and a given
oxygen vacancy distribution. Using the Poisson equation the voltage distribution
V¢ (i) can be calculated. The voltage distribution in continuum is given by Eq. 5.12.
In a discrete system the integrations in Eq. 5.12 should be replaced by the summa-
tions of discrete functions. Using the trapezoidal rule[72] the first integral on the
right side of Eq. 5.11 can be replaced by

d(n—1)
N-1

0

p(x')dx ~ % LZZp (@) + %p (i=1)+ %p (i = n)] . (5.29)

If Eq. 5.29 is defined as f (i =n), the double integral on the right side of Eq.
5.12 can be replaced by

f (@) dx [Zf )+ f2*1)+ f( )]~ (5.30)

Therefore, V° (i) can be evaluated at all nodes. A new function S7=! is defined as
Si=1(3) = V=1 (i) — V¢ (i) meaning the difference between the input V7/=! (i) and
the calculated V¢ (i). Based on S7=! (i), a new set of V=2 (i) is input again and the
same procedure is repeated to obtain S7=2 (i). This iteration should continue until
57 (i) becomes smaller than a tolerance (A), meaning the convergence on zero. The
iteration procedure is summarized in Fig. 5.20.

5.3.4 Calculation results

Seven different distributions of oxygen vacancies (named Al to A7) summarized in
Table 5.5 were used for the simulation of electrical conduction behavior. Al denotes
a constant concentration of oxygen vacancies (1.28x10%° cm™3). A2 to A7 denote
various concentrations of oxygen vacancies near the interfaces and the same oxygen

6The superscript ¢ means a value optimized using the iteration with the given voltage distribution
V3 (i)
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Figure 5.20: Flowchart of the calculation algorithm.

vacancy concentration (1.28x10% cm™3) in the bulk of TiO,. For A2 to A7 the oxy-
gen vacancy concentration was assumed to decay from the interfacial concentration
to the bulk concentration along the direction to the center of TiO,. Apart from Al
all were assumed to show the asymmetric distribution of oxygen vacancies, which is
believed to be caused by electroforming as explained in the previous sections. There-
fore, A2, A4, and A6 depict possible oxygen vacancy distributions for the anodic LE
case for electroforming and A3, A5, and A7 for the anodic RE case.

Current density-voltage (J-V) curves were simulated with the parameters given
in Table 5.4. In Table 5.4 ¢, is equal to ¢,, — Xxr1io,- And my means the rest
mass of an electron. The simulated J-V curves are shown in Fig. 5.21(b), which
are named IV1 to IV7 for Al to A7, respectively. IV1 is symmetric due to the
symmetric Al. The others are asymmetric depending on the asymmetry of the
oxygen vacancy distribution. IV2, IV4, and IV6 show a higher current density under
the positive voltage than the negative voltage as can be expected. A higher oxygen
vacancy concentration at the TiO,/RE interface than the other interface causes a
larger reduction of the SBH at the same interface so that more electrons can transfer
from the RE to TiO;. The comparisons between IV3 and IV4, IV4 and IV5, IV5
and IV6, and IV6 and IV7 show that the increase in oxygen vacancy concentration
at one interface have influence on not only the same interface but also the other
interface. No matter which interface has a higher oxygen vacancy concentration, the
SBH at both interfaces decreases with increasing an amount of oxygen vacancies in
TiO,. However, at the interface with a higher oxygen vacancy concentration the
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Figure 5.21: Calculated J-V curves for the oxygen vacancy distributions given in
Table 5.5.

SBH undergoes relatively larger reduction so that the asymmetry of the J-V curves
appears. For the same reason IV3 and IV5 show a higher current density under the
negative voltage than the positive voltage.

With the extremely high oxygen vacancy concentration (A7) the J-V curve be-
comes almost symmetric regardless of the asymmetric oxygen vacancy distribution
as shown in Fig. 5.21(b). The symmetric IV7 is in a good agreement with the sym-
metric I-V behavior observed in electroformed cells. As long as the Schottky barrier
at two asymmetric interfaces works on current rectification J-V behavior cannot be
symmetric. Figure 5.22(a) shows the SBH at the anode/TiO,, interface for Al to A7
with respect to the applied voltage. The SBHs for A7 are found to be negative in the
whole voltage range, meaning none of the Schottky barriers can work on the current
rectification (Ohmic contact) so that the symmetric J-V could be obtained. The
SBH at the TiO,/RE interface for A6 is also negative in the whole positive voltage
range and below -0.25 V on the negative voltage side. Nevertheless, IV6 more or less
shows asymmetry although it is not as obvious as IV3, IV4, and IV5. The asym-
metry of IV6 is attributed to the electron depletion in the vicinity of the TiO,/RE
interface under the negative voltage (see Fig. 5.23). Compare with IV7, A6 has a
less oxygen vacancy concentration at the TiO,/RE interface so that the depth of
the electric field penetration into TiO,, is deeper. Consequently, the electrons in the
penetration depth are depleted so that the current density is lower than the positive
voltage application case.

IV7 depicts a current density of about 1.4x10* A-em™2 at & 0.5 V. I-V curves
after the completion of electroforming showed a current of about a few mA as shown
in Figs. 5.9, 5.11, and 5.12. Comparing the current values in these figures with the
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Table 5.4: Parameters for the calculation

Parameter Value
N 272
d 50 nm
Er 20
ErH 7[77)
d 2 A
ds 2 A
Ie 1 cm?V—lg!
¢b 0.5 eV
Me 10 mg
A 6.25 cm-s~!
T 298 K

Table 5.5: Oxygen vacancy distribution
Concentration at 0 [/cm ™3] middle of TiO, Concentration at d [/cm™3]

Al 1.28x10% 1.28x10%0 1.28x10%
A2 5x10%0 1.28x10%0 1.28x10%
A3 5x10%0 1.28x10%0 102"

A4 2x10%" 1.28x10%° 102

A5 2x102" 1.28x10%0 5x10%
A6 8x 10 1.28x10%0 5x10%
A7 8x 10 1.28%x10%0 1x10%

J-V curves in Fig. 5.21 gives a few tens um? sized TiO, area that can contribute to
the electrical conduction in the electroformed state. The TOF-SIMS measurements
on the electroformed cell showed the bright spots whose radius was approximately a
few pm, which were speculated to serve as conduction paths. The evaluated area of
the conduction paths is therefore well consistent with the experimental observation.

The simulated conduction band and Fermi energy profiles for A1 to A7 at two
different voltages (£ 0.3 V) are shown in Fig. 5.23 with taking the Fermi energy
of the LE as a reference energy 0. Figure 5.23 shows that the Fermi energy in the
bulk region is above the conduction band edge for all cases. This is attributed to
the high concentration of oxygen vacancies serving as donors. In Fig. 5.23 the
conduction band profiles for A6 and A7 are found to show very weak electric field
penetration into TiO,. The electric field screening length is very short due to the
high concentration of oxygen vacancies at the interfaces, and thus they show the
weak electric field penetration.
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Figure 5.22: (a) SBH at the cathode/TiO, interface with respect to the applied
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the SBH at LE/TiO,. (b) Enlarged band diagram in the vicinity of the LE/TiO,
interface for A7 with applying 0.3 V to the RE.
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Figure 5.23: Simulated conduction band edge and Fermi energy profiles for A1 to A4
at an applied voltage of (a) -0.3 V and (c) 0.3 V and A5 to A7 at an applied voltage
of (b) -0.3 V and (d) 0.3 V. The Fermi energy of the RE is taken as a reference
energy 0.



Chapter 6

Unipolar resistive switching
behavior

In this chapter the unipolar resistive switching behavior in Pt/TiOy/Pt cells is pre-
sented. Similar to the bipolar resistive switching, electroforming is an initial process
for the activation of the unipolar resistive switching. The unipolar resistive switching
characteristics of stack switching cells as well as modified stack switching cells are in-
troduced. Furthermore, the impedance spectra of both high and low resistance states
are presented to speculate about the mechanism of the unipolar resistive switching.

6.1 Electroforming for unipolar resistive switch-
ing

Electroforming serves as an initial process for the unipolar resistive switching (URS)
measurements in Pt/TiO,/Pt. The electroforming can be performed using a voltage
or a current source. In this chapter only the electroforming by voltage sweep will be
dealt with because it is the simplest method to bring about the electroforming. The
compliance current during the voltage sweep plays an important role in the activation
of the URS. It is found that the electroforming with the compliance current in a
particular window can activate the URS. However, the window is difficult to evaluate
precisely because of the large fluctuation of the window. If the compliance current
is lower than the lower limit of the window, the bipolar resistive switching (BRS)
will be activated rather than the URS. If it is higher than the upper limit, TiOy will
undergo permanent dielectric breakdown so that no switching will be observed. In
case of 27 nm thick TiO, the lower and upper limits are about 1 mA and 10 mA,
respectively.

Electroforming and URS measurements were performed on Pt/TiO5(27 nm)/Pt
stack switching cells using an Agilent B1500A semiconductor device analyzer. The
current-voltage (I-V) curve undergoing the electroforming is shown in Fig. 6.1(a).
The voltage sweep rate and the compliance current were 0.6 V/s and 7 mA, respec-
tively. The abrupt jump of the current reaching the compliance current occurred at
a voltage of 4.7 V. This voltage was regarded as the electroforming voltage. By the
electroforming the pristine resistance state was immediately switched to the low resis-

71
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Figure 6.1: (a) Electroforming of a Pt/TiO(27 nm)Ptstack switching cell by ap-
plying a voltage sweep. (b) Sketch of the distribution of oxygen vacancies in the
electroformed Pt/TiOy/Pt.

tance state (LRS) of the URS. The distribution of oxygen vacancies is sketched in Fig.
6.1(b). Ohmic contact is expected to be formed at both top electrode (TE)/TiO,
and TiO,/bottom electrode (BE) interfaces. As mentioned in Chapter 5, a large
amount of oxygen vacancies at the interfaces influences the Schottky barrier height
(SBH). Very high concentration of oxygen vacancies (> 10?> cm™3) at the interfaces
can eliminate the SBH, giving rise to the formation of the Ohmic contact.

6.2 Unipolar resistive switching characteristics

The URS behavior does not depend on the polarity of the applied voltage. Both
set and reset switchings can be achieved under both positive and negative voltages.
Furthermore, the polarity of the previous switching voltage does not have influence on
the present switching behavior voltage. The absolute value of the applied voltage and
the current therefore plays an important role in the URS so that the URS is also called
nonpolar resistive switching. URS parameters such as the set and reset switching
voltages, the reset current, and the resistances in the HRS and the LRS show quite
large fluctuation with respect to a switching cycle number. The fluctuation can
cause to misread the resistance state of memory cells, retarding the application of
the URS of TiOs to resistive random access memory (RRAM) devices. Recently,
literatures have reported the enhancement of URS stability achieved by modifying
the structure of switching cells and optimizing the conditions for the switching film
growth.[5, 51] The enhancement of the switching voltage stability in TiOy could
be achieved by current-controlled set switching instead of voltage-controlled. High
reset switching current also retards the application of the URS of TiO, to integrated
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Figure 6.2: (a) URS curves of a Pt/Ti04(27 nm)Ptstack switching cell with a 100 ym
radius circular-shaped TE. The measurements were performed by applying voltage
sweep. CC denotes the compliance current. (b) The switching voltage and (c) the
resistance at a read-out voltage of 0.1 V with respect to a cycle number.

memory devices. In fact, the reset switching current of TiOs has been found to be
higher than a few mA. As increasing the density of integrated circuits, the amount of
current able to flow through the channel of a metal-oxide-semiconductor field effect
transistor (MOSFET) decreases due to the decrease in the channel area so that
the high density integrated circuits cannot meet such a high reset switching current.
Therefore, it is a critical issue to lower the reset current of the URS behavior. A lower
reset switching current ( < 10 mA) could be observed in modified stack switching cells
compared to stack switching cells. This might be attributed to the confined formation
of conduction paths in the modified stack switching cells due to the geometry of the
cells.

6.2.1 Unipolar resistive switching in stack switching cells

The URS of a Pt/TiO2(27 nm)/Pt stack switching cell was measured by applying
voltage sweeps with setting compliance current. The compliance current for the set
switching was 5 mA. The diameter of the circular-shaped top electrode (TE) was
100 pm. The measured URS curves are shown in Fig. 6.2(a). The figure shows the
typical URS behavior of TiOs as have been reported in many literatures.[2, 3] The
LRS was suddenly switched to the HRS at the reset switching voltage regardless of
the polarity of the voltage. The HRS could be maintained as long as the applied
voltage was less than the set switching voltage so that the resistance read-out could
be performed at a voltage below the set switching voltage. By applying the set
switching voltage the HRS could be switched back to the LRS. At the set switching
voltage the current suddenly jumped reaching the compliance current also regardless
of the polarity of the voltage.

The set and the reset switching voltages with respect to a cycle number are shown
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Figure 6.3: current versus temperature relations in the LRS and the HRS. The
current was measured at a voltage of 0.1 V.

in Fig. 6.2(b). The voltage of both set switching and reset switching shows quite
large fluctuation with respect to cycle numbers. The fluctuation must be prevented
for the URS application to RRAM devices, otherwise, the devices cannot properly
write and erase the information in the switching cells. The resistance of both states,
HRS and LRS, with respect to a cycle number is plotted in Fig. 6.2(c). The resistance
was evaluated at a read-out voltage of 0.1 V. The resistance of the HRS shows a large
fluctuation compared to that of the LRS.

As shown in Fig. 6.2(a), at the reset switching voltage the resistance of the
LRS suddenly increases to a more or less random resistance, showing a negative
differential resistance (NDR) phenomenon. The increase in the resistance during
the reset switching determines the resistance of the following HRS. Namely, if the
increase in the resistance is high, the resistance of the following HRS will be high,
leading to the large ratio of the HRS to the LRS.

The mechanism of the URS can be estimated based on the fuse and antifuse of
metallic conduction paths.[2, 52] In fact, it was found that the LRS of the URS in
TiOs shows metallic conduction behavior, which could be identified by measuring
the resistance at various temperatures. The measured current-temperature relations
for both LRS and HRS are shown Fig. 6.3. The resistance state was fixed while
the current was measured at the temperatures. The resistance read-out voltage was
0.1 V. The LRS data points show the increase in the resistance with increasing
temperature, suggesting metallic conduction behavior. As mentioned earlier, the
electroforming is regarded to lead to the formation of the conduction paths consisting
of many oxygen vacancies. It can be therefore speculated that the conduction paths
in the LRS are composed of TiO,_,,/» for approximately n>1.5, which is a metallic
phase.

The conduction of the HRS shows thermally activated behavior as shown in Fig.
6.3. The activation energy of the conduction was about a few tens meV. The con-
duction paths might be considered to be locally ruptured during the reset switching.
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Figure 6.4: Conduction band minimum profiles in the vicinity of the Pt/TiO, inter-
face for A1 and A5 in Table 5.5 The SBHs for A1 and A5 are indicated.

The ruptured part consists of an insulating phase where the current is thermally ac-
tivated. The resistance of the HRS is governed by the ruptured conduction paths so
that the overall conduction in the HRS shows the thermal activation. The conduc-
tion behavior in the HRS with the small activation energy can be possibly explained
by the following two mechanisms.

e Electron hopping along localized shallow energy states introduced by oxygen va-
cancies in the band gap.

e Electron conduction over the Schottky barrier height (SBH) at the TiOy/cathode
interface lowered by the presence of many oxygen vacancies at the interface, due to
heavy self-doping.

According to first principle calculations of the localized energy states due to oxygen
vacancies in TiOs, shallow energy states are formed below the bottom edge of the
conduction band (~ 0.2¢V).[62] This is consistent with the UV photoelectron spec-
troscopy (UPS) analysis on reduced TiO,.[53] Electrons can be therefore expected to
migrate from the virtual cathode to the anode by hopping along the shallow energy
states. However, if the energy states of oxygen vacancies are comparably shallow,
band conduction is more favorable than the electron hopping because the oxygen
vacancies are able to be fully ionized. If a large amount of space charges (here, oxy-
gen vacancies) is present in TiOs, a large voltage will be applied in the Helmholtz
layer at the Pt/TiO, interfaces. The voltage drop in the Helmholtz layer can reduce
the SBH at the interfaces to be a few tens eV. The band diagrams of Pt/TiO, /Pt
with two different distributions of oxygen vacancies, A1 and A5 in Table 5.5, are
illustrated in Fig. 6.4. A5 denotes a higher concentration of oxygen vacancies in
the vicinity the Pt/TiO, interface compared with Al. It is found that the SBH for
A5 is lower than that for Al, proving the SBH reduction depending on the oxygen
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Figure 6.5: (a) URS curves of a Pt/TiO(27 nm)/Pt stack switching cell with a
150 pm radius circular-shaped TE. The measurements were performed by applying
voltage sweep. (b) The switching voltage and (¢) the resistance at a read-out voltage
of 0.1 V with respect to cycle numbers.

vacancy concentration at the Pt/TiO, interface. This mechanism is more probable
than the hopping mechanism because the latter mechanism regards band conduction
as a conduction mechanism and also takes into account fully ionized oxygen vacancies
that are probably involved in the URS.

The URS measurements were carried out on a a Pt/TiOy(27 nm) /Pt stack switch-
ing cell with a different radius circular-shaped TE (150 pm). The compliance current
for the set switching was set to be 7 mA. URS switching curves of the sample are
shown in Fig. 6.5(a). The switching curves look similar to those of the smaller
switching cell shown in Fig. 6.2. The reset current of the larger switching cell in Fig.
6.5 is lower than that of the smaller cell. However, in the statistics it was found that
the fluctuation of the URS behavior including the reset current and the switching
voltage in the larger cell was larger than the smaller cell so that no clear area de-
pendence of the URS could be found from the measurement results. The switching
voltage and the resistance with respect to a cycle number are shown in Figs. 6.5(b)
and (c), respectively.

As mentioned earlier, at a set switching voltage current jumps so that it reaches
compliance current. When the current stays at the compliance current, the applied
current to a switching cell can be hardly evaluated using the two terminal measure-
ment method. Even though the voltage can be evaluated using the four terminal
method, the voltage is no longer a controllable parameter so that it is better to
avoid the current at the compliance. By applying a current sweep instead of a
voltage sweep set switching can be achieved without setting compliance current so
that the uncertainty of set switching can be eliminated. Voltage-control for reset
switching still deserves to be applied because compliance current plays no role in
the reset switching. Figure 6.6 shows the comparison between voltage-controlled
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Figure 6.6: (a) URS curves of a Pt/TiO5(27 nm)/Pt stack switching cell with a
100 pm radius circular-shaped TE. The reset and set switchings were performed by
controlling a voltage. (b) The switching voltage and (¢) the resistance of the URS
shown in Fig. (a) with respect to a cycle number. (d) URS curves of the same
cell whose set and reset switching curves were performed by controlling current and
voltage, respectively. (e) The switching voltage and (f) the resistance of the URS
shown in Fig. (d) with respect to a cycle number.

and current-controlled set switching cases. The measurements were carried out on
the same switching cell. The voltage-controlled set switching case was prior to the
current-controlled switching case. The HRS resistance was evaluated at a read-out
current of 100 pA and the LRS at a read-out voltage of 0.1 V. In Fig. 6.6(e) it
can be noticed that the current-controlled set switching case shows a more stable
URS behavior with a smaller fluctuation of the set and reset switching voltages. The
fluctuation of the LRS resistance could be also improved by the current-controlled
set switching. However, the HRS resistance still showed a quite large fluctuation as
shown in Fig. 6.6(f). The enhancement of the URS stability might be attributed
to confined recovery of the conduction paths, once ruptured by the reset switching,
during the current-controlled set switching. In the current-controlled set switching,
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Figure 6.7: (a) URS curves of a Pt(10 nm)/TiO2(27 nm)/Pt(10 nm) modified stack

switching cell. (b) The switching voltage and (c) the resistance at a read-out voltage
of 0.1 V with respect to cycle numbers.

the applied current kept increasing up to the set maximum current even after the set
switching occurred so that the input parameter (current) was all the time under con-
trol. However, in the voltage-controlled set switching, the input parameter (voltage)
became out of control at the set switching voltage as soon as the current reached the
compliance current. The recovery of the ruptured conduction paths is therefore be-
lieved to have occurred in a more or less random way without virtue of the controlled
voltage. Therefore, the fluctuation of the LRS resistance after the voltage-controlled
set switching is speculated to be attributed to the random recovery.

6.2.2 Unipolar resistive switching in modified stack switch-
ing cells

URS measurements were carried out on a modified stack switching cell with 10 nm
thick TE and BE and 27 nm thick TiO, by applying a voltage sweep. The same
switching cell, whose scanning electron microscope image after electroforming was
shown in Fig. 5.4(a) in Chapter 5, was used for the URS measurements. The
compliance current for the set switching was set to be 3 mA. The measured URS
curves are shown in Fig. 6.7(a). The switching voltage and the resistance with
respect to a cycle number are shown in Figs. 6.7(b) and (c), respectively. It can be
noticed that the reset current is lower than that shown in Fig. 6.2(a) and also the
resistance in both HRS and LRS with respect to a cycle number is less fluctuating
compare to the stack switching cells. One can estimate that the less reset current is
due to a smaller switching cell size than the cell area of the stack cells. Since the reset
current does not seem to be proportional to the cell area as has been reported,[54]
the less reset current is unlikely to be caused by only the small area effect. A
simple electrostatic calculation shows that the highest electric field is applied at the
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Figure 6.8: (a) SEM image of a modified stack switching cell. (b) URS curves of the
same switching cell

corner of the BE under the applied voltage. In fact, it could be observed that the
damage on the surface of a modified stack switching cell initiated at the corner during
electroforming as mentioned in Chapter 5. The location of conduction paths could
be therefore confined at the corner due to the highly nonhomogeneous electric field
distribution so that the URS could be achieved by the recovery and rupture of the
confined conduction paths, leading to the enhancement of the resistance stability as
a function of a cycle number.

Very interesting correlation between URS and a simultaneous change in the sur-
face of the switching cell could be observed in the modified stack switching cell.
Most damage on the surface near the BE corner shown in Fig. 6.8 resulted from
the electroforming. However, the damaged indicated by yellow x in Fig. 6.8(a) was
formed during the (n + 1)th sweep for the set switching shown in Fig. 6.8(b). After
this set switching accompanied with the damage, the reset current for the following
reset switching ((n + 2)th sweep) increased more than 5 times and the resistance
decreased. The new damage is believed to have been caused by the formation of new
conduction paths. As mentioned earlier, the metallic conduction paths can be con-
sidered to consist of TiO,_y,/; for about n>1.5. The formation of the new conduction
paths is expected to give rise to oxygen gas evolution near the paths at the anode.
Therefore, the oxygen gas evolution and the Joule heating due to the degradation of
the local resistance might cause the damage indicated in Fig. 6.8(b). Consequently,
the newly formed conduction paths decreased the resistance of the cell and more
current was needed to rupture the additional conduction paths.
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6.2.3 Impedance spectroscopy

Impedance spectroscopy is a very useful method to define the arrangements of electri-
cal components in dielectric films, including resistance, inductance, and capacitance
as well as a dielectric dispersion in a frequency domain.[38, 67] Therefore, impedance
spectroscopy of TiO, in the three different resistance states, pristine state (PS), HRS,
and LRS was performed to provide information on the URS mechanism.

Sample test (ST) capacitors consisting of Pt/TiO2(27 nm)/Pt and short-circuit
standard (SCS) capacitors excluding the TiOs thin film were fabricated and the
impedance in the frequency domain (100 Hz - 10 MHz) for the three different re-
sistive states was investigated. In order to obtain the intrinsic impedance, one has
to calibrate the measured impedance spectra of the ST by removing the parasitic
impedance mainly due to electrodes and wiring, which can be measured from the
SCS capacitors. For further insight into the URS mechanism, the impedance spectra
were simulated using finite element analysis (FEA) for two switching mechanisms,
the filament model and the homogeneous model.[68]

The impedance spectra of the ST and SCS capacitors in the frequency domain
(100 Hz - 10 MHz) were measured at zero dc bias with a voltage oscillation ampli-
tude of 50 mV using an HP4194A impedance analyzer. It is a proper assumption to
regard the electrode impedance, Z,, due to the resistive and inductive components
of the electrode, as being in series with the intrinsic TiOy impedance, Z.. There-
fore, the impedance of ST, Zgr, is given by Zgr = Zs + Z.. Because SCS has no
TiO, layer (characterized by Z.), Zscs = Zs. Hence, Z. is simply expressed by
Z. = Zgr — Zscs. For the analysis of the impedance spectra, it is much simpler
to describe them in terms of admittance, Y. = Z_'; which is therefore used in this
chapter. A proper equivalent circuit of the filament model is an element with parallel
connection of a capacitance and ac and dc conductance. The equivalent circuit of
the homogeneous model is different, namely a series connection of at least two such
elements representing a conducting homogeneous bulk and a less conducting, but
switchable thin region covering the whole capacitor area homogeneously, e.g. inter-
face regions (for illustration see Fig. 6.10). The equivalent circuit of the filament
model can be expressed as

Y. = 27wC (w) + 1/Ry, (6.1)

where

C(w)=C""(w)—iC" (w) =1+ % (W) —ix" (w)]eoA/t, (6.2)
where w, Ry, €, and ¢ denote the frequency, the resistance due to dc leakage cur-
rent in TiO,, the permittivity of vacuum, and the area and the thickness of TiO,,
respectively. C’, C”, x', and x” are the real and imaginary parts of the complex
capacitance and susceptibility, respectively. C”) attributed to dielectric damping,
makes the ac conductance distinguishable from the dc conductance due to leakage

current. Therefore, the real and imaginary parts of the admittance [Re (Y.) and
Im (Y,)] can be described as

Re (Y,) = 2mwy () oA/t + 1/ Ry (6.3)

and
Im (Y.) = 27w 1+ ¥ (w)] e A/t. (6.4)
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Figure 6.9: Frequency dependence of the real (closed symbols) and imaginary (open
symbols) parts of the intrinsic admittance (Y.) of TiOy at the various resistance
states, pristine state (subscript PS), HRS (subscript HRS) and LRS (subscript LRS)
on (a) linear and (b) log scales.

Figures 6.9(a) and (b) show the real and imaginary parts of the calibrated intrin-
sic admittance of TiO5 (in PS, HRS, and LRS, respectively) on linear and log scales,
respectively. For the case of PS, RZl can be neglected because the contribution of
the dec conductance to the admittance seems to be negligible. In Fig. 6.9(b) the
real and imaginary parts of the complex admittance in PS, Re (Ypg) and Im (Ypg),
show a power-law behavior up to about 2 MHz. They satisfies the Curie-von Schwei-
dler relaxation law where both y’ and x” are given by a power-law, w”!, with n
slightly less than unity.[47, 48] Therefore, their ratio becomes constant as given by
the following equation.

X'w)  X'w) (@) . (6.5)

v @ - @ '\
The exponent n is found to be 0.975, for which a dielectric dispersion in the given
frequency domain is very weak. Therefore, both C’ and C” can be regarded as
constants in the given domain. Furthermore, Figure 6.9 shows that the different
resistance states have negligible influence on I'm (Y.), the capacitance C’ is almost
constant regardless of the resistive states.

It is also found that Re(Y.) of the HRS is almost constant until the ac con-
ductance becomes dominant, which is consistent with the assumption of a parallel
connection between the ac and dc conductance satisfying Eq. 6.1. For the case of
the LRS the dc conductance is high enough to hide the ac conductance completely
in the whole frequency domain. These observations can serve as critical clues to
identify a mechanism of the resistive switching, e.g. either a homogeneous model or
the filament model.

For a comparison between the impedance spectra obtained from the two sug-
gested mechanisms, numerical calculations of the impedance spectra for the 27 nm
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Figure 6.10: Voltage distribution (application of 1 V to the TE) in TiO5 in the HRS
for (a) the homogeneous model and (b) the filament model obtained by FEA

thick film were performed using FEA with three different distributions of the charge
carriers (electrons) in the dielectric film. (i) First, a very low and uniform carrier
density in the dielectric film corresponding to PS. (ii) Second, uniformly distributed
carriers in conducting and insulating regions, which are separated by a virtual cath-
ode, corresponding to the homogeneous model with interface regions. (iii) Last, a
highly localized high density of carriers in a filament.

The numerically calculated voltage distributions in the HRS for the cases (ii)
and (iii) are shown in Figs. 6.10(a) and (b). The voltage distribution of the case
(i) is omitted as a separate figure because the result is obvious and identical to
that at the left and right edges in Fig. 6.10(b). The dashed line of Fig. 6.10(a)
designates the virtual cathode dividing the dielectric into a conducting (upper) and
insulating (lower) region. The hatched area in Fig. 6.10(b) designates a ruptured,
highly conducting filament.

For the FEA calculation of the homogeneous model shown in Fig. 6.10(a), the
thickness of the conducting and insulating phases in the HRS are assumed to be 20
nm and 7 nm, respectively. Using the resistances in the LRS and the HRS in Fig. 6.9,
83 Q and 8300 €2, respectively, and the corresponding capacitor area of 0.015 mm?,
the resistivities of the conducting and insulating regions are 4.6 x 10% Q-cm and 1.8
x 10% Q-cm, respectively. For the FEA calculation of the filament model shown in
Fig. 6.10(b) the width of the conducting filament is set to 2 nm. In the HRS the
filament is assumed to be destroyed on a length of 7 nm so that only 20 nm still
have a high conductivity. Obtaining the resistance of a highly conducting filament
from conductive atomic force microscope measurements, the resistivity of the 2 nm
wide filament is calculated to be 5.2 x 1073 Q-cm. To fit the resistance in the LRS
in Fig. 6.9, about 5200 filaments must be present, resulting in a density of 3.45 X
10" cm~2. Fitting the HRS with also this density gives the resistivity of the broken
filament part, which is 1.93 Q-cm. The resistivity of the insulating phase is 6.63 X
10? Q-cm calculated from the resistance of the PS-TiO,. It should be pointed out
that these filament resistivities are only order of magnitude estimations because the
accurate areal density and the dimensions of filaments are still ambiguous, leaving
many open questions. In the present chapter, the conductivity distribution is not
taken into account since the distribution would not influence the simulation results.
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Figure 6.11: Numerically calculated impedance spectra described in terms of the real
(closed symbols) and imaginary (open symbols) part of the complex admittance (V")
of PS excluding a good conducting phase (Yor), the homogeneous model (Yo ), and
the filament model (Ygorz), respectively.

The conduction behavior attributed to localized conduction paths hardly affects the
bulk dielectric behavior of TiOs (no effect on I'm (Y.)) as well as the frequency
dispersion of Re (Y.).

The impedance spectra for all three cases were calculated with the parameters
mentioned above and are shown in Figs. 6.11(a) and (b). It can be noted that
the calculations for the homogeneous model, case (ii), give rise to great changes of
the complex admittance, which is in disagreement with the experimental impedance
spectra. On the other hand, the impedance spectra of the filament model are in
much better agreement with the experimental data.

As shown in Fig. 6.9, the imaginary part of the complex admittance is barely
dependent on the resistance state. The whole area of the conduction paths is very
small compared with the total area of the switching cell so that the contribution
of the conduction paths to the imaginary part of the complex admittance is not
prominent. In fact, the estimated area of the conduction paths in a switching cell
with a pad-size of 7850 pm? is a few tens pm? as discussed in Chapter 5. Therefore,
the influence of the migration of oxygen vacancies believed to take place during the
URS on the capacitance of the macroscopic pad could not be identified.






Chapter 7

Bipolar resistive switching
behavior

In this chapter the bipolar resistive switching (BRS) characteristics of Pt/TiOy/Pt
switching cells are presented. The BRS behavior in Pt/TiOs /Pt was partly explained
in Chapter 5. Here, the effect of the thickness of TiO,, pad-size, and measurement
ambient on the BRS behavior is investigated. The observed BRS characteristics are
interpreted based on the evidences obtained from the electroforming investigation.
Finally, the mechanism of the BRS is suggested in terms of redox reactions involving
oxygen ions and oxygen vacancies at the Pt/TiO, interfaces. The suggested mech-
anism is proven to be able to explain the BRS behavior by simulating hysteretic
current-voltage behavior. The simulation is performed using the finite difference
method.

7.1 Voltage-controlled BRS measurements

Voltage-controlled BRS measurements were performed on electroformed Pt/TiOs /Pt
stack switching cells by applying a voltage sweep to the top electrode (TE). The
switching cells with various thicknesses of TiO, were prepared to identify the TiOq
thickness dependence. The BRS measurements on the switching cells with two dif-
ferent cell sizes were also carried out to identify the pad-size dependence. Not only
the cell geometry dependence but also the applied voltage sweep dependence was
investigated.

7.1.1 Polarity dependence of the BRS

In the BRS of Pt/TiOy/Pt, the polarity of the set and the reset switching voltages
is determined by the first voltage cycle. As-electroformed TiOy shows negative dif-
ferential resistance (NDR) during the first voltage sweep regardless of the voltage
polarity. Figure 7.1 shows the comparison between the BRS curves measured by
applying a voltage sweep starting with the different voltage polarities. The BRS in
Fig. 7.1(a) was measured by applying the voltage cycle shown in the inset of Fig.
7.1(a), where the first sweep polarity was positive. The BRS showed the set and the
reset switchings under the negative and the positive voltages, respectively. The BRS

85
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Figure 7.1: Dependence of the BRS behavior on the applied voltage cycle. The insets
depict the applied voltage cycle.

in Fig. 7.1(b) was obtained by applying the voltage cycle in the inset of Fig. 7.1(b),
where the first sweep polarity was negative. The set and the reset switchings were
found to occur under the positive and the negative voltages, respectively, which were
the opposite way compared to Fig. 7.1(a). It can be speculated that one of the two
interfaces of as-electroformed Pt/TiO2/Pt can be activated depending on the first
voltage polarity and after the activation the activated interface is responsible for the
BRS.!

From these observations it can be guessed that the set switching is governed
by the reverse of the electrochemical reaction leading to the set switching. If an
electrochemical reaction occurs under one voltage polarity, the reverse of the reaction
is likely to occur under the other polarity. Of course, the reversal of the reaction
relies on the equilibrium potential (Nernst potential). If the Nernst potential of the
reaction is not zero, the reverse reaction can occur even under the same polarity.
Nevertheless, the speculation based on the electrochemical reaction is meaningful in
the sense that the applied voltage is able to switch the direction of the reaction.

As dealt with in Chapter 5, electroforming is considered to involve the oxygen
vacancy formation reaction. The oxygen vacancies introduced by the electroforming
at the interfaces reduce the Schottky barrier height (SBH) so that they have influ-
ence on the current-voltage (I-V) behavior. The formation (annihilation) of oxygen
vacancies can take place during the set (reset) switchings, giving rise to the decrease
(increase) in the SBH. For the observation of the BRS in Pt/TiOy/Pt both inter-
faces are considered to have to be involved in the electroforming. Namely, the oxygen
vacancy-induced decrease in the SBH at both interfaces is needed for the activation
of the BRS. If one interface is intact, the intact interface will play a dominant role
in the current through the switching cell so that the variation of the SBH at the

! Activated interface means an interface at which the oxygen-related electrochemical reaction
takes place.
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Figure 7.2: TiOy thickness dependence of the BRS behavior in Pt/TiOy/Pt stack
switching cells.

other interface is regarded not to remarkably affect the current. If both interfaces
are available for the reaction in the as-electroformed state, the following BRS will
be in charge of one of the two interfaces relying on the polarity of the first voltage
sweep. The BRS in Fig. 7.1(a) is believed to be induced by the interface between
TiOy and the bottom electrode (BE). Under the first positive voltage sweep some
oxygen vacancies at the TiOy/BE (cathode) interface are annihilated giving rise to
the decrease in the SBH at the same interface while additional oxygen vacancies
are introduced at the other interface resulting in the further decrease in the SBH.
Therefore, the TiO2/BE interface is in charge of the NDR in Fig. 7.1(a) as well
as the following set switching. In case of the first negative voltage sweep, the SBH
at the TiOo/BE interface decreases due to the annihilation of oxygen vacancies at
the interface so that the TE/TiO4 interface is in charge of the NDR as well as the
following set switching in Fig. 7.1(b).

TiO, thickness dependence of the BRS

To check the TiO; thickness dependence of the BRS behavior Pt/TiO,/Pt stack
switching cells with three different TiO thicknesses (50, 75, 100 nm) were prepared.
Their BRS behavior was measured by applying a voltage sweep to the TE, starting
with positive voltage. Measured BRS curves are shown in Fig. 7.2. It can be noticed
that the set and the reset switching voltages are hardly dependent on the thickness
of TiO,, implying the BRS is given not by a function of the applied electric field,
but of the applied voltage. In fact, the applied voltage to TiOs with a large amount
of space charges (> 10 cm™?), termed TiO,, is well screened by the space charges
and the electrons within a quite short screening length so that the voltage is applied
only in the vicinity of the interfaces. Therefore, under the same applied voltage the
voltage distributions in TiO, with the different thicknesses are similar to each other.

According to the oxygen vacancy-involved electrochemical reaction, the electro-
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Figure 7.3: Sketches of electroformed Pt/TiO, /Pt switching cells with different TiO,
thicknesses.

chemical reaction at the TiO,/BE interface might be in charge of the BRS behavior
in Fig. 7.2. The variation of the SBH at the TiO,/BE interface determines the
resistance state of the switching cells.

7.1.2 Pad-size dependence of the BRS

The BRS measurements were performed on Pt/TiO(75 nm)/Pt stack switching cells
with two different pad-sizes?, 7880 and 49100 pm?, whose results are depicted in Fig.
7.4. In Fig. 7.4(a) it can be found that the I-V curves in the high resistance state
(HRS) of the two different switching cells are almost identical to each other under
the whole negative voltage and the positive voltage below 0.6 V. However, the low
resistance state (LRS) of the cells are quite different, the larger cell has the higher
current than the smaller cell at the same voltage. The current in the LRS might
be scaled by the the pad-size. As shown in Fig. 7.4(b), the current densities in
the LRS of both cells are quite alike apart from the reset switching region (> 0.66
V) suggesting that the LRS current might be scaled by the cell area. This is not
consistent with many literatures reporting the non-scalable resistance of HRS and
LRS in different switching systems.[2, 7, 21, 22] However, switching cells with more
various pad-sizes should be examined on the pad-size dependence to identify the
scalability of the resistance of the LRS.

2As shown in Fig. 2.3, five different pad-sizes were available. However, the pads apart from the
smallest one (7880 um?) and the second smallest one (49100 um?) were shorted in the as-fabricated
state.
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Figure 7.4: BRS curves of Pt/TiOy(75 nm) /Pt stack switching cells with two different
cell areas (7880 and 49100 pm?) plotted on (a) current vs. voltage (b) current density
vs. voltage planes.

From the HRS current it can be speculated that the HRS is attributed to be the
conduction paths barely undergoing changes in their resistances during the set and
the reset switchings, whose number is hardly scaled by the pad-size, and thus numbers
of the constant conduction paths in the two different samples are similar. In case of
the LRS, the current might be attributed to the additional conduction paths whose
areal density is constant in the cells with the different pad-sizes so that the number of
the conduction paths in the LRS might be scaled by the area. The resistance of these
conduction paths is varied by the set and the reset switchings. The constant and
the variable conduction paths are believed to be in parallel connections embedded
in the TiOs matrix. Therefore, although the resistance of the variable conduction
paths increases during the reset switching to be higher than that of the constant
conduction paths, the overall resistance of the switching cell is mainly determined
by the constant conduction paths so that the HRS does not depend on the pad-size.
The schematic of the conduction path distribution in cells with different pad-sizes is
depicted in Fig. 7.5.

7.1.3 Abnormal BRS behavior

In case of the voltage-controlled BRS measurements, a voltage sweep range should be
properly set for the activation of the electrochemical reaction at only one interface of
Pt/TiO5/Pt. In fact, the formation and the annihilation of oxygen vacancies can take
place at both interfaces because the electroforming provides both interfaces with the
proper circumstance for the activation of the reaction by introducing a large amount
of oxygen vacancies. If the reaction is activated at both interfaces at a certain voltage,
one reaction takes place at one interface and the reverse reaction simultaneously takes
place at the other interface so that both interfaces can contribute to the changes in
the resistance. Therefore, both reset-like and set-like changes in the resistance occur
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Figure 7.5: Schematic of TiO, conduction path distribution in the cell with the
smaller pad-size in (a) the LRS and (b) the HRS and with the larger pad-size in
(c) the LRS and (c¢) the HRS. The thicker conduction path in the middle of a cell
denotes a constant conduction path.

under both voltage polarities, therefore, obvious BRS curves cannot be observed.

Figure 7.6 shows examples of the contribution of both interfaces to the changes
in the resistance. The measurements were performed on a Pt/TiO5(55 nm) /Pt stack
switching cell by applying continuous four voltage cycles. In Fig. 7.6(a) the re-
sistance first increases at A (reset switching) and decreases at B (set switching).
However, the resistance again increases at C' showing a reset-like resistance change.
The negative maximum of the applied voltage should be between B and C' for stable
BRS measurements because as long as the reset-like resistance change at C' does not
occur stable BRS behavior can be measured. The I-V curve of the second cycle is
shown in Fig. 7.6(b) where it is hard to define the resistance state of the hysteretic
I-V curve. First the subtle decrease in the resistance occurs at D and the increase in
the resistance follows at E. On the negative voltage side, the subtle decrease in the
resistance occurs at F' and the increase in the resistance at G follows. The I-V curve
of the third cycle was measured by applying a voltage in a wider voltage range (|V| <
1.5) as shown in Fig. 7.6(c). A more obvious reset-like resistance change takes place
at H due to the increase in the applied positive maximum voltage and the set-like
resistance change at I follows the reset-like change. Compared to the subtle set-like
change at F', the change at I is very obvious so that it can be guessed that the
change at [ is attributed to the large resistance increase at H. A more obvious reset-
like resistance change occurs at J also due to the increase in the applied negative
maximum voltage. In Fig. 7.6(d) the set-like resistance change at K following the
change at J is found to be obvious as the clear set-like change at I follows the clear
reset-like change at H. Therefore, it can be estimated that the set-like resistance
changes at [ and K are the counter changes of the reset-like resistance changes at H
and J, respectively.

The abnormal resistance switching behavior shown in Fig. 7.6 can be explained
by taking into account the contribution of both Pt/TiO, interfaces to the resistance
switching. As shown in Fig. 7.7(a), the switching cell was assumed to consist of
two resistors, one at the LE/TiO, and the other at the TiO,/RE (R; and Ry). The
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Figure 7.6: I-V curves with four continuous voltage sweeps depicted in the insets.

I-V behavior of this switching cell was simulated. R; was assumed to give the I-V
behavior shown in Fig. 7.7(a), which is given by a function of the difference in the
voltage between at dy and 0. This I-V curve is arbitrary so that the voltage and the
current in Fig. 7.7(a) would be different from the reality. Since the reaction at the
RE/TiO, interface is the other way than the TiO,/LE interface reaction, the I-V
hysteresis of Rs is to be antisymmetric to that of Ry. The voltages in Figs. 7.7(b)
and (c) are V (d;) and V,, — V (dy + d2), respectively. The resistance in TiO, was
assumed to be much smaller than R; and Ry so that no voltage drop in TiO, was
taken into account. The simulation was performed for four different initial resistance
states of Ry and Ry, (a) LRS (R;) and LRS (Rz), (b) LRS (Ry) and HRS (Ry), (¢)
HRS (R;) and LRS (R»), (d) and HRS (R;) and HRS (Ry). The simulation results

of the four initial states (a)-(d) are shown in Figs. 7.8(a) to (d), respectively. They
are summarized as the following.

(a) During the first positive voltage sweep R; underwent the reset switching while
Rs stayed in the LRS. During the negative voltage sweep R; and Ry underwent the
set and the reset switchings, respectively. Therefore, the final states of Ry and Ry
are the LRS and the HRS, respectively.
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Figure 7.7: (a) Schematic of a Pt/TiO4/Pt switching cell whose resistance consists
of two resistance at two interfaces (R; and Ry). The [-V curve assumed to occur at
the interface (b) between the left electrode and TiO5 and (c¢) between TiOy and the
right electrode.

(b) During the first positive voltage sweep R; and Ry were switched to the HRS
and the LRS, respectively. Then, R; and Ry were switched back to the LRS and the
HRS, respectively, during the negative voltage sweep. Therefore, the final states of
R; and Ry are the LRS and the HRS, respectively, which are identical to the initial
states.

(¢) During the first positive voltage sweep both R; and Ry stayed in the initial
states, the HRS and the LRS, respectively. Then, R; and Ry underwent the set and
the reset switching, respectively, during the negative voltage sweep. Therefore, the
final states of Ry and Ry are the LRS and the HRS, respectively.

(d) During the first positive voltage sweep Ry underwent the set switching while
R stayed in the HRS. Then, R; and Ry underwent the set and the reset switchings,
respectively, during the negative voltage sweep. Therefore, the final states of Ry and
Ry are the LRS and the HRS, respectively.
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Figure 7.8: Simulated I-V curves for four different initial states of Ry and Ra, (a)
LRS (Rq) and LRS (Rs), (b) LRS (Ry) and HRS (R»), (¢) HRS (R4) and LRS (R»),
and (d) HRS (R;) and HRS (Rz). The insets depict the applied voltage cycle.

By the simulation results the resistance state of Ry and Ry in Fig. 7.7 at different
voltages can be judged. As mentioned earlier, the I-V curves in Fig. 7.8 were
simulated using the arbitrary BRS I-V behavior of Ry, therefore, they cannot be
exactly identical to the experimental data shown in Fig. 7.6. Nevertheless, the
tendency of the resistive switching of R; and Ry in Fig. 7.6 can be roughly estimated.
The results of the speculation are shown in Fig. 7.9. At Al, both R; and Ry are
considered to be in the LRS. The resistance change at A is attributed to the reset
switching of Ry. Ry keeps the LRS because no reset switching of Ry can take place
under the positive voltage. Therefore, the state of Ry (Rg) at A2 is the HRS (LRS).
At B the set switching of Ry occurs so that the state of Ry (Rg) at A3 is the LRS
(LRS). At C the reset switching of Ry occurs while R; keeps the LRS because no
reset switching of R; can occur under the negative voltage so that the state of Ry
(Rz) at A4 is the LRS (HRS). The resistance states of Ry and Ry at Al to A4 are
depicted in the inset of Fig. 7.9(a). The I-V curve in Fig. 7.9(a) is comparable to
the simulated I-V curve in Fig. 7.8(a)

The initial state of R; and Ry of the second cycle is identical to the last state of
the first cycle so that they are the LRS and the HRS, respectively. In the second
cycle, Ry and Ry undergo a reset-like resistance change at £ and a quite subtle set-
like change at D, respectively. And under the negative voltage Ry and Ry undergo a
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Figure 7.9: Speculated resistance states of Ry and Ry of the I-V curves shown in Fig.
7.6 The insets depict the resistance states of Ry and Ry at various voltages

subtle set-like change at F' and a reset-like change at G, respectively. The I-V curve
in Fig. 7.9(b) is comparable to the simulated I-V curve in Fig. 7.8(b).

The initial R; and Ry of the third cycle have in-between resistance states because
they did not undergo obvious resistive switching in the second cycle. At H, R;
undergoes a reset-like resistance change and Ry a set-like change so that the state
of Ry (Re) at A1l is the HRS (LRS). At I, a set-like change happens to R; giving
R; the LRS and at J, a reset-like change happens to Ry while Ry keeps the LRS so
that Ry (Rz) at A13 is in the LRS (HRS). The I-V curve in Fig. 7.9(c) is identical
to that in Fig. 7.9(a) apart from the initial I-V curve, which is due to the difference
of the initial R; and Ry state from those in Fig. 7.9(a).

The initial R; and Ry in the fourth cycle have the LRS and the HRS, respectively.
At K Ry undergoes a set-like change and immediately at L R; undergoes a reset-like
change ;| giving R; and Ry the HRS and the LRS, respectively. A set-like change
happens to Ry at M and a reset-like change happens to Ry at IV so that at A16
Ry (Rg) is in the LRS (HRS). From the above discussion on the abnormal BRS
behavior the suggested speculation is found to be able to explain the experimental

data properly, which involves the contribution of both interfaces to the resistance
changes.
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Figure 7.10: BRS curves measured with 17 cycles.

BRS fatigue

As increasing a cycle number, a fatigue of BRS can be observed. Figure 7.10 shows
BRS curves measured with 17 cycles. In the first cycle the set switching is quite
abrupt at -0.3 V and the reset switching gently starts at about 0.9 V. However, with
increasing the cycle number the abrupt set switching becomes less obvious while the
gentle set switching at about -1 V becomes more obvious so that the HRS becomes
in charge of the gentle set switching. It can be also noticed that the resistance of the
LRS decreases with increasing the cycle number. The decrease in the LRS resistance
is due to a less decrease in the resistance at the set switching than the set switching
in the previous cycle.

7.2 Current-controlled BRS measurements

The current-controlled BRS behavior of Pt/TiOy/Pt stack switching cells was mea-
sured by applying a current sweep. Figure 7.11(a) shows the measured BRS behavior
of a Pt/TiO2(55 nm)/Pt stack switching cell in the air. In Fig. 7.11(a) the reset
and the set switchings take place under the positive and the negative current, re-
spectively. The polarity of the set and the reset switching currents is controllable
by varying the polarity of the first current sweep after the electroforming, which is
similar to the voltage-controlled BRS case. When the first current cycle starting with
a negative current sweep is applied to an as-electroformed switching cell, the BRS
shows the reset and the set switching under the negative and the positive current,
respectively. When the first current cycle starting with a positive current, the set
and the reset switching currents are the other way around.
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Figure 7.11: Current-controlled BRS behavior of a Pt/TiOy(55 nm) /Pt stack switch-
ing cell measured in (a) the air and (b) vacuum. The inset depicts the applied current
cycle.

7.2.1 BRS measurements in vacuum

Current-controlled BRS measurements were performed on a Pt/TiO4(55 nm)/Pt
stack switching cell in a vacuum chamber whose pressure was about 3 x 107 Pa.
The measured BRS behavior is shown in Fig. 7.11(b). Compared to Fig. 7.11(a),
the BRS behavior in vacuum was found to be barely different from that in the air.
However, in the statistics it can be noticed that a more stable BRS behavior is
observed in vacuum than in the air. Indeed, the measurements in the air once in
a while showed unstable BRS behavior, for instance, the abnormal BRS behavior
introduced in a previous section. Apart from the enhanced stability the measured
BRS behavior in vacuum showed no differences from the BRS in the air.

BRS measurements with elevated oxygen pressure

The external oxygen in the atmosphere perhaps has influence on the BRS because
oxygen in believed to be involved in the BRS mechanism. To identify to the external
oxygen dependence of the BRS, the BRS measurements with different oxygen pres-
sure deserve to be conducted. Current-controlled BRS measurements were performed
in a chamber with changing oxygen pressure. Two different BRS modes were acti-
vated in vacuum, one shows reset and the set switchings under the applied positive
current and the negative current, respectively, (mode A) and the other shows the
opposite way to mode A (mode B). As explained in Section 7.1.1, mode A and mode
B could be obtained by applying two opposite current cycles to as-electroformed
switching cells. Then, pure oxygen gas was injected into the chamber, increasing the
pressure. After the pressure became stabilized, the BRS was measured at different
pressures.

Figure 7.12 shows that the switching cell formed into mode A stayed in the
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Figure 7.12: Effect of oxygen ambient on a switching curve showing reset and set
switching behaviors under positive current and negative current, respectively, in
vacuum. The BRS curve in a pressure of 0.5 Pa was measured about 10 min after
the BRS measurement in vacuum (blue curve).

same mode when changing the ambient from vacuum to 0.5 Pa pure oxygen gas.
However, the ratio of the HRS to the LRS became considerably larger as shown in
Fig. 7.12. Many discrete variations of the resistance during the set switching could
be also observed at a pressure of 0.5 Pa. Figure 7.13 shows the changes in the BRS
curves, initially formed into mode B in vacuum, with increasing oxygen pressure.
First, the initial switching curve was measured in vacuum at a pressure of about 3
x 1075 Pa (see Fig. 7.13(a)). Second, the pressure was increased to 5 x 1072 Pa
by injecting pure oxygen gas, and then a switching measurement with 5 cycles was
carried out. The results are shown in Fig. 7.13(b). Third, after some waiting time
(~ 180 s) at zero applied voltage another switching measurement with 5 cycles in
the same atmosphere was performed. The results are shown in Fig. 7.13(c). Finally,
two additional measurements with 5 cycles each were carried out in the oxygen
atmosphere at a higher pressure (0.5 Pa). The results are plotted in Figs. 7.13(d)
and (e), respectively. Mode B underwent the transition to mode A as the oxygen
pressure increased. Therefore, it might be concluded that mode A is the more stable
switching mode in a pure oxygen ambient at pressures higher than 0.5 Pa.
Considering the formation and the annihilation reactions of oxygen vacancies at
the Pt/TiO, interfaces, mode A can be speculated to be controlled by the TiO,/BE
interface. The annihilation and formation of oxygen vacancies at the TiOo/BE inter-
face are supposed to take place under the applied positive current and the negative
current, respectively. Mode B can be speculated to be controlled by the TE/TiO,
interface only since the formation and annihilation reactions of oxygen vacancies are
expected to take place under the applied negative current and the positive current,
respectively. However, by increasing oxygen pressure the formation and annihilation
of oxygen vacancies at one specific interface, probably the TiO,/BE interface, might
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Figure 7.13: Effect of elevated oxygen pressure on a switching curve showing reset
and set switching behaviors under negative current and positive current, respectively,
in vacuum. The figure shows the transition from mode B to mode A.

become relatively prominent so that the initially different switching modes became
the same. The interface changed by the external oxygen ambient is most probably
the one at the TE/TiO, because it is much easier to be influenced by the ambient
atmosphere compared to the TiO,/BE interface. Therefore, it is guessed that the
TE/TiO, interface became dull in the applied current range by the external oxygen
ambient so that it could be no longer involved in the BRS though the mechanism
has to be elaborated in more detail.

7.3 Electrical conduction behavior in the HRS and
the LRS

The I-V characteristics of the HRS and the LRS serve as important clues for the
investigation of the BRS mechanism. In this section the conduction behavior of
Pt/TiO5/Pt in a voltage and a time domains is presented.
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Figure 7.14: I-V behavior at various temperatures in (a) the HRS and (b) the LRS.
The solid lines are simulated I-V curves. (c¢) Temperature dependence of the currents
at 0.1 V. The open and full squares denote the HRS and LRS, respectively.

7.3.1 Current-voltage characteristics at various temperatures

The I-V curves in the HRS and the LRS of a Pt/TiO5(27 nm)/Pt stack switching
cell were determined at various temperatures. The maximum of the applied voltage
was 0.2 V low enough to prevent any changes in the resistance states of TiO,. To
confirm the temperature dependence of the I-V behavior in the two different states,
the changes in the resistance state leading to I-V hysteresis must be avoided.

The I-V curves at various temperatures in the HRS and the LRS are plotted in
Figs. 7.14(a) and (b), respectively. And figure 7.14(c) shows the temperature depen-
dence of the currents measured at 0.1 V in the Arrhenius plot, suggesting thermally
activated conduction behavior in both HRS and LRS with activation energies of 78.8
meV and 53.7 meV at 0.1 V| respectively. The higher activation energy in the HRS

Table 7.1: Parameters for the I-V curve fitting shown in Fig. 7.14
A[A- V7 EaxlmeV] aleV -V
HRS 0.0055 83.8 0.0308
LRS  0.00561 58 0.0403




100 CHAPTER 7. BIPOLAR RESISTIVE SWITCHING BEHAVIOR

(o5}

o A7 inFig. 5.20

(o)}

[\%)

0 01 02 03 04 05
voltage [V]

Figure 7.15: Fitting of I-V curve (A7) shown in Fig. 5.21 in Chapter 5 using the
conduction equation given by Eq. 7.1

Current density [ x 10" A/lcm?]
N

o O

than the LRS is attributed to the higher energy barrier height, probably SBH, in
the HRS. The higher SBH consequently leads to the lower current distinguishing
the HRS from the LRS. The I-V curves could be nicely fitted using the following
equation.

(7.1)

I = AV, exp (M”) ;

kgT

where A, E4, V,,, and « denote a pre-exponential factor, an activation energy, an
applied voltage, and a phenomenological voltage coefficient, respectively. The fitting
parameters, A, E4, and « for both HRS and LRS are shown in Table 7.1. By using
the Taylor expansion Eq. 7.1 in a low voltage range can be rewritten by

EA aA
I=A(1-224 2 .
< kBT> Vap + kBTV"p (7.2)

That is, Eq. 7.1 can be expressed as a form of I = aV + bV? in a low voltage
regime. This form has been often used to fit the I-V curves in the BRS of Cr-doped
SrZrO3.[7, 8] Lee et al. have assumed that the linear and the quadratic terms in I =
aV +bV? stand for the Ohmic conduction and the space-charge-limited conduction,
respectively, implying that two different conduction behaviors simultaneously take
place.[8] However, this assumption is unlikely to be realistic because the physics
behind this assumption has been barely clarified, furthermore, the assumption can
not explain the temperature dependence of the I-V behavior. According to Eq. 7.2,
the linear and the quadratic terms are nothing but the results of the Taylor expansion
of Eq. 7.1 so that they do not stand for the two different conduction mechanisms.
The SBH reduction mechanism suggested in Chapter 5 is likely to explain the I-V
behavior properly. As can be seen in Fig. 7.15, the simulated current density-voltage
(J-V) curve using the SBH reduction mechanism can well satisfy the I-V form given
by Eq. 7.1. A pre-exponential factor of 6.5x1084 - V=1 . m~2 was used for the J-V
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Figure 7.16: (a) I-t curves under applied constant voltages in the range (V] < 0.8)
in the time domain (0 — 60 s). The BRS curve in the current versus voltage plane
is measured with a delay time of 60 s. The I-¢ curves in the LRS under the positive
voltage are omitted for a better view of the I-V-t curves. (b) I-t curves in the reset
switching region in the left figure.

curve fitting because the pre-exponential factor is equal to A divided by the total
area of the conduction paths. F, and o were set to be 65 meV and 0.055 eV - V1,
respectively.

Concerning other conduction mechanisms, Greene et al. and Dearnaley et al. have
regarded chains consisting of cations and anion vacancies as the conduction paths of
switching materials.[60, 61] They have considered that electrons are transferred along
the conduction chains by quantum mechanical tunneling or electron hopping.[60,
61] However, these electron transfer mechanisms are unlikely to explain the electric
conduction behavior in the HRS and the LRS of TiO,. In the electron tunneling
mechanism, the tunneling current must show very weak temperature dependence
because the tunneling coefficient is nearly independent of temperature. The [-V
behaviors in both HRS and LRS in TiOy show thermally activated behavior with
an activation energy of a few tens of meV so that the electron tunneling can hardly
explain the conduction behavior. According to the electron hopping mechanism,
electron hopping is expected to be observed in the insulator whose localized energy
states are formed at the deep level in the band gap. Localized energy states in TiOq
can be introduced by oxygen vacancies or Ti interstitials. However, it has been
found that the oxygen vacancies or the Ti interstials introduce very shallow energy
states from the conduction band edge so that these defects can be easily ionized even

at room temperature. Therefore, band conduction must be favorable rather than
electron hopping.
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7.3.2 Current-time characteristics at various constant volt-
ages

Current-voltage-time (I-V-t) curves were measured by applying various constants
voltages to a Pt/Ti02(27 nm) /Pt stack switching cell. The applied constant voltages
were in the range (|V] < 0.8) and the current was measured in the time domain (0 —
60 s). The results are plotted in Fig. 7.16. In Fig. 7.16 the I-t behavior in the reset
switching region is obviously distinguished from that in the non-switching region.
The I-t curves in the reset switching region show quite strong dispersive behavior,
the decrease in the current with respect to time, while those in the non-switching
region show very weak dispersive behavior. The [I-t dispersion in the set switching
region could be barely observed because the set switching time was so short that
only the abrupt current jump at the beginning of the voltage application could be
noticed.

The dispersive I-t behavior implies that the system is in a non-steady state. The
dispersion can be interpreted based on the sluggish migration and the reaction of
oxygen vacancies. The oxygen vacancy-induced SBH variation involves the oxygen
diffusion in Pt and oxygen vacancy diffusion in TiO,. Considering the low diffusivity
of the oxygen ions and the oxygen vacancies, it can be expected that it will take a
while for the system to reach the steady state so that the I-¢ dispersion is a matter
of course. However, the electrons are expected to be in a quasi-static state at every
moment, staying in the local equilibrium in the time domain. The electrons can
very fast react to the variation of the electrostatic potential, which is attributed
to the ion migration, so that they can very soon reach the local equilibrium. No
dispersion in the non-switching region implies that no SBH variation takes place in
the non-switching region.

7.4 Transition to unipolar resistive switching char-
acteristics

Increasing compliance current gives rise to the transition from BRS to unipolar resis-
tive switching (URS) as demonstrated in Fig. 7.17. First, the BRS was activated in
a Pt/TiOy(27 nm) /Pt stack switching cell by applying a voltage. The BRS could be
observed with a compliance current of 1 mA. Afterwards, several continuous voltage
sweeps from +3 V to -3 V (R — L) and back to +3 V (L. — R) were applied with
setting a compliance current of 3 mA. Finally, the transition resulted in a linear I-V
behavior corresponding to the LRS of the URS. After this transition, stable URS
behavior was observed. However, the reverse transition could be hardly observed.
The HRS of the URS was very easily switched to the LRS of the URS even with a
low compliance current istead of being changed to the BRS mode. Therefore, it can
be concluded that once the URS mode is activated, the reverse transition, i.e. from

the URS to the BRS, is hardly observable.
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Figure 7.17: Transition from BRS to URS by applying voltage sweeps with a current
compliance of 3 mA. R — L and L — R indicate the voltage sweeps from +3 V to
-3 V and from -3 V to +3 V, respectively.

7.5 Modeling of the BRS behavior

By the experimental observations introduced in the previous sections, the BRS in
Pt/TiO2/Pt can be judged to be attributed to the oxygen-involved electrochemical
reaction occurring at the Pt/TiO, interfaces. The electrochemical reaction leads to
the formation and annihilation of oxygen vacancies at the interfaces. By taking into
account the role of the Helmholtz layer in the electrochemical reaction, a reaction
rate constant k£ can be given by a function of the applied voltage so that the flux of
the oxygen ions/vacancies, taking part in the reaction, as a function of the applied
voltage can be determined. Regarding the Pt/TiO, /Pt junction as a one-dimensional
system, the distribution of the oxygen vacancies in TiO, and its variation with
respect to time can be obtained by solving the time-dependent one-dimensional drift-
diffusion equation of the oxygen vacancies and the electrons using the finite difference
method. The determined flux of the oxygen ions at the two interfaces, given by
a form of the Butler-Volmer equation, and the flux of the electrons transferring
through the interfaces serve as the boundary conditions of the time-dependent drift-
diffusion equations. As a solution of the drift-diffusion equations, the I-V curve of
the Pt/TiO, /Pt junction can be obtained.

7.5.1 Electrochemical reaction through the Helmholtz layer

The Helmholtz layer is supposed to be formed at the Pt/TiO, interfaces due to the
separation of two oppositely charged layers, one is on the Pt side and the other is on
the TiO, side at the interface.[49] In Chapter 5 electroforming was found to give rise
to the incorporation of oxygen ions into the Pt electrode in Pt/TiOs/Pt switching
cells. It is known that the oxygen ions in metal are negatively charged rather than
neutral[73] so that they can participate in the voltage-controlled electrochemical
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Figure 7.18: (a) Configuration of a Pt/TiO,/Pt switching cell. (b) A free energy
diagram of Eq. 7.3 with respect to the reaction coordinate.

reaction of the formation and annihilation of oxygen vacancies at Pt/TiO, interface.
In this study the oxygen ions are assumed to have a charge of -2 in Pt. The oxygen
vacancy annihilation reaction can be given by

PtO* 4+ V5 +2¢~ (Pt) — O + Pt, (7.3)

where PtO* denotes a chemisorbed oxygen at grain boundaries of Pt and e~ (Pt)
means a free electron in Pt. The reverse of Eq. 7.3 indicates the oxygen vacancy
formation reaction.

Figure 7.18(a) depicts the configuration of a Pt/TiOs/Pt switching cell. The
reaction in Eq. 7.3 will be dealt with at the two interfaces between the left electrode
(LE) and TiO, and between TiO, and the right electrode (RE). The free energy
diagram of the reaction is depicted in Fig. 7.18(b). The meaning of the symbols
in Fig. 7.18(b) is given in Table 7.2. An amount of the electric energy of ions at a
Pt/TiO,, interface relies on the applied voltage. Since the cations and the anions are
separated by the Helmholtz layer, the whole electric energy of all ions is not constant
so that the applied voltage can vary the energy barrier for the reaction of the oxygen
vacancy annihilation depicted in Fig. 7.18(b).

The sum of the free energy of the right side of Eq. 7.3 as well as the energy
barrier height varies relying on the applied voltage as shown in Fig. 7.18(b), leading
to the reaction rate constant of the forward and the reverse reactions (k_ and k) of
Eq. 7.3. The formation free energy per OJ of Eq. 7.3 is expressed as

. CoxCpy
Cpto*CyCe
where
Ap® = pigys + ppe = fipro- — iy — 2010 = Ah — TAs. (7.5)

w?, where i € {O, Pt, PtO*,V, e} denotes the standard chemical potentials of O,
Pt, PtO*, V5, and an electron, respectively, ¢;, where i € {OF, Pt, PtO*,V, e} is the
ratio of concentration ¢; to the concentration in the standard state? c?, ¢if c?. Cpto*

3The standard state means a pure state
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can be replaced by cp2- because one chemisorbed oxygen ion per one Pt atom is
assumed in Eq. 7.3 and ¢p; and €. are almost unity. COOX is equal to ¢, Therefore,
(@]

the ratio EOéEpt /Tpio-Cy > can be rewritten by

toifr_ thor (=) o)
Cpto*CvCe Cpio*Cv
Consequently, the Nernst potential V,, of Eq. 7.3 is given by
1 . kT | Cox — v
Vo= (Ah = TAs + kgTInchy.) + — = P (7.7)

Concerning the kinetics of Eq. 7.3, the variation of the energy barrier height
depicted in Fig. 7.18(b) relying on the applied voltage can be explained by the
following. The energy barrier per O for the reverse reaction of Eq. 7.3 with a voltage
of V' (dy) is written by p4 [V (dy1)]. The difference in the energy barrier height for the
reverse reaction at two different voltages at di, V (d;) and V° (d;), can be expressed
as

Apy [V (di)] — Apy [VO (dl)} =—(1=-3)nAV, (7.8)

where AV is equal to V (d1) — V" (d;). In the same way, the difference in the energy
barrier height for the forward reaction at two different voltages at dy, V (z = d;) and
VY (x = d;), can be expressed as

Ap_ [V (d)] = Apuy [V0 (dy)] = BnAV, (7.9)

Therefore, the flux equation of O undergoing the forward and the reverse reactions
at the LE/TiO, interface (J9, and J¢,) can be described by

—BnAV
J?L = k_cpiorcy exp (i;ﬂj) , (7.10)
e (1= B)nAv
1-0)n
JSL = k’JrCOg() exp [M:| 5 (711)

respectively. ¢, does not depend on the applied voltage so that c. is included in k_
in Eq. 7.10. The overall flux equation of O (J?) is the summation of Eq. 7.10 and
7.11.

—BnAV (1-08)nAV
J9 = k_cpyo-cy exp (M — k+coé exp /@7)T . (7.12)
By taking V° (d;) as a reference voltage 0 and using k° and k9, the forward and the
reverse reaction rate constants at the reference voltage V°, Eq. 7.12 can be rewritten
by

—pnV (d,) (1—5)"‘/(611)} . (113)

JLO =k epiorcy exp {M] — kgcoé exp [ o
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In equilibrium, J9, is equal to JY, so that the net flux J§ is zero. The voltage
at dy in equilibrium is defined as the Nernst potential V;,. V,, can be therefore given
by

0 kT CpHx
Vn:—ln—a‘Jr—B In —20
n kY n Cpto*Cy

(7.14)

Comparing Eq. 7.14 with Eq. 7.7 gives the ratio k9 /k° as

kY —As Ah
k% = C(I)Jto* exp <I€B) exp (M) . (715)

The flux equation of the forward/reverse reaction at V,, J° can be obtained by
entering Eq. 7.15 into Eq. 7.13, giving the equation,*

8

JOANG C x

JO =k (g) — 20 (7.16)
k (CPto*CV)

Therefore, the net flux equation of O can be written by a form of the Butler-Volmer
equation,

JE_JO{l—exp{W}}exp{mwkgf})_v"]}. (7.17)

For the right Helmholtz layer at the TiOy/RE interface oxygen ion flux equation J§
can be derived using the same derivation procedure as used for the J¢ derivation.
J9 is given by

R e ]

Egs. 7.17 and 7.18 will serve as the boundary conditions for the calculation of the
time-dependent distribution of oxygen vacancies.

Concerning the formation free energy of Eq. 7.3, the reaction can be divided into
three reactions.

1
PtO* — Pt + 502(9), g (7.19)
1
502(9) + V5 +2e” (TiO,) — OS, (7.20)
and
e (Pt) — e (Ti0,). (7.21)

The above reactions occur at a Pt/TiO, interface so that the free electrons in Pt
should be distinguished from those in TiO, due to the difference of the work functions
of Pt and TiO,. The first principle study on the oxygen chemisorption on Pt surface
has shown that the formation energy of the oxygen chemisorption per oxygen atom is
-1.57 eV.[69] Therefore, the change in the energy of Eq. 7.19 is considered to be 1.57

4As mentioned earlier, J; is equal to JSL at V,
5One oxygen atom per Pt atom is assumed to form chemisorption.
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eV. The free energy change of Eq. 7.20 in TiO has been frequently evaluated by mea-
suring the conductivity change with respect to temperature.[40-43] Balachandran et
al. have evaluated the energy change of Eq. 7.20 in non-stoichiometric TiOs_,, which
is about -2.1 eV.[42] The change in the energy of Eq. 7.21 can be determined from
the work function difference between Pt and TiO,. As shown in Fig. 5.23 in Chap-
ter 5, the electroformed TiOs is believed to have the Fermi energy slightly above the
conduction band minimum. Therefore, the work function difference is approximately
bm — XTi0,, Where ¢,,, and xrio, are the work function of Pt and the electron affinity
of TiO,. The change in the energy of Eq. 7.21 is x7io0, — ¢m-® X7i0, is an unknown
value so that it was assumed to be 0.5 eV in Chapter 5. With the assumed energy
change of Eq. 7.21 the formation energy of Eq. 7.3 (h) can be determined to be
about 0.47 eV. However, in the BRS simulation a formation energy of 0.75 eV will
be used for a better simulation result. The dependence of the BRS on the formation
energy will be explained later.

7.5.2 Drift-diffusion of oxygen vacancies and electrons in
TiO,

TiO, is believed to be n-type semiconductor because the electroforming is expected to
introduce a large amount of oxygen vacancies in TiO,, serving as donors. Electrons
and oxygen vacancies are therefore regarded as the majority charged particles in
TiO,. The one-dimensional time-dependent distribution of the oxygen vacancies
and the electrons can be determined by solving the one-dimensional drift-diffusion
equation, given by

aC,‘
Ox
where z;, u;, and D; mean the ionization number, the mobility, and the diffusivity
of particle 4, respectively. Eq. 7.22 describes the flux of charged particle 7 due to
drift and diffusion, whose driving forces are the internal electric field E and the
concentration gradient, respectively. The first and the second terms on the right side
of Eq. 7.22 denote the drift and the diffusion contributions, respectively. Fick’s 2nd
law is expressed as

Jhp = zici B — Di—,i € {e,V}, (7.22)

501- anD
=— . 7.23
ot ox (7.23)
Entering Eq. 7.22 into Eq. 7.23 gives the following equation.
3ci 3E 302- 3201'
= —zicifli—— — Zzipi BE— + Di—, 7.24
gt | ikigy T AMEG, T Pige (7.24)

where D; is not regarded as a function of coordinate z. E can be obtained by solving
the Poisson equation. In order to obtain the solution of the Poisson equation, the
time-dependent distribution of both electrons and oxygen vacancies must be defined
first. It turns out that to solve Eq. 7.24 is hardly possible using an analytical
calculation because of the presence of E. If E is constant in TiO,, Eq. 7.24 can
be analytically solved, giving the error function.[72] However, E cannot be constant
because of the space charges in TiO, so that the finite difference method will be

6In Chapter 5 ¢, — XTio, was defined as ¢y
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Table 7.2: List of symbols

Symbol  Description
1oy Chemical potential of O?~ at an oxygen site in TiO,

1o Chemical potential of O?~ in Pt
v Chemical potential of V{5

Cox Concentration of O
Cpio* Concentration of PtO*
cy Concentration of V;
/‘?)E Chemical potential of O?~ at an oxygen site in the standard state

(%0 Chemical potential of PtO* in the standard state
uy, Chemical potential of V{; in the standard state
Concentration of Of in the standard state

OX
coptg* Concentration of PtO* in the standard state
A& Concentration of V5 in the standard state
oy Ratio of the concentration of Of to that in the standard state
Cpio* Ratio of the concentration of PtO* to that in the standard state
Cy Ratio of the concentration of V{5 to that in the standard state
Vo Reference voltage at z = d;
h Enthalpy per particle
s Entropy per particle

Ap_ (V)  Energy barrier for a forward reaction at a given voltage V'
Apy (V) Energy barrier for a reverse reaction at a given voltage V'
1G] Asymmetry factor
Vi Nernst potential of a reaction
n Tonization number of 0%~

k_ Reaction rate of a forward reaction at a give voltage V'
k. Reaction rate of a reverse reaction at a give voltage V'
K9 Reaction rate of a forward reaction at a reference voltage V°
kS Reaction rate of a reverse reaction at a reference voltage V°

applied to the calculation of the time-dependent distribution of the electrons and
the oxygen vacancies, which will be explained in the next section.

Proper boundary conditions are necessary to solve Eq. 7.24. For the calculation
of the oxygen vacancy distribution the flux of the oxygen vacancies at the LE/TiO,
and the TiO,/RE interfaces (J} and J};) serve as the boundary conditions. Since
JV is equal to -.J, the negative of Eqs. 7.17 and 7.18 can be taken as the boundary
conditions. For the calculation of the electron distribution the electronic current
densities at the LE/TiO, and the TiO,/RE interfaces (Jjand J§,) are used as the
boundary conditions. Concerning J¢, the electron transfers, LE — TiO, and TiO,
— LE, contribute to J{; and J¢,, respectively. Ji, can be expressed in terms of
the Shottky barrier height (SBH) at the LE/TiO, (¢f) using the Landauer-Biittiker
fomalism[70] as

T A g
R ko f (€) dhpdk,dk,, 7.25
br = oty S | o, ed () el (7.25)
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where m., k;, k,, and k. denote the effective mass of an electron, the wave vectors of
an electron in the directions z, y, and z, respectively. And f (¢) denotes the Fermi-
Dirac distribution function. The following equation can be substituted for Eq. 7.25
for a simper calculation.

* Neve
_ Ve e

Jir = qA
o) 1+ exp (k)

(7.26)

where N/ is given by v2m2/?/ (B372). A, €. (dy), €. (d), and epy, denote the velocity
of the electron transfer, the conduction band edge at d;, and the Fermi energy of the
LE, respectively. The detail of Eqs. 7.25 and 7.26 was explained in Chapter 5. In a
similar way, J7; is given by a function similar to Eq. 7.26.

~ N e—e(d
Jiy = qurs / eVeeld) (7.27)

e(d1) 14 exp {%}

where €r (d;) and vy, mean the Fermi energy at d; and the velocity of the electron
transfer TiO, — LE, respectively. By putting together Eqs. 7.26 and 7.27 J¢ can
be written by

V. To_vemeld) g

de + quLNC’ —
e(d1) 1+ exp [%}

Ji = —qAN; /
o) 1+ exp (G5 )

Concerning J§, the electron transfers, RE — TiO, and TiO, — RE, contribute to
J&r and J%p, respectively. Using the same procedure used for the derivation of Jf,
J§ can be obtained as

> E*EC(d1+d2)

e—er(ditda)
EpT

de+qAN, / Ve

ce(di+dz) 1+ exp (%;Tqvw)

(7.29)
where vrg means the velocity of the electron transfer TiO, — RE. €. (d; + ds) and
er (d1 + d3) denote the conduction band edge and the Fermi energy at d; + ds, re-
spectively.

JIE? = —C]’UTRNCI dE,

celdi+da) 1+ exp {

7.5.3 Finite difference method for the calculation

There are three available finite difference methods (FDMs), the explicit, the implicit,
and the Crank-Nicolson methods. In the explicit method the information at time ¢
is obtained from that at time ¢ — At. Using the explicit method Fick’s 2nd law in

one dimension, dc¢/0t = —0J/0x can be described as
Ci,z - CZQA T D; i i i
d A; o= (Ar)2 (Ct—At,z+Az - ZCt—At,z + Ct—At,I—Az) ) (7.30)

where cﬁw denotes the concentration of particle 7 at time ¢ and spatial point x (¢, x)
and D; denotes the diffusivity of particle 7. If all ¢ along the coordinate z at time
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Figure 7.19: Configuration of the nodes of Pt/TiO, /Pt in two dimensions, time ¢
and coordinate .

t — At are known, ¢’ at time ¢ can be calculated. For the explicit method to be stable
and convergent D;, At, and Az should satisfy the condition, D;At/ (Az)* < 1/2. In
the implicit method, ¢’ at time ¢ is obtained from ¢ at time t — At as well as ¢ itself.
In this method, Fick’s 2nd law can be described as

Cé, - Ci—At,x D; i i i
= At = (A{;)Z (Ct,erAx - zct,x + Ct,wax) . (731)

Since ¢ at t is determined by ¢’ at t — At as well as ¢, an iterative method is needed
to obtain ¢ at t. The implicit method is therefore more complicated than the explicit
method. This method is always convergent regardless of At and Axz. However, the
errors are linear over At and quadratic over Az.[74] In the Crank-Nicolson method,
the concentrations at ¢ and ¢t — At equally contribute to the determination of ¢ at t.
Fick’s 2nd law can be described using the Crank-Nicolson method as

Ciy = CioAt D; ) ) ) ) ) )

- A; = = 9 (A£)2 [(ci,:HAx - 20;,% + ci,:vax> + (C;*A,Z+Ax - QCifAt,x + C:*At,(L‘*AZL‘):I .

(7.32)

This method is always convergent and the errors are quadratic over At and of the

fourth degree over Az.[74]

The explicit FDM was chosen for the calculation of the drift-diffusion of the

oxygen vacancies and the electrons in TiO, and the formation and the annihilation
reactions of the oxygen vacancies at the Helmholtz layer.

Calculation of the voltage and the electron distributions at a given time

The configuration of the nodes in Pt/TiO, /Pt is depicted in Fig. 7.19. Along the
spatial coordinate x Ng nodes are assigned to the LE, Ny nodes TiO,, and also
Ng nodes the RE. dg, di, do, and ds are the thicknesses of the LE/RE, the left
Helmholtz layer, TiO,, and the right Helmholtz layer, respectively. Therefore, the
distance between neighboring nodes in the LE/RE is dg/ (Ng — 1) and that in TiO,
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is dg/ (N2 — 1). Along time axis ¢ N; nodes are located with a distance between
neighboring nodes of At. Let us start dealing with the drift-diffusion of the oxygen
ions in the LE. Using the configuration of the nodes, Fick’s 2nd law of the oxygen
ions can be described as

o(L) o(L)

Cirin — Cin o Ny —1 o(L) o)
At  dg (Jmnfl/z - Jt,n+1/2> ; (7.33)

where cg ,SL) denotes the concentration of the oxygen ions at node (¢,n) in the LE.
Since an electric field is barely present in metal, the drift of the oxygen ions in the
electrode can be ignored so that the the oxygen ion flux equations due to only their
diffusion at nodes (¢t,n — 1/2) and (¢,n + 1/2) can be expressed as

DoN.
Oo(L olNE [ oL o(L
Jt,757)1/2 == dp (Ctng ) - Ct,w&)l) (7.34)
and DN
Oo(L olNE [ oL o(L
Jt,75+)1/2 == dp <Ct,7(7.+)1 - CtJ(l )) ) (7.35)

respectively. Entering Eqs. 7.34 and 7.35 into Eq. 7.33 leads to the following
equation,

o(L O(L
thll = Ctng )+

Do (Np —1)° At ¢ o o(L o(L
-z <Ct,7(7.+)1 - 2(315,72 = Ctﬂif)1> . (7.36)
E

Using Eq. 7.36 cg(ﬁ)n can be determined from cgﬁ)l., CST(LL), and c%i)l. The net oxygen

ion flux at the left end of the LE is assumed to be zero, implying the oxygen ions
coming into and out of the LE are in equilibrium. Therefore, JtO 1(/L2) = 0 serves as
the boundary condition at the left end of the LE.” The other boundary condition at

Npg + 1/2 can be obtained from the net flux of the oxygen ions at the left Helmholtz

layer given by Eq. 7.12. Therefore, Jto ]i,l;) 1/ CaN be expressed as
o) _ 40 01) v pnVia 0(0 _ v (1—pB)nVia
Lftwm_l/2 = k_ct,NE Cpq €XP < T > — kL (Log — Ct,l) exp { T .

(7.37)
The voltage at the node Ng of the LE is taken as a ground. Considering the short
electric field screening length in metal, it is a reasonable assumption to ignore the
voltage drop in the LE. V;; denotes the voltage at node (¢,1), which is at the in-
terface between the left Helmholtz layer and TiO,. V;; will be determined from the
iteration for the electron distribution calculation in TiO,. From the discrete diffu-
sion equation and the boundary conditions, that have been dealt with up to now,
the oxygen distribution in the LE on each time step can be obtained with a proper
initial condition.
The oxygen ion distribution in the RE and its flux at the left and the right ends
are obtained using a similar derivation procedure the that used to derive them in the

"In fact, J tol /o cannot be defined because c?o does not exist. However, by adding the phantom

node at n = 0, Jfol/2 becomes reasonable.
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LE. However, the boundary conditions in the RE at the left and the right ends are the
other way than those of the LE because the left end of the RE makes an interface with
TiO,. The net flux at the right end of the RE is regarded as zero, JSJE,LE)H jo = 0,
meaning the oxygen ions coming into and out of the RE are in equilibrium. The

boundary condition at the left end of the RE is given by

O(R O(R Bn (Vap — Vin,)
Jt,1</2) - 7k(lct71( )CX,NZ exp |:]:BT2

(1—B)n (Vyp — Vt,Nz)] _ (7.38)

+k (ng — CXM) exp [ "o

The oxygen ion distribution in the RE is obtained using Eq. 7.36 with these boundary
conditions.

The calculation of the oxygen vacancy and the electron distributions in TiO,, is
more complicated because both drift and diffusion of the oxygen vacancies and the
electrons must be taken into account. The discrete drift-diffusion equation of particle
i where ¢ € {e,V} at nodes (¢t,n + 1/2) and (¢,n — 1/2) can be expressed as

i 1 i i No—1 i ;
Jt,n+1/2 = _TdQZi/Li (Ct,n+1 + Ct,n) (NQ - 1) (‘/t,nJrl - V;fn) - TQDl (Ct,nJrl - Ct,n)

(7.39)
and
Ny —1
dy

i

1 . ) . )
tn-1/2 = "ol (chn+Chnt) No=1) (Vi = Vina) — D; (¢t =€)

(7.40)
respectively. By entering Eqs. 7.39 and 7.40 into Fick’s 2nd law given by Eq. 7.30,
the equation of ¢}, ,, as a function of ¢’ and V" at nodes (t,n—1), (t,n), and (t,n+1)
can be obtained. V at each node can be evaluated by solving the Poisson equation,
which needs space charge density at every node. Therefore, first ¢f,, and ¢y, should
be evaluated at all nodes n at time ¢. The response of the electrons to the variation
of the internal electric field must be very fast compared to the oxygen vacancies,
which is attributed to the higher mobility of the electrons. Very small At (~ 1
ps) must be used to evaluate the time-dependent behavior of the electrons because
their very high mobility and diffusivity. However, the drift-diffusion of the oxygen
vacancies is very sluggish compared to the electrons so that its time-constant would
be higher than a few hundreds us relaying on the mobility and the diffusivity of
the oxygen vacancies. Using At (~ 1 ps) is not an efficient method because a huge
amount of data points in the time axis are necessary to be produced to calculate the
time-dependent drift-diffusion of the oxygen vacancies with such a small At. For a
more efficient calculation, a quasi-static calculation was used for the evaluation of
the electron distribution. In fact, the quasi-static calculation is reasonable because
the electrons will reach the steady state at every discrete moment of oxygen vacancy
migration, that is, while the electron redistribution occurs, the oxygen vacancies are
almost stationary so that the electron redistribution does not affect the migration
of the oxygen vacancies. From the discussion up to now the concentration of the
oxygen vacancies and the electrons can be defined at all nodes n at time ¢, and thus
the voltage at all nodes n can be evaluated.
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In the continuum theory, the voltage distribution in TiO, as a function of coor-
dinate = shown in Fig. 7.18(a) is given by

V(z)=V(d)—FE(d)d— 5q50 /d /d p(z")dx"dz’, (7.41)
r 1 1
where
1 ng dy+d2
E(d) = — Va ") da’
( 1) d1€.,./€,,.H + d2 -+ d357'/51'H |: P + ErHED /dl P (37) o

q di+ds T
+ / / p(x) dx'dx] . (7.42)
Er€o dy dy

¢, and €, denote the dielectric constant of TiO, and the Helmholtz layer, respec-
tively. Space charge density p is defined as p (z) = 2¢" (z) — ¢¢ (z). The derivation
of Egs. 7.41 and 7.42 was shown in Chapter 5. In the FDM, the integration of p
over x, the second term in the bracket of the right side of Eq. 7.42 can be rewritten
using the trapezoidal rule[72] by

do(n—1)

nee Vo ~ T SITE =)+ L= 7.43
/dl e’ = g (300 4 o=+ o= (149

By defining Eq. 7.43 as f (i = n) the double integral on the right side of Eq. 7.41
can be replaced by

dy(n—1)

/d1+ No—1 f( /)d r d2 §f<)+1f(_1)+lf(— ) (744)
g x x_NQ_]_ - 7 9 1= 5 1=n)|. .

In the same way, the double integral in Eq. 7.42 can be replaced by

/d1+d2 f (&) de! ~ 2 [szlf(i) Fifli= o i= Nz)] - (T49)
Ny —1 i=2 2 2

dy

Therefore, the voltage at all nodes at time ¢ at the given distribution of space charges
p can be evaluated.

The electron distribution in the steady state with given oxygen vacancy distribu-
tion CX 9 can be determined using the Newton-Raphson iteration. Arbitrary voltage
distribution along nodes n at time ¢ (Vt{;l,n =1,2,---,Ny) is input as the initial
condition of the iteration. efp:l (t,1) is first optimized using the first iteration, giving
€5 (t,1).® As explained in Chapter 5, if €5 (¢,1) is known, € (t,n) and de}./dz|,
at all nodes n at time ¢ are evaluated so that all those values can be optimized.
From the given Vt]n: " and the optimized €, (t,n) the concentration of the electrons
at node n is evaluated, therefore, p,, can be obtained. Using Eqs. 7.41, 7.42, 7.43,
7.44, and 7.45, the voltage distribution V;fng with the space charge distribution pf,,

8The superscript ¢ of €% (¢,1) means the optimized value at given Vt{", where n=1, 2, --- | Ny.

Since V;]n will be also optimized using the second iteration, €5 (¢,1) is not the final er (¢, 1) value.
9The superscript ¢ means the same as that of €% (¢, 1)
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Table 7.3: List of symbols
Symbol Description

@ Oxygen concentration at node n and time ¢

cy n Oxygen vacancy concentration at node n and time ¢
Do Diffusivity of an oxygen ion in Pt

Dy Diffusivity of an oxygen vacancy in TiO,

dg Thickness of Pt

dy Thickness of the Helmholtz layer at the LE/TiO, interface
dy Thickness of TiO,

ds Thickness of the Helmholtz layer at the TiO,/RE interface
Ng Number of the nodes in Pt

Ny, Number of the nodes in TiO4

Ny Number of the nodes in time dimension

At Time interval

can be evaluated. Function S7=! is defined as S/='(i) = V/" — V¢, meaning the

difference between the input V;]TT " and the calculated V¢, . Using the iteration a new

t,n*
set of V;]n: % obtained from S7=! is input again and the same procedure is repeated.
This iteration will continue until Stj, », at all nodes n becomes smaller than a tolerance
(A), meaning the convergence on zero. From this procedure the voltage and the
electron distributions with given CX , and the boundary conditions, Jf and J§, can

be obtained.

Calculation of the oxygen vacancy distribution with respect to time

The calculation procedure of the oxygen vacancies along time nodes ¢ given by the
following.
e Determination of the oxygen ion distribution in the LE and the RE at time ¢.

e Determination of V;,, and ep (¢,n) at all nodes n in TiO, with an.
e Determination of ¢f,, at all nodes n in TiO, from the determined V;,, and ep (¢, 7).

e Determination of the oxygen vacancy flux equations at the interfaces (JY] /2 and

Jt‘,/NE+1/2): Jt‘,/1/2

determined from ¢y, ¢, of the RE, and V, .

is determined from CXI, CSNE of the LE, and V;; and Jt‘,/NE+1/2 is

e Determination of ¢}, ,, at all nodes n in TiO,.

7.5.4 Calculation results

As discussed in Chapter 5, one of the two interfaces of Pt/TiOy/Pt should be involved
in the BRS to observe the stable BRS behavior. The LE/TiO, interface was taken as
the active interface for the electrochemical reaction, whereas the other interface was
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Table 7.4: Parameters for the BRS calculation

Parameter  Value Parameter Value
Do 107 em?s~1[75] I6] 0.45
Dy 1071® em?s~! n -2
dp 70 nm h 0.75 eV
d; 2 A s 1.2 meV/K
dy 50 nm 0%2, 10% cm™3
ds 2 A €r 20
Ng 199 €rH 7[77]
Ny 272 by 0.5 eV
Ny 5 Me 10 mg
At 20 ms A 6.25 cmes~!
E° at dy 10736 ¢mt.s™! T 298 K

kK at dy +do 10792 cm?s™!

considered to be inactive with a low rate constant of the electrochemical reaction.
This mainly leads to the change in the oxygen vacancy concentration at the LE/TiO,
interface. The parameters used for the calculation of J-V curves are given in Table
7.4. The Helmoltz layer is believed to be similar to the interfacial dipole layer in
semiconductor physics.[76] €.y was assumed to be 7 as Black et al. suggested in their
paper.[77] The diffusivity of the oxygen vacancies in reduced TiO, was set to be 10718
cm?s~!. As a matter of fact, the diffusivity at room temperature has been barely
reported. The diffusivity used for this calculation was guessed from that measured at
high temperature (> 1000 °C).[78] The initial oxygen vacancy distribution is shown
in Fig. 7.20, where the concentrations at d, and d; + do are 2.35 x 10%! and 5.28 x
102! cm ™3, respectively.

Calculated J-V hysteresis with two cycles is plotted in Fig. 7.21(a). The applied
voltage cycle is depicted in the inset. The delay time of each voltage step was 0.1
s. Since the formation and the annihilation of oxygen vacancies at the LE/TiO,
occur with applying a negative and a positive voltage, respectively, to the RE, thus
set and reset switching occurs under negative and positive voltage, respectively as
shown in Fig. 7.21(a). The set switching in Fig. 7.21(a) is not very obvious because
a gentle decrease in resistance rather than an abrupt decrease takes place during the
set switching. The variation of the oxygen vacancy concentration at the LE/TiO,
interface is shown in Fig. 7.21(b). An increase in the oxygen vacancy concentration
during the set switching leads to the reduction of the SBH at the same interface so
that current increases with increasing oxygen vacancy concentration. Reset switch-
ing occurs under positive voltage as shown in Fig. 7.21(a). The oxygen vacancy
concentration at the LE/TiO, interface decreases in the reset switching voltage re-
gion, giving rise to an increase in the SBH. Therefore, the hysteretic J-V behavior
can be observed in the reset switching voltage region.

In Fig. 7.21(b) it can be noticed that oxygen vacancy concentration as a function
of the applied voltage in the second cycle is not completely identical to that in the first
cycle, thus the BRS curves in the first and the second cycles show a slight difference
as shown in Fig. 7.21(a). The difference of the oxygen vacancy concentration relying
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Figure 7.20: Initial distribution of the oxygen vacancies in TiO, between the LE and
the RE.

on the cycle number is due to the variation of the Nernst potential V,, of the oxygen
vacancy formation and the annihilation reactions (Eq. 7.3). As given by Eq. 7.14, V,,
is a function of the concentration of the oxygen vacancies in TiO, and the oxygen ions
in the LE. V,, indicates equilibrium voltage, that is, when the applied voltage V (d;) in
the Helmholtz layer is equal to V,,, the system reaches equilibrium so that no further
changes in the concentration of the ionic species take place. As V' (d;) is further from
V, in the positive (negative) direction, the oxygen vacancy annihilation (formation)
reaction, the forward (reverse) of Eq. 7.3, becomes more accelerated. Therefore, the
oxygen vacancy and the oxygen ion concentrations and V,, have influence on each
other and they show variation in each voltage cycle so that the non-closed loop of
the oxygen vacancy concentration with respect to the applied voltage shown in Fig.
7.21(b) was obtained.

The variation of the oxygen vacancy and the oxygen ion concentrations with
respect to a cycle number might be the reason for the BRS fatigue shown in Fig.
7.10. In Fig. 7.10 the resistance of the LRS increases with increasing a cycle number,
which is comparable to the increase in the resistance of the LRS in the second cycle
compared with the first cycle as can be seen in Fig. 7.21(a). The increase in the
LRS resistance in Fig. 7.21(a) is attributed to the decrease in the oxygen vacancy
concentration of the LRS as can be identified in Fig. 7.21(b). Therefore, the decrease
in the oxygen vacancy concentration in the LRS can be regarded as the reason for
the fatigue of the BRS.

The SBH at the interface between the cathode and TiO, with respect to the
applied voltage is shown in Fig. 7.22(a). The open symbols on the negative voltage
side indicate the SBH at the TiO,/RE(cathode) interface and the closed ones on
the positive voltage side indicate the SBH at the LE(cathode)/TiO, interface. The
hysteretic SBH variation shown in Fig. 7.22(a) plays an essential role in the BRS.
Compared with the SBH at the TiO,/RE interface in the second downward sweep
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Figure 7.21: (a) Simulated J-V curve with the applied voltage cycle shown in the
inset and a voltage delay time of 0.1 s. The open and the closed symbols mean
negative and positive currents, respectively. (b) Variation of the oxygen vacancy
concentration at d; and the oxygen ion concentration at x = d with respect to the
applied voltage.

(dn2), the decrease in the SBH in the the second upward sweep (up2) can be identified
on the negative voltage side of Fig. 7.22(a). This decrease causes a decrease in
resistance (set switching). Under the positive voltage in up2 another hysteretic SBH
behavior at the LE/TiO, interface can be observed. Compared with the SBH under
the positive voltage in upl, that in the third downward sweep (dn3) is found to
undergo reduction in up2. And this reduction of the SBH thus causes an increase in
resistance (reset switching). Figure 7.22(a) also shows very asymmetric SBH in the
HRS while the SBH in the LRS is more or less symmetric. The asymmetric SBH in
the HRS causes an asymmetric J-V curve in the HRS shown in Fig. 7.21(a).

The conduction band and the Fermi energy profiles at 0.5V in the two cycles
are plotted in Fig. 7.22(b). The conduction band edge profiles are flat apart from
the interface regions regardless of the applied voltage and the resistance state. This
is attributed to the good electric field screening within a short screening length by a
large amount of the oxygen vacancies in the vicinity of the interfaces so that almost
no voltage is applied in the bulk of TiO,. Regardless of the applied voltage the Fermi
energy is located above the conduction band edge except for that in the vicinity of
the two interfaces, meaning the bulk of TiO, has the much higher conductivity so
that the BRS is controlled by the interfaces. This implication is consistent with the
generic model suggested by Rozenberg et al. [79] The distribution of the electrons in
TiO, with respect to the applied voltage is shown in Fig. 7.23. The decrease in the
electron concentration in the vicinity of the RE after the positive maximum voltage
(1 V) can be confirmed with being compared with the concentration before 1 V. The
electron concentration in the bulk of TiO, is a constant without depending on the
resistance state as well as the applied voltage. However, the variation of the electron
distribution, induced by the set switching, is not obvious so that it cannot be seen
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Figure 7.22: (a) Variation of the SBH at the interface between the cathode and TiO,
with respect to the applied voltage in the second cycle. LI and RI mean the LE/TiO,
and the TiO,/RE interfaces, respectively. (b) Simulated profiles of the conduction
band edge and the Fermi energy at -0.5 V during the second downward sweep (dn2),
-0.5 V and 0.5 V during the second upward sweep (up2), and 0.5 V during the third
downward sweep (dn3) in the second cycle. The Fermi energy of the LE is taken as
a reference energy.

in Fig. 7.23.

The time-dependent variation of the current density under two different constant
voltages (0.7 and 0.8 V) is plotted in Fig. 7.24(a). The parameters given in Table
7.4 were used for the calculation of the current density-time (J-t ) behavior. These
voltages belong to the reset switching regime so that J decreases with respect to
time. The J-t behavior shown in Fig. 7.24(a) is consistent with the measured I-t
behavior, undergoing the reset switching as shown in Fig. 7.16.

The time-dependent variation of the concentration of the oxygen vacancies in the
vicinity of the LE/TiO, interface at 0.7 V is plotted in Fig. 7.24(b). Since at 0.7
V the reset switching, that is, the annihilation of the oxygen vacancies, takes place,
a number of the oxygen vacancies decrease with respect to time. Figures 7.24(c)
and (d) depict the variations of the electron concentration and the conduction band
minimum profile, respectively, with respect to time at 0.7 V.

J-V curves calculated using two different formation energies i (0.75 and 0.9 eV)
and the corresponding concentrations of the oxygen vacancies at the LE/TiO, in-
terface are plotted in Figs. 7.25(a) and (b), respectively. The applied voltage cycle
is depicted in the inset of Fig. 7.25(a). The formation energy h determines the set
voltage and the reset voltage. As shown in Fig. 7.25, the higher formation energy
shifts the set and the reset voltage regimes to higher voltages. The voltage regimes
where the vacancy concentration increases and decreases are regarded as the set and
the reset regimes, respectively. Therefore, the higher formation energy leads to the
set switching even under the positive voltage as shown in the increase in the vacancy
concentration in the voltage range (0 V < Vg, < 0.25 V) during the downwards
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Figure 7.23: Electron distribution in TiO, between the LE and the RE with respect
to the applied voltage to the RE.

sweep dn2. On the other hand, if the formation energy is much smaller than 0.75
eV, the reset switching voltage shifts to the negative voltage so that the reset switch-
ing occurs even under the negative voltage. For instance, the theoretical formation
energy (0.47 eV) gives rise to the BRS behavior where both set and reset switchings
take place under the negative voltage, and thus the BRS behavior is not consistent
with the BRS measured experimentally.

The relation between the formation energy energy and the switching voltage can
be explained by the applied voltage in the Helmholtz layer. The formation energy
under the applied voltage h' is given by a function of the voltage at the right end
of the Helmholtz layer, b’ = h — 2V (d;). Due to the high concentration of the
oxygen vacancies at the LE/TiO, interface, a high negative electric field is applied
in the Helmholtz layer even at 0 V, and thus V (d;) is positive at 0 V. In case
of a formation energy of 0.9 eV, the forward reaction (annihilation of the oxygen
vacancies) is retarded by the high formation energy so that the reverse reaction
(formation of the oxygen vacancies) is dominant under the negative voltage as well
as the positive voltage in the range (0 V < V,, < 0.25 V). In case of a formation
energy of 0.75 eV, the forward and the reverse reactions are balanced in the lower
voltage so that the reverse reaction becomes prominent under the only negative
voltage. Therefore, the set switching and the reset switching can be achieved by the
negative voltage and the positive voltage, respectively.
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Figure 7.24: (a) J-t curves under applied voltages of 0.7 and 0.8 V, undergoing a reset
switching. (b) Time-dependent distribution of the oxygen vacancies in the vicinity
of the LE/TiO, interface at 0.7 V. Time-dependent variation of (¢) the electrons and
(d) the conduction band minimum profile in TiO, at 0.7 V. In Fig. (d) the Fermi
energy of the LE is taken as 0 eV.
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eV. The inset depicts the applied voltage cycle. (b) Corresponding concentrations of
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Summary

The electric conduction behavior in Pt/TiO4 /Pt switching cells was characterized for
three different resistance statuses of TiO,, i.e. pristine, unipolar resistive switching
(URS)-activated, and bipolar resistive switching (BRS)-activated status. The char-
acterized conduction behavior was interpreted in terms of the oxygen ions/vacancies
migration due to the drift-diffusion. This work involved both experimental and the-
oretical investigations.

For all three resistance statuses of TiOy current-voltage (I-V) hysteresis was ob-
served. The pristine status showed volatile I-V hysteresis, implying the resistance
underwent easy relaxation with respect to time. The relaxation was considered to be
attributed to the relaxation of ions, which was in a good agreement with the charac-
terized impedance spectra in a low frequency domain. The URS-activated and the
BRS-activated statuses gave non-volatile I-V hysteresis indicating two characteristic
resistance states, a high resistance state (HRS) and a low resistance state (LRS).

From the experimental point of view, the main achievement was the understand-
ing of the role of oxygen ions in the electroforming and the BRS. Some important
evidences revealing the role of oxygen ions in the electroforming were obtained from
the structural changes induced by the electroforming and their voltage polarity de-
pendence. The atmosphere dependence of the electroforming also revealed oxygen
ions to play an important role in the electroforming. Furthermore, some chemical
analysis proved that the non-homogeneous evolution of oxygen gas over the elec-
troformed switching cell occurred during the electroforming. The non-homogeneous
evolution of oxygen gas might indirectly show the non-uniform distribution of con-
ductivity, implying that local conduction paths are in existence. The atmosphere
dependence of the BRS behavior revealed the influence of the oxygen-related elec-
trochemical reaction at a Pt/TiO, interface on the BRS behavior.

From the theoretical point of view, the main accomplishment was to suggest the
mechanism of the electric conduction in the electroformed cell and in the BRS-status
in terms of the variation of the Schottky barrier height (SBH) at the Pt/TiO, in-
terface. The variation of the SBH results from the change in the oxygen vacancy
concentration at the interface. For the description of the conduction behavior in the
electroformed cell, the simulated I-V curves were well consistent with the experimen-
tal data and the suggested model nicely explained the several tendencies obtained
from the experiments. For the description of the BRS behavior, the voltage and
time-dependent distribution of the oxygen vacancies and the electrons in TiO, was
calculated using the finite difference method with taking into account the oxygen-
related electrochemical reaction at a Pt/TiO, interface. From the calculation of the
time-dependent distribution of electrons and oxygen vacancies, the I-V hysteresis
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showing the BRS characteristics was obtained.
Despite of these achievements, there are still many open questions about the elec-
troforming as well as the BRS.

e The mechanism of the oxygen incorporation into Pt. As mentioned in Chapter
5, switching cells with 10 or 30 nm thick TE showed the destruction of the TE due
to the evolution of oxygen gas, whereas cells with 70 nm thick TE showed no destruc-
tion of the TE. This might be due to the solubility of oxygen gas in Pt depending on
the Pt thickness. However, the thickness dependence of the solubility has not been
proven yet.

e The effect of external oxygen on the electroforming. The chemical oxidation of
reduced Ti“~™* at the interface between the top electrode (TE) and TiO,, by virtue
of the external oxygen was found to have influence on the electroforming behavior.
However, the electroformed switching cells did not show the large variation of the
resistance in spite of the chemical oxidation taking place at the TE/TiO, interface.
Therefore, the detail of the chemical oxidation should be clarified.

e The physical properties of the TiO, phase. For instance, the electron mobility,
the oxygen vacancy diffusivity, the electron effective mass, etc., should be evaluated
to describe the BRS behavior precisely. And the electron band structure including
the electron affinity and the location of the Fermi energy are also necessary for the
description of the electric potential distribution.

e The physical properties of the Helmholtz layer at the Pt/TiO, interface. In or-
der to describe the electrochemical reaction and the electric potential distribution in
Pt/TiO, /Pt, the physical properties of the Helmholtz layer including the thickness
and the dielectric constant should be known.

Outlook

The nature of the conduction paths in TiO5 should be clarified. X-ray photoemission
spectroscopy or Raman spectroscopy with very small incident beam diameter (~ nm)
would be helpful to shed light on the investigation on the electronic structure of the
conduction paths. Using the conventional spectroscopy with large beam diameter
obtaining the information of the localized conduction paths is quite limited because
of the interference by the signal from the TiO, phase out of the conduction paths.
Second, the source of the oxygen incorporated into the electrode is necessary to be
more clearly identified. Oxygen isotope, for instance, O18, experiments would be a
nice method to confirm the origin of the incorporated oxygen. For instance, by iden-
tifying the oxygen isotope contained in the electrode of electroformed Pt/TiOy/Pt
cells with TiOg grown with O18 gas, the origin of the incorporated oxygen can be
clarified. Third, the first principle calculation of the oxygen vacancy formation en-
ergy at a Pt/TiO; interface is needed to be obtained for the precise description of
the oxygen ion/vacancy-related electrochemical reaction rate.



SUMMARY 125

The effect of external oxygen on the BRS of TiOy can be identified by taking the
oxygen flux entering into the Pt top electrode (TE) as a boundary condition for the
drift-diffusion of oxygen ions in the TE. The incorporation of external oxygen into
the TE can be described by several reaction steps, i.e. the chemisorption of oxygen
molecules on the TE, the decomposition of the oxygen molecules, and their migra-
tion to the TE/TiO, interface. Using this boundary condition the BRS behavior
influenced by external oxygen can be simulated.
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