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Abstract

Resistive switching effect induced by voltage pulses has been praised as one of the
potential candidates for the next-generation non-volatile memories. Resistive random
access memory (RRAM) based on transition-metal perovskite oxides has demonstrated
a large resistance change upon the application of small and short voltage pulses with
different polarities. Some of the advantages of the effect include its fast response, low
power consumption, high information packing density and non-volatile characteristics.
However, the resistive switching mechanism is still under debate, and the devices have

to be optimized before they can be used commercially.

The objective of this work is to study the properties of resistive switching effect
based on perovskite manganites including Pr,7Cay3;MnOs; (PCMO) and Lag 7Sty 3:MnOs
(LSMO), and to investigate the resistive switching mechanism. The research work
includes the fabrication and subsequent characterization of PCMO and LSMO oxide
thin film-based devices. The performance of the switching devices, including pulse
magnitude and pulse width dependences of resistance ratio, data retention ability, and
their durability towards repeated switching, have been studied. Moreover, the
dependence of the switching effect on metal electrodes has been studied. For resistive
switching mechanism analysis, thermal measurements including micro-thermocouples
and thermoreflectance imaging techniques were used. By studying the temperature
variation in the devices under different voltage biases, AIOx was found to exist at the
AI/PCMO interface, and it is proposed that electrochemical reaction of AlOy is

contributing to the resistive switching effect in Al-based resistive switching devices.
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Chapter 1 Introduction

1.1 Objectives

Memory device is one of the most important products in the electronics market.
To fulfill the needs of various applications, such as computers, digital cameras, and
smart mobile phones etc., non-volatile memories with huge storage capacities are
needed. In addition, smaller devices packed with increasing number of bits are required
for the present information-rich society. Portable hard disks and flash memory devices
are representative examples of commercial memory devices. Over 32 GB data can be
stored in a single finger-shaped USB flash memory device[1, 2], and the total capacity
can be over 500 GB in 2.5-inch portable hard disks[3, 4]. Moreover, these memory
devices allow data to be retained without continuous application of power, meaning
that they are “non-volatile”. The market of non-volatile memory is a business worth

billions of dollars, and it is expected to keep growing in the future[5, 6].

The good prospect of the non-volatile memory market provides the incentive for
semiconductor companies to continue investing on the research of new memory
devices[7]. Non-volatility, high capacity, fast read/write and erase responses, low
power consumption, stable data retention and high device endurance are some of the

requirements for memory products[8, 9].

Nowadays, the main working mechanism of non-volatile memories is still based
on the storage of charges, in which bits of data are stored in individual capacitors
within the integrated circuit. For example, charge storage using floating gate transistors
technology is the basic principle of operation in flash memory. However, to further

improve their performances, many obstacles have to be overcome. When the feature
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dimensions continue to shrink, charge leakages would become significant in
charge-storage type memory devices. For example, leakages due to band-to-band
tunneling and gate-induced drain leakages will increase in flash memory devices with
smaller device dimensions[10]. Besides, the device of endurance (limited to 10’
write/erase cycle) and write/erase responses (1 ps) are challenges faced by flash
memories as they continue to shrink in size. These challenges will affect the
application of flash memory as the substitute for very fast memories like dynamic
random access memory (DRAM) and static random access memory (SRAM), which

are still used in computers nowadays[10].

At the meantime, new types of non-volatile memory technologies are being
investigated[10, 11], such as magnetic random access memory (MRAM)[12-15],
ferroelectric random access memory (FeRAM)[16-18], phase-change memory
(PCM)[19], and resistive random access memory (RRAM)[20, 21]. MRAM is based
on the relative magnetic orientations of two ferromagnetic plates, which are separated
by a thin spacer layer. A resistance changes over 100%[13, 14] can be achieved, when
the relative magnetization orientation changes between parallel and antiparallel
alignment. FERAM has a similar structure as DRAM, in which the dielectric layer is
replaced by a ferroelectric layer. External electric field switches the polarization
direction of the dipoles in the ferroelectric, thus achieving different memory states.
PCM is based on the phase transition between crystalline and amorphous states of
chalcogenide materials, which can be achieved by applying different magnitudes of
electrical current and inducing heating. Although these technologies are still being
researched, and some issues need to be addressed (e.g. superparamagnetism in MRAM
when the dimensions of devices are further reduced, low storage densities in FERAM

etc.), they have the potential to compete with flash memory in the non-volatile memory
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market in the future[22].

The resistive random access memory is investigated in this thesis. RRAM based
on oxide materials has shown large electrical resistance changes when exposed to an
external electrical stress. Bits of data (“1”” or “0”) can be stored and represented by the
resistance values[9, 22]. Mixed-valence manganese oxides RE; (AxMnO; (RE= Rare
Earth, A=Metal) are typical examples of such oxide materials, and the effect is

reversible and non-volatile[23-29].

Electric pulse induced resistive switching, or commonly called resistive switching,
is one of the means for accomplishing non-volatile RRAM. Electrical voltage signals
with short durations are directly applied on oxide thin films, causing large resistance
changes[21, 30-36]. This effect provides a promising way for fast[37], low power[29]
and high density[38] non-volatile memory devices. Commercial memory products
based on resistive switching effect can become possible if the technologies of device
fabrication and the switching performances become more mature, and if the

mechanism of switching is better understood[24, 39].

In my MPhil project, work was performed in this type of non-volatile memory
structure, demonstrating resistive switching effect in mixed valence manganese oxide
based structures. Parameters which affect the switching abilities of the structures, for
example the magnitude and duration of the voltage pulse applied, will be explored.
Bearing in mind the aim of memory applications, the performances of oxide resistive
switching structures are also studied, including the reproducibility of the switching,

stability of the resistance states in different conditions, etc.

1.2 Plan of thesis

This thesis is focused on understanding the properties and exploring the origin of
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resistive  switching effect in transition-metal perovskite manganese-oxides
(manganites). Prg7CaosMnOs; (PCMO) and Lag7Sro3MnO; (LSMO) thin films were
deposited on LaAlO; (LAO) substrates by pulsed laser deposition (PLD). The
objectives of this project are to analyze the resistive switching effect with different
metal electrodes, and to understand the parameters which can affect the switching
properties of manganite thin film-based devices. In addition, attempts are made to
elucidate the origin of switching in such devices, with the hope of demonstrating more

reliable, reproducible and stable non-volatile resistive switching devices.

The thesis is arranged in the following way:

- An overview of the resistive switching effect, and an introduction of the two
manganites used in this project (PCMO and LSMO), is provided in Chapter 2.
Different possible switching mechanisms are introduced, the structures and the

relevant properties of the chosen manganites are described.

- In Chapter 3, an overview of the deposition method and the instruments used to
fabricate and characterize the devices are provided. Sample preparations and

measurement setups are also introduced.

- Chapter 4 describes the experimental details and results of multi-level RRAM
devices based on LSMO. The device fabrication, characterization and measurement
procedures are presented. The performance of the devices, including multi-level
resistive switching behavior and the retention and endurance of such states, are

provided.

- Chapters 5 and 6 focus on the experimental results of RRAM based on PCMO. The
resistive switching results of planar geometry PCMO devices, including metal

electrode dependence and pulse width dependence, are described in Chapter 5.
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Top-down geometry PCMO switching devices are discussed in Chapter 6.

- In Chapters 7 and 8, the mechanism of resistive switching effect in PCMO devices
is investigated. Electrical measurements, such as 3-point and 4-point measurements,
are discussed. Moreover, results of thermal measurements using
micro-thermocouples and thermoreflectance imaging techniques are shown. Based

on these measurements, the possible switching mechanism is discussed.

- Finally, in Chapter 9, I summarize the work and conclude the project.
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Chapter 2 Literature review of resistive switching

effect in oxides and perovskite manganites

In this Chapter, the resistive switching effect is introduced, including a review of
literature on its properties and possible mechanisms. The physical properties of the

LSMO and PCMO are also discussed.

2.1 Resistive switching in oxides

There is a continuous demand on increasing the data storage capacities of
non-volatile memories. Currently, flash memory devices have been expanding fast and
strong in the non-volatile memory market. However, commercial flash memory
techniques will reach technical limits in the near future if their sizes are kept

decreasing[ 10, 40].

Many researches are attempting to explore new technologies to achieve higher
storage density. One of the possible candidates is RRAM based on the resistive
switching phenomenon[23, 41]. Such devices are in either a top-down[42-46] or a
planar structures[47-49], with a semiconducting or insulating material coupled with
two metal electrodes. Such structures are called MIM structures. Due to the simplicity
of such structures and the possibility to scale them down into nano-sized
devices[50-52], extra-high storage density memories based on resistive switching have
been proposed[53, 54]. Moreover, the switching speed of resistive switching can be
down to nanoseconds[37, 55], making RRAM a candidate to replace flash memory for

the next generation non-volatile memories.

In recent years, various materials have been successfully investigated for resistive

switching effect, including binary and mixed valence oxides, such as NiO[56, 57],
Lau Hon Kit 6




Chapter 2

2
Q'b/ The Hong Kong Polytechnic University

TiO,[21, 58], Cr-doped SrTiOs3[59] , Lag7Cag3Mn0Os[43] , LSMO[27] and PCMO[46].
However, the switching phenomena can be different depending on the material. In
terms of the behaviour, resistive switching effect can be classified into two main types,

unipolar and bipolar[24].

2.1.1 Unipolar resistive switching

In unipolar resistive switching, the switching effect is independent of the polarity
of the voltage but depends on the amplitude of voltage. It is mostly observed in binary
oxides. Before performing unipolar resistive switching, a “forming process” is needed
in the device. The forming process is a procedure in which a large voltage bias is
applied to the sample, during which the resistance of the sample suddenly decreases,
similar to the breakdown of dielectric materials. After that, the device can be switched
between high and low resistance values. Figure 2-1 shows the typical current-voltage

(I-V) characteristics of the unipolar resistive switching effect.

E (a) /\ (b)
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~| ——LRS to HRS 17 <C V. <V
= = = | —HRStLRS 1 2 .
(o]
[1}) = c Y
E g o
S = = g
(&) o =
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. . | : : 3
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Figure 2-1 Typical I-V characteristics of unipolar resistive switching effect.
(a)Switch from LRS to HRS; (b) Switch from HRS to LRS with current

compliance.
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2.1.2 Bipolar resistive switching

In bipolar resistive switching effect, the polarity of the voltage pulse determines
the resistance state of the sample, which is in contrast to the unipolar resistive
switching effect. This switching is commonly observed in perovskite oxides. For
example, when positive polarity of the voltage set the device to HRS, the application of

a negative voltage would switch the device from HRS to LRS. The typical I-V

characteristic of the bipolar resistive switching effect is shown in Figure 2-2

2

LRS

Current (A)

HRS

’/ ._’,,/\MItage v)

Figure 2-2 Typical I-V characteristic of bipolar resistive switching effect.

2.2 Theories for resistive switching in oxides

Hickmott[60] first reported resistive switching effect in oxide-insulator based
MIM structure in 1962. Then lots of scientists also demonstrated the effect with
different oxides. However, over the past 40 years, the physical origin of the resistive

switching has still not been clarified[24, 39, 61].

Currently, the proposed resistive switching mechanism can be classified in two
main groups, one of which I term as ‘bulk effect’ and the other the ‘interfacial effect’.
Bulk effect means that resistive switching effect is originates inside the oxide layer,
whereas interfacial effect suggests the metal-oxide interface dominants the switching

effect.
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2.2.1 Bulk resistive switching model

A representative model based on the bulk effect is the filamentation model, in
which the formation and rupture of conducting paths in the oxide layer is suggested to
be related to the observed resistive switching. This effect was discussed for both

unipolar and bipolar switching behavior, but mostly in unipolar devices[62, 63].

In this model, a forming process is generally needed[63, 64]. A high voltage stress
(normally larger than the switching voltage) is applied across the device, leading to the
formation of initial conducting paths inside the oxide. After this forming process, the
device can be switched between LRS and HRS by applying different amplitudes of

voltage as described in Section 2.1.1.

When a reset voltage is applied, a large current is passed through the device at
LRS. This high current and power destroys the filament paths due to Joule heating
effect. The resistance of the device then becomes large and is switches to the HRS. In
contrast, when a set voltage is applied, a high electric field with small current is
applied on the device. Some filament paths are formed in a way similar to the forming
process, except that a current compliance is generally imposed to prevent potential
damages to the devices. Those nearly-formed conducting filament paths connect the
initially disconnected filament paths and thus the LRS is restored. NiO thin film with
Pt electrodes (Pt/NiO/Pt) is a common example of unipolar resistive switching
structure explained by the filamentation model[65-67]. The schematics of the

filamentation model is shown in Figure 2-3.
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(a) Initial state Filaments
Metal /
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Metal
(c) HRS state
b (d) LRS state

\
P e

Figure 2-3 Schematic diagram of MIM structure in various states. (a) Initial
state,(b) forming process, (c) high resistive state and (d) low resistive

State.

2.2.2 Interfacial resistive switching models

Resistive switching phenomenon is treated as an interface effect in a number of
models. Such models are mostly used to explain the switching in perovskite oxides and
bipolar switching devices[49, 68-70]. To obtain switching effect, commonly two
different types of metal electrodes are used instead of using the same metal for both

electrodes[48, 71-73]. Some interfacial phenomena used to explain the resistive
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switching effect include trap states[43, 69, 74-76], oxygen vacancy migration[59,

77-79], and interfacial oxide layers[80, 81].
B Trap states

The trap state model[43, 69, 70, 72] can be explained in the following example. In
a metal/semiconductor junction, a Schottky barrier is formed in between. A potential
difference exist in the interface due to the difference between the metal work function
and the electron affinity of the semiconductor. When a voltage is applied, charges are
trapped in the metal-oxide interface. When the trapped charges are kept increasing, it
would cause both the barrier width and height to be reduced. Charges can therefore be
transported through this interface, and hence lowering the resistance value and a large
current is observed. The interfacial trapped charges can stay if no external voltage bias

is applied and a hysteresis behaviour is observed in the /- measurements.

In contrast, the application of opposite polarity of applied voltage cancels the
trapped charges, and the barrier height is back to its initial value. The resistance of the
device thus return to the high value. The schematic electronic band diagram for a
metal/p-type oxide Schottky interface under different polarity bias is shown in Figure

2-4[82].
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Figure 2-4 Energy band diagram of metal and p-type oxide under different
voltage bias condition. (a) no bias, (b) forward bias (LRS) and (c)
reverse bias (HRS)[82]. Charges are trapped at the interface.

B Oxygen vacancy migration

Oxygen or oxygen vacancy migration can induce resistive switching effect. In
some of the transition metal oxides, oxygen vacancies are much more active than
cations. Under high voltage conditions, extra oxygen vacancy creation and diffusion

occurs and act as conduction paths, and so the device returns to low state[59, 77-79].

B Formation and disruption of metal oxide

In some recent reports, it was observed that a metal oxide was formed between
the metal and the oxide interface, and it is suggested to be related to the resistive

switching effect[80, 81]. For example, in Ti/PCMO interface, a TiOx oxide is formed
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when a biased voltage is applied on the sample. The thickness of the TiOx is formed to
changed due to electrochemical reactions. Owing to the changes in the TiOx layer, the

total resistance of the device is switched.

There are lots of other possible mechanisms proposed by different scientists,
which involve mechanisms such as the creation of crystalline defects by electric
field[71], Mott metal-insulator transition at the interface[83] and they are not

introduced here[39].

2.2.3 Literature review for resistive switching effect in oxides

Since the resistive switching effect was first observed in metal-oxide-metal
structures in 1960’s, binary oxides, such as Nb,Os[84] and NiO[56] were used
exclusively as the insulator. At that time, NiO thin films showed resistance change by 5
orders of magnitude. However, the devices failed after several hundred switching
cycles. Nb,Os can be repeatedly switched between high and low resistive states after
the processing[30]. Some scientists at that time already proposed the use of resistive
switching effect for computer memory. Unfortunately, the device stability and
reproducibility of resistances were the main challenges faced at that time, and there

was no substantial improvement in the next 30 years.

In the mid-90s, silicon-based switching devices were investigated. Such devices
were simple and made of amorphous silicon, which were compatible with CMOS
technology[85]. However, the devices required high forming voltage, which was not

controllable and reduced their potential applications.

In 2000, Liu et al.[46] demonstrated electric-pulse induced resistive changes in
colossal magnetoresistive thin films. Since then the resistive switching effect attracted

considerable interest again. Over hundreds of papers were published on resistive
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switching in the last few years, including different materials, such as binary oxides and
perovskite oxides etc. After around 10 years of enthusiastic investigations, resistive
switching devices with over 3 orders of switching magnitude[76, 86], reproducibility

over 10° switching cycles[87], stability over 10° seconds[87] were demonstrated.

However, there are still strong debate on the actual mechanism of resistive
switching effect. Conducting filament paths were observed in CuO[88] and TiO, thin
films[58] at LRS by using conducting atomic force microscopy (C-AFM). An
insulator-conductor transition, in chromium-doped SrTiO; single crystal with a
resistive switching over 5 order of magnitude was obtained by Watanabe ef al.[89],
which was compared with oxygen vacancies movement modeling. Bipolar resistive
switching was investigated in NiO/Pt-coated Si thin film devices, by using C-AFM and
time-of-flight secondary ion mass spectrometry (TOF-SIMS). Composition of Ni and
O was found to change between HRS and LRS, and the switching mechanism was
explained by variation of stoichiometry in NiO[78]. In different polarities of voltage
bias, oxygen ions moved and thus changes occurred between the
oxygen-stoichiometric, crystalline and insulating NiO state and the oxygen-excess,

relatively conducting NiO occurred state.

Another oxygen-related resistive switching mechanism was proposed by Kim et
al. O, annealed Au/PCMO/Pt devices showed higher resistive switching ratio compare
with non-annealed ones[29]. X-ray photoelectron spectroscopy (XPS) spectra showed
that oxygen-annealed PCMO thin film contained more oxygen, and which led to an
increase of the Mn*" content at the surface. They proposed the device conductivity was
regulated by the ratio of Mn*/Mn’" at the metal-oxide interface. Resistive switching
occurred, according to Kim et al, due to the Mott transition, in which Mn ions

propagated from one metal-oxide interface into the insulating oxide and created a
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conduction paths[83]. The changes of Mn*"/Mn’" ratio and the corresponding changes
in the characteristics of interface domain explained an increasing switching ratio with

oxygen annealing.

Scanning Kelvin probe microscopy (SKPM) was also used to measure the surface
potential of planar Ag/PCMO/Ag devices[90]. Significant potential changes in the
interface between LRS and HRS, which represent resistance changes in the interface

region.

In other experiments, impedance spectroscopy was used to analyse the equivalent
circuits in the devices. Fe-doped SrTiO; (Fe-STO)/Nb-doped SrTiOs; (Nb-STO)
junction switching devices displayed semi-circular loops of different sizes in
Cole-Cole plot at HRS and LRS, and they were attributed to the local resistance
changes in the interface[91]. From the observation of /-V characteristics, space-charge
limited current and charge trapping in the Schottky barrier were suggested in

Ag/Laj7Ca3MnO;/Pt[43] and StTRuO3/Nb-STO[69] devices.

2.3 Mixed valence manganites

The work in the project is based on PCMO and LSMO, which are under the
category of mixed-valence manganites. The following sections will focus on the
general physical features and properties of mixed-valence manganites, especially on
calcium-doped praseodymium manganese oxides (Pr;.«Ca,MnOs3) and strontium-doped

lanthanum manganese oxides (La; xSrxMnQO3).

Mixed-valence manganese oxides, Re; xAxMnOs (Re = rare-earth cation, e.g. Pr,
La, A = alkaline earth metal cation, e.g. Ca, Sr, Ba) with perovskite structure have been
studied since 1950s[92]. This kind of material contains lots of new physical concepts,

such as double exchange, colossal magneto-resistance, and Jahn-Teller effect[92].
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These strongly-correlated electron systems posses strong interaction between spin,
charge, orbital and lattice degrees of freedom. A brief review on the crystal structure

and electronic properties is shown below[92].
2.3.1 Crystallographic structure and typical perovskite manganites

The ideal crystal structure of mixed-valence manganites is the perovskite structure,
and its unit cell is close to the cubic structure (Figure 2-5(a)). The large-sized
rare-earth ions (Re) and metal ions (A) occupy the cubic corner sites, while the
transition-metal Mn ion is located at the center that is surrounded octahedrally by the
oxygen ions. The Mn ions are in the state of either Mn®" or Mn*", with the ratio

depends on the doping concentration x (where Mn* /Mn*"=(1-x)/x) and thus

Re)" A2 (Mn)' Mn*")O} is formed.

However, due to the ionic radii mismatch in the lattice, the ideal cubic structure
does not always appear in the real case. Normally the orthorhombic structure is
preferred. The crystal structure adopted by the perovskite is governed by the tolerance

factor, which is defined by Goldschmidt as [92]:

f'= (rA+rO) 51
\/5(’"3"'7'0) _

where r, 1is the ionic radius of the alkaline earth ion, 7, is the ionic radius of the Mn

ion and 7, is the radius of oxygen ion. Being a cubic perovskite structure, ¢” should
be between 0.89 and 1.02 . When ¢’ is close to 1, the structure becomes rhombohedral
whereas the orthorhombic structure is realized when ¢’ is below 0.95. The ionic radii
misfit influences the Mn-O-Mn bond angle and is thus related to the double exchange
mechanism. Moreover, the stoichiometry of manganites is related to the oxygen

content, which has a critical influence on the material properties including the Curie
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temperature and the magnitude of magnetoresistance (MR) effect. Therefore, the
crystal structure and chemical composition of manganites are closely related to their

electronic and magnetic properties[92, 93].

I‘)
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Figure 2-5 (a) Perovskite unit cell of mixed valence manganites and (b) its

cubic (red) and orthorhombic (green) unit cells.

2.3.2 Electronic structure and properties

The electronic properties of manganites are mainly due to the correlation between
the 3d orbitals and the crystal structure. For Mn®" ion, the electronic configuration
would be 15%25%2p%3s*3p°3d", where two 4s electrons and one 3d electron are missing.
In contrast, the electronic configuration of Mn*" would be 15°25*2p°35*3p®3d". In an
ideal cubic crystal structure, the five-fold orbital degeneracy in 3d orbitals is split into
three 75, orbitals and two e, orbitals by a cubic crystal field. The lower energy t,
orbitals contain three electrons, and the higher energy e, orbitals take up the rest
electron. This e, electron determines the electrical and magnetic properties of the

manganites.

However, most of perovskite manganites crystal structures are distorted due to
lots of parameters. Such distortions would lower the symmetry of the crystal field, and
it would lower the energy of Mn®" and further split the e, and 1, energy levels, while

nothing would be influenced on Mn*". This kind of distortion is named as “Jahn-Teller
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effect”’[93, 94]. The energy levels of Mn®" in different structures are shown in Figure
2-6.
(a) (b) ()

X2-y2

_/—\__ 37212
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t2g

N = ZX
= vz
Mn3+

(d)

Figure 2-6 A schematic showing the energy level of Mn 3d orbitals: (a) Mn
atom, (b) Mn®" and (c) Mn’" after Jahn-Teller distortion. (d) The
shape of five 3d orbitals in distorted perovskites.[94]

As mentioned before, the e, electron determines the electrical conduction in
manganites, which is actually related to the Mn-O-Mn bonds. Due to the relatively
little overlap between the #,, orbitals and the orbitals of oxygen, the #,, electrons tend to
be more localized. However, the e, orbitals have a large overlap with the p orbitals of
the oxygen, which increases the possibility of electron hopping. In the case of
Mn’"-O-Mn"*" bonding, the Mn ions can exchange their valences by the jumping of a €y

electron from Mn®" to the p oxygen orbital, and simultaneously, from the same oxygen
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orbital to the empty Mn*" e, orbital. After the electron transfer, Mn’" becomes Mn*"
and the electrical conductivity is increased. This simultaneous electron transfer is
called ‘double exchange’. Double exchange occurs when the manganese spins are in
parallel states, but it would become more difficult when the manganese spins are not in
parallel or when the Mn-O-Mn bond is bent[92]. The schematic diagram of double

exchange mechanism and its related orbital overlapping are shown in Figure 2-7.

() (b)
M"dw%% . T T

o (oL
Mn d2

M d,z2

Figure 2-7 Schematic graph of (a) orbital overlap in a plane of the perovskite
structure. The xy orbital has overlap little with O 2p orbital (upper
panel) where x’and y’strongly overlap with O 2p orbital (lower
panel)[92]. (b) The double exchange mechanism.

2.3.3 Basic properties of Pr;.xCayMnO3z compounds

In the case of Pry;Cao3MnOs, the crystal structure is orthorhombic, which ¢#’=0.95
calculated by equation (2.1), where r4 is the composition-averaged ionic radius of
Pry,Cag 3 (Pr3+= 0.129 nm, Ca’" = 0.134 nm), 73 is the corresponding averaged ionic
radius of Mn (Mn3+= 0.0645 nm, Mn*'= 0.053 nm) and 7o = 0.140 nm. Jahn-Teller
distortion would induce double exchange, in which electron hopping occurs in e,
orbitals. However, Pr;xCayMnO; shows insulating behaviour at room temperature

irrespective of the doping concentration, x. Its hopping for e, orbitals is smaller than
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other manganites such as La; CayMnO; and La; \SryMnQOj; due to the smaller sizes of
Pr and Ca ions, and thus PCMO has a narrower e, bandwidth[95, 96]. In the
Pr;«CayMnO;s phase diagram (Figure 2-8(a)), Pr;,Ca,MnO; is a paramagnetic
insulator at room temperature. However, it has several phase transitions depending on
the doping concentration x at low temperature. When the temperature decreases in the
range 0f0.3 < x <0.75, charge-ordered insulating phase is observed when temperature
is below 250K. The second phase transition to an antiferromagnetic phase takes place
at Neel temperature Ty ~170K. Canted antiferromagnetic phase occurs below Tca
~110K when 0.3<x<0.4 . According to the Pr;xCayMnOs; phase diagram,
ferromagnetic state is not achieved in any composition, in contrast to other manganites,

again due to its small tolerance factor[92].

As mentioned before, a stable insulating state is observed in Pr; 4Ca,MnOs in the
range of 0.3 <x <0.75. The resistivity of Pr;.x<Ca,MnOj increases exponentially when
the temperature decreases. According to the resistivity vs temperature diagram, no
transition peak is obtained. However, an interesting effect can be observed, in which
the ferromagnetic metallic state is induced by applying a strong magnetic field. This
transition also reduces the resistivity of Pr; «Ca,MnOs. In Figure 2-8(b), the resistance
of a single crystal Pry;Cao3MnQOj is diminished by over 8 orders of magnitude when a
70-kOe magnetic field is applied at low temperature (4.2 K). This magnetic field
induced resistance decrease phenomenon is known as the colossal magnetoresistive
(CMR) effect. ‘Colossal’ is used to illustrate such a dramatic effect and to distinguish it
from the giant magnetoresistance effect[97]. Insulator-to-metal transition can also be
induced in CMR materials by irradiation with x-rays[98], ultraviolet light[99] or

electric field[100] at low temperatures.
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Figure 2-8 Phase diagram and colossal magnetoresistance effect of
Pr;xCaMnOj; single crystal. (a) The phase diagram of a single
crystal  Pr;,Ca,MnQO; with transition temperature vs hole
concentration x. (b) The resistivity of a single crystal Pr;,Ca,MnQO;
of x=0.3 undergoes up to 8 orders of magnitude resistivity change

under the application of a strong magnetic field (up to 7 Tesla)[97].

2.3.4 Basic properties of La;.xSrxMnO3; compounds

LSMO has a rhombohedral crystal structure, with #’=0.98 calculated by the
tolerance factor equation (La3+= 0.136 nm, Sr*"=0.144 nm, Mn®" = 0.0645 nm, Mn*'=
0.053 nm and ro = 0.140 nm). Due to the larger ionic radii of La’" and Sr*,
La; xSrxMnO; (x>0.17) is metallic with a board bandwidth. This is different from the
insulating and narrow-band width nature of Pr; xCayMnOs. Because La; xSryMnQOs is a
half-metallic material with low saturation magnetization and low resistivity, it is
commonly used for demonstrating giant magnetoresistance (GMR) effect. According
to the La;«SryMnOs phase diagram (Figure 2-9), as the doping concentration x>0.17,
the ferromagnetic state becomes stable. A transition of resistivity can be observed in

resistivity vs temperature diagram when x>0.1. When the temperature decreases to a
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critical point, the paramagnetic phase transits to the ferromagnetic phase, and that
transition point is normally taken as Curie temperature. This ferromagnetic phase must

be needed for GMR devices and other applications.
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Figure 2-9 (a) Phase diagrams showing transition temperature verse
concentration, x, of single crystals of La; SriMnO3[93]; (b) Curie
and Neel temperature of La; .SrMnO3[92].

2.3.5 Material selection

In the project, Pr;xCa,MnOs and La; «SryMnO; with x=0.3 (PCMO and LSMO)
are chosen. PCMO and LSMO have shown resistive switching effect by applying
voltage pulses at room temperature, especially in thin film devices. Studies of materials
similar to that used by other scientists allow better comparison with the results ion the
literature. Moreover, bipolar resistive switching has good potential for application as
non-volatile memory, and such kind of switching is mostly observed in perovskite
oxides. Besides, PCMO is at the boundary of several phases, and that insulator-metal
transition appears with a minimum magnetic field compared with other doping
concentration[97]. LSMO has the highest Curie temperature (370 K [92])which is over
room temperature in comparison with other doping concentration. Both PCMO and

LSMO have similar lattice constants, and this allows the epitaxial growth on typical
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single crystal substrates such as SrTiOs (STO) and LaAlO; (LAO). PCMO and LSMO
have a wide range of functionalities, which can be tuned by electric field or magnetic

fields, and they are valuable for future applications[97, 101].
2.3.6 Literature review for resistive switching in PCMO and LSMO

In the last 10 years, there are lots of milestones in the study of PCMO and LSMO
resistive switching effect. Firstly, in 2000, Liu et al.[46] observed the electric
pulse-induced resistance changes in PCMO thin films, with switching ratio over 1700
% was obtained. Switching ratio over 3x10° % was observed by Odagawa et al.[72]. In
term of the switching voltage of the device by switching below £2 V was achieved [27,
29] compared to over £10 V demonstrated by Liu et al.[46].Moreover, high density
prototype memory device was demonstrated in 2007, which was based on multi-level

resistive switching by applying voltage pulses of different values[27].

Apart from the resistive switching performance, the fabrication conditions were
also changed. Originally, LAO[46] or MgO[72] single crystals were used as substrates.
In recent years, Si substrates were used, which was more compatible with
microelectronic processing[102]. Furthermore, Ruotolo et al.[103] achieved resistive
switching in LSMO/Nb-STO p-n junctions. Besides, switching mechanisms were also
studied in PCMO and LSMO, which will not be discussed in details here[48, 70, 71,

103-105].

2.4 Summary

This chapter introduced the current states of resistive switching effect, including
the switching behaviors and possible switching mechanisms. Moreover, physical
background of the transition metal perovskite oxides was also presented. Over several

orders of magnitude of resistance changes with low power electrical pulses, and the
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possibility of multi-bit storages with different resistances by applying various
magnitude of electrical pulses, would bring RRAM to achieve a milestone in the near
future. Thus electric pulse induced resistive switching devices are worthy to be

investigated for non-volatile memory applications.
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Chapter 3 Experimental methods

This Chapter provides an overview of experimental methods used in the project.
These include the oxide thin film growth and device fabrication methods. Besides,
descriptions of the instruments I have utilized to characterize the properties of resistive

switching devices are provided.

3.1 Thin film Growth technique

Pulsed laser deposition (PLD) is the main deposition technique used for thin film
fabrication in the project, including oxide thin films (e.g. PCMO, LSMO) and metal
electrodes (e.g. Pt, Au, Ti, Ni, Al etc.). LAO (001) single crystals were used as
substrates, as LAO is insulating and has similar lattice constants with the oxides. This
permits the growth of epitaxial oxide thin films and not affecting the switching

performance of the electrical measurement due to its high resistivity.
3.1.1 Pulsed laser deposition

PLD is a technique commonly used for the fabrication of high-quality oxide thin
films. By using ceramics with precisely-controlled stoichiometry as deposition targets,

the stoichiometries in the thin films subsequently deposited can be controlled.

The mechanism of PLD is simply energy conversion. High-energy laser pulses
first impinge on the target, and all elements on the target surface are evaporated. In
PLD, a number of ablation mechanisms are involved. These include thermal,
mechanical and electronic excitations etc., which each reaction producing different
energetic species such as atoms, ions, clusters, particulates etc. Those ablated materials
move to the substrate together and form a luminous plasma called plume. The

energetic species reach the substrate, collide with the substrate surface, condense on
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the surface and lead to the film growth[106, 107].

Three different nucleation and thin film growth modes can be categorized. They
arise from the combination of various parameters such as substrate temperature,
density and energy of ablated species, and physical-chemical properties of the
substrates etc.: (1) three-dimensional island growth (Volmer-Weber), (2)
two-dimensional full monolayer growth (Frank-van der Merwe), and (3) two
dimensional growth of full monolayers with three-dimensional islands growth

(Stransk-Kastinov).[106, 107]

The main advantage of the PLD technique is the good stoichiometric control,
which is hard to achieve by other deposition methods. Using high-energy laser as an
excitation source, all of the components of the target material can be evaporated and
thus thin films of all materials can be deposited in principle. Furthermore, by using
flanges which can accommodate multiple targets, in-situ growth of composites or
multilayers with different materials, under different ambient gas conditions, are

feasible.

However, there are some shortcomings for PLD. There are limitations on the
substrate size that can be used due to the issue of inhomogenity of film thickness. The
film thickness is the largest right under the center of the plume, which gradually
decreases with increasing distance from the center. To obtain a relatively uniform thin
film, the deposition area is limited to around 1 cm? right under the centre of the plume.
The generation of particulates is another main problem of PLD. Owning to the high
power of laser, all of species, as well as impurities and large particulates, are deposited

onto the substrate and this leads to high surface roughness of the deposited films.
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3.1.2 PLD setup

Figure 3-1 shows the schematic of the PLD system used in the project. The
vacuum chamber is connected with a pressure sensor, a rotary pump, a fused-silica

glass window, substrate and target holders.

Before the oxide thin film deposition process, substrates were cleaned with
acetone and ethanol successively in an ultrasonic bath for at least 5 minutes. During
this period, targets were mounted mechanically on target holders by screws, and then
the targets were pre-ablated to remove surface impurities. Then the cleaned substrates
were fixed on the substrate holder with silver paint. The chamber was then pumped for
at least 30 minutes until a base pressure of 10 mTorr or better was achieved.
Subsequently, the substrate holder was heated up to the required temperature, and then

oxygen was filled when the target substrate temperature was reached.

During the deposition, a Lambda-Physik KrF excimer laser with wavelength 248
nm was used with a pulse rate of 5 Hz. The laser pulses were focused by a lens with a
focal length of 27 cm, and were transmitted through a fused-silica glass window, on the
target surface. The substrate—to-target distance was set at 4 cm. After deposition, the
heater was cooled down at a rate of about 10 ‘C/min with the same oxygen pressure as

deposition until it reached room temperature.

For metal electrode deposition, a lower base pressure is needed in order to obtain
high-quality metal thin films. In this case, a similar vacuum chamber with a diffusion
pump and an ionization gauge was used. With the diffusion pump, the base pressure of
the vacuum chamber can reach down to at least 10” Torr range. The ionization gauge

was used for measuring the pressure at high vacuum.
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Figure 3-1 Schematic diagram of PLD system used in the project
3.1.3 Targets preparation

Targets for PLD are important for the successful thin film fabrication.
Conventional solid-state reaction methods were used for synthesizing LSMO and
PCMO targets in this project[108]. PCMO target was fabricated by using, Pr;Oyy,
CaCO; and MnO, powders, La,03;, SrCO;, MnO, powders were used for preparing
LSMO target. The powders were first dried at 100 ‘C for at least 3 hours in air
separately. After that, appropriate weight ratios of powders were mixed and ball-milled
for 6 hours. Mixed powders were grounded and reacted in ambient at 1200 ‘C for 10
hours. The calcinated powders were ground into fine powder and pressed into pellets
by an oil compressor with a 5-Tons force for 10 mins. Finally, the pellets were sintered

at 1350 °C for 10 hours. The targets were characterized by XRD and EDX.
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3.2 Device fabrication
3.2.1 UV photolithorgraphy

To fabricate planar devices with desired patterns, and to study the electrode
dependence of resistive switching effect, a two-step UV photolithography process was
adopted. Masks were designed by using AutoCAD™ for producing square or circle
arrays, with a minimum separation of 30 pum. Due to the limitation of mechanical
shadow protection masks used (minimum separation possible 150 um), they cannot be
used in order to prepare smaller devices. So photolithography was used when junctions
smaller than 150 pm were needed. The fabrication process of two sets of electrodes

with different materials on the same thin film is shown in Figure 3-2.

The photolithography process was performed in a class-1000 cleanroom. After the
deposition of thin films, around 3 pm thick of AZ 5214 photoresist was spin-coated on
the surface of the sample, which was rotated at a rate of 4000 revolutions per minute
(rpm) for 60 s. The sample was then baked in an oven at 95 ‘C for 1 minute.
Afterwards, the sample was put under a UV double-side mask aligner to adjust the
position of the sample. Illumination of UV light with a power density of 24 mW/cm®
was carried out through the mask for 15 s. Lastly, the sample was immersed in a beaker
filled with AZ 300 MIF developer for 40 s, during which the illuminated regions of
photoresist was removed. The desired patterns were therefore transferred from the

mask to the surface of the sample.

The next step was to deposit the first type of metal electrodes by using PLD
method. After that, the sample was placed in acetone for over 1 hour for lift-off, during
which the desired pattern of metal electrodes remained on the samples while all the

photoresist was dissolved. To ensure complete removal of photoresist, the samples
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were placed into a low-power O, plasma, in which the photoresist reacted with O, and
left the sample surface free from organic compounds. The photolithography process
was then repeated, but the alignment was done carefully; this ensured that the second
set of patterns did not overlap with the previous set of metal electrodes, and the desired
electrode separation could be achieved. Deposition of the second set of metal
electrodes was performed, followed by another lift-off process. Finally, a sample with

two different types of metal electrodes was fabricated.

i
4 ’Substrate ' gm)i(rlldﬁlm ' Photoresist

o I QO I
O QQ gfeect'?rode QUOO gfeect'?rode *ﬂﬂ** UV light

® @

‘ _/i \\

Figure 3-2 UV-photolithography procedures for fabricating two different types

of metal electrodes on the same oxide thin film.

Lau Hon Kit 30



Chapter 3

2
Q& The Hong Kong Polytechnic University

3.3 Structural and surface characterization methods
3.3.1 X-ray diffraction (XRD)

XRD is a non-destructive method to characterize the crystal structure of bulk and
thin film samples. An x-ray beam diffracts when it interacts with atoms. Based on
Bragg’s law, constructive interference occurs at certain incident angles 6 with crystal

plane:
2dsmf@=nA, n=12,...

where d is the atomic plane separation, € is the angle of incident ray, and 4 is the
wavelength of the x-ray source. From the peaks present in the diffraction pattern, the
lattice parameters of the unit cell a, b and ¢ could be calculated if 4 is known. In this
project, a Bruker D8 Discover x-ray diffractometer was used. Three main types of
measurements (6-26 scan, rocking curve (w- scan) and phi- (@) scan were performed.

CuK . x-ray radiation with = 1.541 A was used.

Firstly, 6-26 scans were performed, during which the detector and the sample
were rotated at an angular speed ratio of 2:1. The #-26 scan can give the out-of-plane
lattice parameters by calculating by the Bragg’s equation. Afterwards, the degree of
crystallinity of the film was obtained by rocking curve measurements. During the
rocking curve measurement, both the x-ray source and the detector were fixed for a
certain angle related to the atomic plane spacing, while the sample was rotated (or
rocked) about the w-axis. A peak was obtained, and the full-width at half~-maximum
(FWHM) is a measure of the distribution of alignment of crystallites. The smaller the
FWHM, the stronger the preferred alignment of crystallites in a particular direction. In
order to understand the epitaxial relation between the thin film and the substrate, ¢

scan was performed. The detector was set at a certain angle which can detect the
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reflection signals of the thin film from a particular plane. The sample was also titled to
a related angle through the y-axis in order to measure the corresponding peak, followed
by a scanning on the ¢-axis. If the thin film was epitaxially grown on the cubic LAO
substrate, four peaks with 90° separation in ¢ should be observed and the peak
positions of the substrate and the thin film should overlap. The schematic of x-ray

measurement geometry is shown in Figure 3-3.

T 2

Figure 3-3 Geometry of four axis x-ray diffractometer[109].

3.3.2 Scanning electron microscopy (SEM), focused ion beam (FIB)

microscopy and energy dispersive x-ray (EDX) spectroscopy

SEM is a conventional technique to image sample surfaces. By using the SEM,
the thickness and the surface quality of the thin films can be obtained. In a SEM, an
electron beam is emitted and accelerated, and then it is focused by electromagnetic

lenses. When electrons bombard on the surface of a sample, inelastical scattering of
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electrons occurs. The interaction between the electron beam and the sample can
generate  secondary  electrons, backscattered electrons, Auger electrons,
cathodoluminescence and x-rays. The image of the SEM is built upon by collecting the

secondary electrons emitted from irradiated areas of the sample.

On the other hand, FIB is a technique used for the analysis or deposition of
material on specific positions. Instead of using electron beam, metal ions are emitted
and accelerated to high energy and focused by electrostatic lens. When the ions hit on
the sample, atoms are sputtered from the surface. Thus FIB can be used for

nano-machining purposes.

The purpose of using SEM and FIB in this project was to check the film thickness
and inspect the interface of the samples at specific location. FIB was used for
performing etching at certain areas of the electrodes, and SEM was subsequently used
to observe the interface between the oxide thin films and the metal electrodes. To avoid
destruction of the surfaces, tungsten protecting layers were deposited on the designated

areas of the samples before FIB etching.

In addition, SEM system is commonly accompanied by EDX facilities, which can
be used for characterization of chemical composition. In the project, EDX was used to

characterize the composition of the PLD bulk targets.

3.4 Electrical characterizations

3.4.1 Two-point measurement

Two-point measurement is typically used to measure the resistance of the sample.
A schematic diagram of the experimental setup is shown in Figure 3-4. Two-point

measurement is the simplest way to measure the resistance, and it can be performed

Lau Hon Kit 33



Chapter 3

2
?& The Hong Kong Polytechnic University

irrespective of the geometry of samples.

In my measurements, a Keithley 2400 sourcemeter was used. Voltage or current
was applied by the sourcemeter, and the corresponding current or voltage values of the
sample were extracted. This two-point measurement technique was performed in /-V
characteristics and resistive switching behavior measurements, where sometimes a
pulse generator was added in the circuit for the application of short (<1 ms) voltage

pulses.

(@) (b)

Keithley 2400
Keithley 2400
Substrate
Substrate
(©)
Pulse generator
Resistor |
Keithley 2400

Substrate

Figure 3-4 Schematics of electrical setups for (a) planar and (b) top-down
device geometry for measuring I-V and resistive switching
characteristics. (c)Resistive switching measurements were made

with pulse duration <I ms.
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3.4.2 Three-point measurement

Three-point measurement is a simple method to obtain the interface resistance
between oxide thin films and metal electrodes. In order to determine the resistive
switching effect and the contribution of interfaces to the total resistance of the devices,
this measurement was used to obtain the interface resistance between metal electrodes

and oxide thin films [110].

Two Keithley 2400 sourcemeters were used for the measurement, one for
providing a constant current and the other for measurement of potential difference.
Three contact pads were required, and the schematic circuit is shown in Figure 3-5. A
voltage pulse was first applied across electrodes 2 and 3 for switching. A small
constant current (/;;) was then forced through these two electrodes, using a Keithley
2400 sourcemeter (labeled Keithley 2400 I in Figure 3.5(a)). Owing to the contact
resistance in the interface between electrode 2 and the thin film, a potential drop can be
observed. This potential drop (V23) across the interface can be probed across electrodes

2 and 3 using another Keithley 2400 (labeled Keithley 2400 II in Figure 3.5 (a). The

. . V. . .
interface resistance can then be calculated by—=-. By measuring the difference of
12

interfacial resistance values between LRS and HRS, the interface or bulk contribution

to the switching effect can be estimated [49, 111].
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Figure 3-5 (a)Schematic diagram of three-point measurement. Keithley 2400 I
is used either as a constant current source for measurement in

junction 1, 2. Keithley 2400 I is used to measure the voltage across
electrode 2 and the oxide thin film. (b) Electrical circuit of the

three-point measurement.

3.4.3 Four-point measurement

The purpose of four-point measurement is to determine the bulk or intrinsic
resistance of thin films by eliminating the contact or interface resistances. Four-point
measurement was used to determine the resistance and the /-J characteristics of oxide
thin films in this work. When planar geometry devices show resistive switching effect
in two-point measurement, four-point measurement can be further performed to

determine the location for the occurrence of the switching effect.

In the measurement, four contact pads were needed, and a Keithley 2400 was
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used to supply a constant current. The same multimeter was used to measure the
voltage across another pair of electrodes on the thin film. In this case, only one
Keithley 2400 sourcemeter was needed due to the presence of such a measurement
functionality. The four-point resistance measurement setup is shown in Figure 3-6. By
comparing the /-V characteristics between two-point and four-point measurements, the

relative contributions of bulk or interface switching effect can be deduced.

Keithley
o200 —©O© O
CallC;
I+ V+ V- I-

Substrate

Figure 3-6 Schematic diagram of four-point measurement. Contact pads 1
and 4 are connected to the current source, while pad 2 and 3 are
used for voltage measurement across the thin film channel between

them.

3.5 Thermal measurements

3.5.1 Micro-thermocouple measurement

Micro-thermocouple measurement is a low cost, straightforward technique for
localized temperature measurements. A thermocouple is a junction made of two
dissimilar metal wires that joined together. Owing to the thermoelectric properties of
different metals, a potential is developed when the thermocouple is heated. The

measured voltage can be correlated with the temperature at the junction. Theoretically,
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any two different metals can be used to form a thermocouple, but there are some

standard commercial thermocouples available on the market.

In my experimental setup, two commercial 30 pm type-T micro-thermocouples,
which were made of Cu and Cu/Ni alloy with an accuracy of 0.01 K, were used
(Figure 3-7). In the experiment, planar resistive switching devices with electrodes of
two different materials were involved. The device was connected to a Keithley 2400
multimeter for electric source biasing. Two thermocouples were placed on the surface
of metal electrodes directly. They were then connected to a TC-2000 measurement
station for thermal voltage-temperature conversion. Temperature data were recorded by
a LABVIEW program at a rate of 5 Hz. The temperature variations between the two
electrodes under the same biasing, and the temperature difference between the

electrodes in different bias condition, were measured.

Keithley2400

Substrate

Figure 3-7 Schematic diagram of micro-thermocouple setup.

3.5.2 Thermoreflectance imaging

Thermoreflectance imaging is a non-contact, optical measurement technique that
detects the surface temperature variation of a sample by measuring the changes of

surface reflectivity. Based on the temperature-induced optical reflectivity variations
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and correlating that to the temperature changes of the sample, a temperature map
across the device area can be obtained. The reflectivity (R) of the material with normal

incidence of light can be written as

o (=1’
(n+1)°

where reflectivity is related to the refractive index, which is also a function of band gap

and is thus correlated to the temperature of the semiconductor[112, 113].

Thermoreflectance has been successfully involved in the analysis of various
electronic devices including quantum dots, quantum well lasers and other
applications[114, 115]. In my experiment, DC thermoreflectance was detected by a
12-bits CCD camera. Owing to application with CCD, it is useful for generating

two-dimensional profiles of temperature across the device area.

In the experiment and analysis, for a small temperature change A7, the
relationship between A7 and change in reflectivity AR is approximately linear with

the equation:

AT:x—‘ﬁ
R

where 3 is the thermoreflectance signal, and k’ is a proportionality constant

known as the thermoreflectance coefficient. This coefficient is material and
wavelength (light source) dependent, and has a value normally in the range of 10™ and

10°[112, 113, 116].

For thermoreflectance signal detection (Figure 3-8), a sinusoidal bias signal with
frequency f; (blue curve) is sent to the device, and the CCD camera is triggered with a
4f; square wave (green) and captures the signal on each falling edge wave. Thus, four

pictures are taken by the CCD camera during each cycle of device bias. A constant
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power LED produce a constant optical flux for sample illumination. The reflectivity
variation of the device surface due to heating was captured by the CCD camera with a
/1 sinusoidal wave (red). The intensity captured by the CCD camera can be evaluated

by the following equation[116]:

b b
I, = [S(x,y,0)dt = [OR, (x, 1) + PAR(x, y,t) cos2ft + O(x, )),

a

z=1, a=0, b=1/4f,
z=2, a=1/4f, b=1/2f
z=3, a=1/2f, b=3/4f,
z=4, a=3/4f, b=1/f

where S represent the signal captured by the CCD, Rj and R are the reflectivities for

unbiased and biased device respectively[112, 113].

By combining all the 7. equations, the temperature difference between an unbiased

and a biased device can be written as:

AT%K‘_Izﬂ:\/Eﬂ.\/(II -1 +,-1,)
R .

I +1,+1,+1,

And thus, the two-dimensional temperature variation image can be obtained.

33vt CCD
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Figure 3-8 Schematic diagram of the bias signal sent to the sample (blue), CCD
camera triggered by square wave (green) and the reflectance signal
captured by the CCD camera (red.[116].
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In my experimental setup, a 12-bit CCD camera was mounted on the microscope
for capturing images. Two signal generators were connected to the device and the CCD
camera, into which sinusoidal and square waves were inputted, respectively. The signal
generator connected to the CCD camera was externally triggered by the signal
generator connected to device, which can increase the signal-to-noise ratio. Blue LED

light with 470 nm wavelength and constant power was used as a light source.

3.6 Summary

The experimental methods used in my work were discussed in this Chapter.
Device fabrication by using PLD and photolithography technique was discussed,
followed by structural and electrical characterization methods (e.g. XRD, SEM, two-,
three- and four-point electrical measurements). A brief discussion of thermal
measurements, micro-thermocouple and thermoreflectance imaging technique were

shown in the last.
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Chapter 4 Characteristics of multi-level non-volatile

RRAM based on LLag7Sre3MnO;

In this Chapter, Lay7Sro3MnO; (LSMO) thin film resistive switching devices are
discussed. The fabrication processes, as well as structural and electrical analysis of
LSMO thin films, are discussed. It is found that such samples exhibit multiple-values
of resistance upon the application of different magnitudes of voltage pulses. The
resistance values are well-separated and reproducible over thousands of switching

cycle.

4.1 Introduction

For typical binary data storage mechanism, data should be stably stored at two
states, conventionally labeled as ‘1’ or ‘0’. A more radical approach of further
increasing the storage capacity in memory devices is to store more data into each
single memory component, thus allowing the expansion of storage capacities without
reducing the feature dimensions. For the implementation of such a multi-state memory
element, it must have some intermediate states which can be reached by applying
different external stimuli, and the states should be stable enough for retaining the
information. Besides, such states have to be reproducible over repeated read/ write

processes.

Indeed, a few studies have suggested the potential of multi-level resistive
switching effect with some metastable states. Watanabe et al.[89], for example, applied
current pulses across single crystals of Cr-doped STO and obtained clearly
distinguishable resistance states. Unfortunately, their measurements have been repeated

for less than 10 switching cycles only. Besides, their measurements were based on
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single crystals of doped STO, which is too expensive to be employed for memory

applications.

A more promising approach arises from thin film-based devices, which are more
compatible with the micro- or nano-electronics technology. Shang et al[43], for
example, presented /-}J measurements with varying maximum ramping voltages in
Lay7Ca3MnOs-based top-down structures. Hysteretic /-7 behaviour was observed in
all cases, and interestingly the current ramped back to zero along different paths. The
results implied that different sample resistances could be achieved, depending on the
voltage previously applied across the device before measuring the resistance with a
small probing voltage. Such a multi-level switching behaviour was indeed
demonstrated in a recent work by the same group[44]. Similar effect has also been
shown by Oligschlaeger et al. in a similar structure but with Bay;Sro3MnO; as the
spacer[45]. Disappointingly, the multi-level switching behaviour was demonstrated
only for tens of times in both works, failing to address the issue concerning the
long-term reproducibility of the multi-state memory effect. Besides the reports were
based on heterostructures with functional epitaxial oxide films grown on either
metal[43, 44] or oxide[45] electrodes at elevated temperatures. Such conditions are not
appropriate for industrial applications. Moreover, differences in preparation conditions
can lead to variations in interface structures, film crystallography, and electronic states

in different works, complicating the interpretation of results.

Here I demonstrate a multi-bit non-volatile memory structure, based on resistive
switching effect in manganite thin films using a planar device geometry. By the
application of suitable voltage pulses, LSMO films with photolithography-prepared Au
electrodes can exhibit metastable resistive values that are reproducible for at least 10000

cycles. Repeated probing of resistances at various states suggests the durability of the
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structure. Such features, together with its simplicity in fabrication and compatibility

with current device fabrication technologies, highlight the potential of perovskite

resistive switching elements for non-volatile memory applications.

4.2 Experimental details

LSMO films were deposited on the single crystal LAO (001) substrates by PLD.
In this work, the substrate temperature and oxygen pressure were maintained at 750 ‘C
and 300 mTorr. The laser repetition rate was set at 5 Hz, and the thickness of LSMO
films was around 300 nm. Subsequent to PLD deposition of oxides, circular gold (Au)
metallic electrodes with diameter 0.8 mm and thickness 120 nm were prepared on the
films by using photolithography lift-off technique. The minimum distance between the

electrodes was 20 um.

Structural and electrical analyse were performed on the samples. In the electrical
measurements, aluminum wires were ultrasonically bonded on the electrodes, and a
Keithley 2400 sourcemeter was used for the application of voltage signals with
duration of 50 ms across the electrodes. Two-point resistance measurements were
performed using the current bias mode with a direct current of 100 pA. The schematic
diagram of the sample, and the corresponding circuit diagram, are shown in Figure

4-1.

Keltlhley .2400 ] LAO

EE Lsmo
[— Au electrodes

LAO

Figure 4-1 Schematic diagram of the samples (a) and set up for electrical

measurements (b).
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4.3 Structural analysis

Figure 4-2 depicts the 0-260 scan of a LSMO thin film grown on a LAO (001)
substrate. (00h) peaks for the substrate and the film are observed, indicating an
epitaxial growth of LSMO film on LAO. The rocking curve of LSMO at the (002)
peak was also scanned, showing a highly textured growth with a FWHM of 0.32°
(Figure 4-3). Phi (@) scans further confirm the epitaxial relation between the film and
the substrate (Figure 4-4). LSMO can be treated as having a pseudo-cubic structure,
and LSMO (202) and LAO (202) peaks are detected in the ¢-scan. Both the scans of
LSMO and LAO show four diffraction peaks separated by 90°, which indicates the
four-fold symmetry of the structure and confirms the (pseudo-)cubic structure of both
LSMO and LAO substrate. Moreover, the ¢ angles of the peaks match well together,

which indicates that the LSMO thin film was grown cube-on-cube on the LAO

substrate.
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Figure 4-2 XRD 6-260 scan of a LSMO film deposited on LAO (001) substrate.

Lau Hon Kit 45



Q;b Chapter 4
Q'v The Hong Kong Polytechnic University

FWHM=0.32"

Intensity (a.u.)

T T T T
220 225 23.0 235 240 245

o (degree)
Figure 4-3 XRD rocking curve of LSMO (002) peatk.
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Figure 4-4 Phi scan of (a) LAO (202) and (b) LSMO (202) planes.
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4.4 Electrical characterization

4.4.1 |-V characteristics

Figure 4-5 shows the I-V characteristics of the sample before and after forming.
When the voltage is initially ramped, the sample is kept in the conducting state with a
resistance around 300 Q (Path 1-2). When the voltage is ramped back from -13 V to
zero, the resistance of the sample suddenly increases from 300 Q to the order of 20-30
kQ (Path 3). This sudden increase of resistance phenomena is the forming process and
it didn’t affect other neighbor devices. After that, the resistance of the sample is kept at
the same order and does not switch back to its initial state, no matter how high a

voltage is applied (Path 4-7).

Lau Hon Kit 46



Q&b Chapter 4

The Hong Kong Polytechnic University

| ! I ! | N 1 ' I N | ' I
300 - —=—Before forming -
L — o — After forming ~t ;
200 |- -
—~ L 1
< 100 |- -
& I g
N Ly
-E' 0} e 8850000 .
o - -
— -100 k- ,J’ i
5 . s
v
200 - /-’ -
-300 b -
-400 T T T T T T T T T T T T T
-15 -10 -5 0 5 10 15

Voltage (V)

Figure 4-5 I-V characteristics of LSMO sample before (black) and after
forming (red).

After forming, a clear hysteretic asymmetric /- behaviour is observed, which is
similar to the typical binary switching behaviour reported in other systems[43, 89,
117].The I-V characteristic of the sample after forming (red curve in Figure 4-5) is
shown in the expanded scale Figure 4-6. As the voltage across the electrodes increases
from zero (branch 1), the slope of the /- plot was fairly gentle until around 10 V, at
which the slope of the curve (i.e. differential conductance of the sample) suddenly
increases. The voltage is subsequently ramped down to zero (branch 2). Note that the
current across the sample retains a higher value compared to that of branch 1,
suggesting a decrease in the sample resistance. When the voltage is dropped below -12
V (branch 3), the magnitude of current across the sample suddenly decreases. The
current value then retains at a relatively small value, which implies a higher resistance

when the voltage is ramped back to zero (branch 4).
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Figure 4-6 I-V characteristics of a LSMO switching device after the forming

process.

From the hysteretic behaviour of the /-V characteristic, especially on the positive
voltage bias, a continuously and gradual increment of current is observed when the
voltage bias is increased. Thus it would be expected that “minor loops™ of /-V plots in
the positive voltage bias region can yield hysteretic behaviour similar to the full loop
(i.e. I-V scan between +15 and -15 V). Such minor loops can be obtained by ramping
the voltage between a fixed negative voltage V. and various positive voltage values V..
The schematic of the ramp function is plotted in the inset of Figure 4-7. In Figure 4-7,
V_issetat-15 Vand V. varies from +8 V to +15 V. V- was set at -15 V for two reasons.
From the observation of the previous /-V characteristics, while a sudden increase of
resistance of the sample at around -12 V, no difference in sample resistances can be
observed by the driving voltage below -15 V. Moreover, it is a precautionary measure

to set the voltage limit at 15 V to avoid unrecoverable sample damages.

To ensure identical starting conditions for the samples during minor loop
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measurements, samples were first pulsed at -15 V before /-V minor loops were
extracted. The /-V characteristics were then measured with the voltage sweeping cycle
0V> V2> 0V-> V> 0V. Selected /-V curves with different V. values are shown in
a semi-log plot in Figure 4-7. Here we focus only on the positive regions of the I-V
curves. As long as V; does not exceed 8 V, the I-V plots are completely reversible, and
branches 1 and 2 basically overlap on each other. Starting from V.=10 V onward,
hysteresis sets in at both positive and negative branches of the plot. It should be
mentioned that branches 1 of all /-V minor loops basically followed the same path.
This suggests that the samples were starting from the same conditions at the beginning

of the experiment, which was caused by the application of the -15 V “reset” voltage.
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Figure 4-7 Semi-log plot of minor loop I-V curves in the positive voltage region.

Inset shows the corresponding voltage ramp profile.

4.4.2 Resistance switching measurements

On the other hand, deviation can be observed along branch 2 of the /-V curves, as
the applied voltage returned to zero. As mentioned before, this result implies that

multiple resistance values can be obtained from the same sample, depending only on
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the V. value previously applied. This is illustrated in the resistance switching
measurement in Figure 4-8(a). In this particular measurement, voltage pulses of
specific values (as labeled on the graph) were applied across the electrodes, followed
by resistance probing of the sample with a constant current of 100 pA which
corresponding to a voltage less than 3 V; such a small voltage was not sufficient to
switch the device. From the observation, a minimum resistance value is obtained after
a +15 V pulse is applied. However, as V. decreases, the resistance of the sample
gradually increases to a maximum of about 9 V; this high resistance state can also be
obtained by directly “resetting” the sample with a -15 V pulse, as explained previously.
Therefore, for multi-level resistance states, only V. larger than 9 V can be used as

memory.

I also examined the response of the sample by resetting the device with +15 V
pulses, following by the application of varying negative voltage signals. The results are
shown in Figure 4-8(b). As seem in the figure, the resistance change could only take
place if the negative pulse is larger than -12 V. More importantly, the maximum
resistance is reached as the voltage reaches -14 V. By comparison, in the negative side,
it is not very desirable for manifesting the multiple resistive states due to its narrow

switching voltage.

I also tested the stability of resistance in the device by the initially -15 V pulses,
and then followed by the application of the positive voltage pulses with the sequence
of +1 V242 V2>...2>+15 V>+14 V>...>+1 V. The result in Figure 4-9 shows that
metastable low resistance state can switch to a lower resistance state with larger V..
However, it cannot switch back to the previous resistance value by pulsing the sample

with a smaller V4, unless V_(-15 V) is applied.
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Figure 4-8 Resistance of a device after the application of varying voltage
pulses. Voltage pulses applied are as labeled in the Figure. (a)
Cycling between -15 V and varying positive voltages. (b)Cycling
between +15 V and varying negative voltages.

40 (1 " T T T X T L T T T Y T x T
353

30 |

— +1V
) +2V
1+3V

—]

]

—

1 +9v

25 | -

+10V
+11V

20 |

15 H

Resistance (kQ)

10 H

ok T T T T T T T d 1 T T
0 20 40 60 80 100 120 140

Time(s)
Figure 4-9 Resistance of different positive voltage pulse after -15 V pulse.
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From the results in Figure 4-8 and 4-9, it can be seen that the resistance level of a
sample can be determined by the magnitude of positive voltage pulse previously
applied. Indeed, one can arbitrarily determine the number of intermediate resistance
states that can be obtained in such kind of resistive switching elements, subjected to a
number of limitations. Two of the crucial issues need to be addressed when deciding
the number of possible states include the reproducibility of each single state, and the

stability of individual states upon repeated measurements.
4.4.3 Reproducibility and stability measurements

Reproducibility and stability measurements were performed on a Au/LSMO/Au
device at room temperature. For the reproducibility test, we subjected a sample to a
series of repeated pulses for 10000 cycles with the following pulse pattern: -15 V>
+11 V> -15 V> +12 V. After the application of each pulse, the resistance of the
sample was probed with a current of 100 pA. In Figure 4-10, we can see that various
resistance states are well separated from each other. While there are only three separate
states in this run, more resistive states can be obtained by the application of suitable
voltages. The fluctuation of resistances from the mean value is minimal, illustrating the
(short-term) repeatability of the states. However, an undesirable feature, as observed
from the figure, is the continuous rise in the resistance of the low state with the

continuous application of pulses.

Furthermore, I also tested the stability of the sample upon prolonged probing of
resistance, which is shown in Figure 4-11. The resistances seem to be fairly stable over
30 minutes of continuous measurements. While there was a trend for the resistance
reset state to increase with time, various resistance states were definitely well separated
from one another. Although both the reproducibility and stability tests show that the

devices are still far from ready for commercial applications, the results suggested the
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possibility of repeatable and stable memory state in a single device. More tests should

be conducted on such memory devices.
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Figure 4-10Reproducibility of the sample with repeated cycling of voltage
sequence: -15 V2> +11V2>-15V2>+I12 V.
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Figure 4-11 Stability of the resistance states after pulsing at specific voltages.
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4.5 Discussion

Base on the experiment results, it can be seen that there are two possible ways to
switch the devices between LRS and HRS. A large positive pulse can be used to drive
the element to an intermediate resistance state. If the data need to be re-written, a large
negative reset pulse can be applied to switch the element back to the HRS and
followed by a suitable positive writing pulse. Another possible way to write the data is
overwrite the previous data with a large positive pulse. According to the previous
results, the resistance of the element can be further reduced by subjecting the device to
a positive pulse with magnitude larger than that applied previous to the sample. Instead
of resetting with a negative pulse and then writing with a positive pulse, the second
scheme allows a lower resistance memory states to be achieved with less switching
time and power. On the other hand, re-writing of the device to higher resistance values

can be reliably achieved only through the first scheme.

4.6 Conclusion

To summarize, the use of thin film resistive switching Au/LSMO/Au elements for
multi-state nonvolatile memory structures, based on planar measurement geometry, is
proposed. The simplicity of the setup, both in terms of sample preparations and
switching processes, should prove a great advantage for adoption into the current
microelectronics technology. Repeated switching over 10,000 times among different
resistance levels has been demonstrated, close to some existing multiple switching
memory technologies. Moreover, in the current case, the negative voltage is acting
simply as a reset mechanism. Although some of the further measurements are needed
to fulfill commercial applications, this structure, LSMO with Au electrodes is one of

the choices for multi-bit non-volatile memory devices.
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Chapter 5 Resistive switching properties of epitaxial
Pro-CagsMnO; thin films with different metal

electrodes

5.1 Introduction

As mentioned before, there are many different combinations of insulating films,
electrode materials and measurement geometries that have exhibited resistive
switching effect. For example, Kim et al.[73] showed that PCMO top-down geometry
samples with Au top electrodes and Pt-coated Si as bottom electrodes did not show
resistive switching effect. However, at the same time, Lee ef al[118] and Kim et
al.[105] measured samples with similar geometry and obtained resistive switching
effect. Moreover, Fujimoto et al.[102] showed resistive switching effect in
Pt/PCMO/Pt/Si10, top-down devices with a resistance change by an order of magnitude

with a voltage of 3 V, where Kim et al.[73] did not obtain any switching up to 4 V.

Most of scientists propose that resistive switching effect mainly from the interface
between the oxide thin films and the metal electrodes, but the variation of results made
it hard to reach a conclusion. It is worthy to perform a more systematic investigation
on the electrode dependence of resistive switching effect. Tsubouchi et al.[48], for
example, deposited different metal electrodes (Mg, Ag, Al, Ti, Au, Ni and Pt) on
PCMO thin films and investigated the metal electrodes dependence of resistive
switching effect. However, the result is hard to be compared directly because the
distance of electrode pairs were different. Therefore, their results cannot eliminate the

influence of electrodes separation difference on switching ratio.

In order to be systematic in comparing and determining the dependence of metal
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electrodes on resistive switching effect, and to have a better understanding about the
mechanism of resistive switching, different metal electrodes were deposited on PCMO
thin films with the same electrode separation. It is hoped that a good comparison can

be obtained among different metal electrodes.

5.2 Experimental details

Thick (250 nm) epitaxial films of PCMO were grown on LAO (001) substrates by
PLD. During deposition, substrates were maintained at 650 “C, and an oxygen pressure
of 150 mTorr with 8 mTorr chamber base pressure was applied. The laser pulse energy
was around 250 mJ, with a repetition rate of 5 Hz. After deposition, the films were
cooled down to room temperature at a rate of 10 ‘Cmin" under the same oxygen

pressure.

After deposition of oxide films, metal electrodes of diameter 0.4 mm were
prepared by lift-off technique. All metal electrodes, Ti, Pt, Au and Al electrodes were
prepared by PLD. The minimum distance between pairs of electrodes was 0.03 mm.

and the thickness of the metal electrodes were 100 nm.

Structural analysis was done by XRD, and electrical measurements (/-V
characteristics and resistance switching measurements) were performed with a
Keithley 2400 at room temperature. Figure 5-1 shows the layout of electrodes on
sample surfaces and the measurement setup. All of the measurements, unless specified,

were performed on electrodes pairs (1-I) which were nearest neighbors.
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Figure 5-1 Schematic diagram of (a) the electrode geometry, (b) measurement
setup. Each sample has 2 different type of electrodes (orange and
yellow).

5.3 Structural analysis

Figure 5-2 shows the 0-20 scan profile of a PCMO film on LAO substrate. The
PCMO thin film was single-phased and highly c-axis oriented, with a strong PCMO
(002) peak next to the LAO (002) substrate peak. The FWHM of the rocking curve was
0.67°, indicating a highly-textured growth of the film (Figure 5-3). ¢-scan (Figure 5-4)
on the film confirmed that the PCMO film was grown cube-on-cube on the LAO

substrate.
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Figure 5-2 XRD 6-20 scan of a PCMO film deposited on LAO (001) substrate.

FWHM=0.67°

Intensity (a.u.)

¥ T T ' T T T T ¥
22.0 22.5 23.0 235 240 245 25.0

o) (degrees)

Figure 5-3 XRD rocking curve of PCMO (002) peak.
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Figure 5-4 Phi scan of (a) LAO (202) and (b) PCMO (202) planes.
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5.4 Electrical characterization

5.4.1 I-V characteristics and resistive switching measurements with

minimum electrodes separation of 0.03 mm

Figure 5-5 shows the I-V characteristics of a PCMO thin film, with Al electrode
on one side and four different types of metal electrodes (Al, Ti, Au and Pt) on the other.
In these samples, no forming processes were performed, and the /-7 characteristics
were obtained by two-point measurements. A positive bias is defined as the current
flowing from the Al electrode to other electrode. During the /-J” measurements, the

bias voltage across the electrodes was scanned in a sequence 02 +Vpax> 02 -Viax>

0.

As shown in Figure 5-5, all I-V characteristics show non-Ohmic behaviour.
Interestingly, clear hysteretic and asymmetric /-} behaviour is observed in Al-Ti, Al-Pt
and Al-Au electrode pairs. As the voltage across the electrodes increases from zero, the
slopes of all /-V plots are fairly gentle, representing high resistance values for all
samples. When the voltage is subsequently ramped down to zero, the returning curves

basically overlap with plots for rising voltage.

In the small negative voltage bias region, the plots are nearly symmetrical with
the positive voltage branch when the voltage drops from zero. However, when the
voltage reaches around -7.5 V, the currents across the samples suddenly increase,
which stay at relatively large values when the voltage ramps back to zero. This
indicates that a low resistance state is reached by the samples when a large negative
voltage is applied. For the sample with two Al electrodes, nearly symmetric I-V
behaviour is observed, and a relatively small hysteretic loop is shown in the negative

voltage bias regime.
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Figure 5-5 I-V characteristics of Al/ PCMO/ M structure, where M=Al (a), Au
(b), Ti (c) and Pt (d).

Resistance switching measurements were performed with the circuit shown in
Figure 5-1. After applying two pulses at -10 V for 1 ms, the sample resistance was
measured with a bias of -2 V. Subsequently, two +10 V pulses were applied to switch
the sample back to the high resistance state, and the resistance was measured again. To
avoid damaging the samples and yet to ensure the reproducibility of resistive switching
effect, £10 V was chosen as the switching voltage. Two consecutive pulses were
applied before resistance probing, as this yielded more reproducible switching
behaviour at low and high resistance states. The -2 V probing voltage was applied for

more observable resistive switching effect.

Changes in sample resistances, after the application of voltage pulses, are
displayed in Figure 5-6. Before voltage pulses are applied, all the samples exhibit high
resistance values. Applications of negative pulses causes the samples to switching from

high (23-60 kQ) to low (8-30 kQ) resistance states; the exact resistance value depends
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on the combinations of metal electrodes. The largest switching ratio [(Rpuigh — Riow)/Riow]
of over 90% is obtained for Al-Au, compared with 75% for Al-Pt and 23 % for Al-Ti
electrode combinations. For Al-Al structure, although only a minute hysteretic /-7
behaviour was observed, a 26% of resistance switching ratio was obtained. However,
due to the small difference between high and low resistance states in Al-Al electrode
samples, the actual effect of resistive changes was masked by the fluctuations (£13 %)

in resistance measurements, rendering it difficult to obtain a stable resistance switching

effect.

In terms of reproducibility of resistance switching, all of the samples showed
clear separation between high and low resistance states except Al-Al. There is a
distribution of the switching ratio in different samples with the same geometry.
However, the switching voltage shows little variations and the fluctuations in the

switching ratios is around 10% of the mean values.
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Figure 5-6 Resistance switching measurements of Al/PCMO/M structure, where
M= Al(a), Au(b), Ti(c) and Pt(d). RS represents resistance switching

ratio, open circles correspond to LRS, and solid squares to HRS.
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In order to fully investigate the dependence of metal electrodes on the switching
behaviour, /-V characteristics for samples with other combinations of metal electrodes
(Ti, Au and Pt) were measured in the two-point geometry. Figure 5-7 shows the I-V
characteristics of M1/PCMO/M2 structure, where M1, M2= Ti, Au or Pt. For Pt-Pt and
Au-Au structures (Figure 5.7(b)), the I-V characteristics show Ohmic behaviour.
Besides, the measured resistances for samples with Pt-Pt and Au-Au electrodes were
the smallest among all the measurements. For the rest of the electrode combinations,
nonlinear but symmetric plots were observed, and all of the /- characteristics were
reversible and non-hysteretic on both the positive and negative voltage regimes.
During /I-V measurements, a 10-mA current compliance was set to avoid damages to
the samples. Therefore, when the current was larger than 10 mA, a horizontal line was
observed in the /-V characteristic curves. Moreover, these structures did not have any
resistance switching behaviour, at low measuring voltage (-2 V) used in measurements,
the curves of ramping up and down were almost overlapping one another, with minute
hysteresis that could probably arise from Joule heating. In summary, only samples with

Al electrodes showed resistance switching behaviour.

Figure 5-7 I-V characteristics of M1/PCMO/M2 structure, where M1, M2=Ti,
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5.4.2 I-V characteristics and resistive switching measurements with

different electrode separation

Apart from the general /-V measurements, I also performed /-7 and resistance
switching measurements for electrodes with varying separation. During measurements,
a certain Al electrode was used, and the electrodes with varying distances from this Al
electrode were used as the counter electrodes. The schematic diagram of the sample is
already shown in Figure 5-1, and the electrode combinations followed the numbers in
the figure (for example electrode I with electrodes 1, 2, 3, 4). An example of
measurement on AI/PCMO/Ti structure is shown in Figure 5-8. As the electrode
separation increases, the maximum current passing through the sample can be seen to
reduce greatly, and the hysteretic loops on the negative voltage side shrink with

increasing electrode separation from 0.03 mm to 1.32 mm.

2
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Figure 5-8 I-V characteristics of AI/PCMO/Ti structure, where the separation
between electrodes is 0.03 mm (black), 0.46 mm (red), 0.89 mm
(green) and 1.32 mm (blue), respectively. The inset highlight the

curves at the large negative bias region.
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In resistance switching measurements, when the electrode separation becomes
large, the resistance of the AI/PCMO/Ti structure increases (Figure 5-9). However, the
resistance change did not seem to be proportional to the distance between electrodes.
This result indicates that the interfacial resistance makes a significant contribution. The
resistance switching ratio reduces from 23% to less than 10%, when the Al-Ti
separation increases from 0.03 mm to 1.32 mm. Furthermore, according to the results,
the resistance values at LRS increases with rising electrode separation, and the
fluctuation of low resistance values is larger compared with samples with small
electrode separation. These may be related to the electric field across the electrodes.
The summary of lower resistance values, resistance differences and the switching ratio

against electrode separations are plotted in Figure 5-10
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Figure 5-9 Resistance switching measurements of Al/PCMO/Ti structure, with
electrode separation of 0.03 mm (a), 0.46 mm (b), 0.89 mm (c) and
1.32 mm (d), respectively. Solid and open circle represent HRS and
LRS.
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Figure 5-10Summary of high and low state resistances (a); resistance differences
and the resistive switching ration (b) against electrode separation,
for AI/PCMO/Ti sample structure.

5.4.3 Four-point measurements

Four-point measurements were also performed, with a maximum bias current of
1-mA. The measurement could eliminate the influences of contact resistances, thus
shedding light on the relative contributions of the bulk and interface of the oxide film
on the switching effect. The choice of 1 mA as the maximum bias current was to
prevent potential damages the sample. Figure 5-11 shows the I-V characteristics of an
AI/PCMO/Ti structure, measured with two-point and four-point probe geometries.
Ohmic characteristics, and no resistance switching behaviour, can be observed in
four-point measurement. The resistance of the PCMO thin film is around 2 kQ across
nearest electrodes, which is small compared with the total resistance of the sample (23
kQ) obtained from the two-point measurements. The small value of the PCMO
resistance cannot explain the 4-kQ resistance reduction during switching. These
observations clearly indicate that the resistance switching phenomenon occurs near the

Al/PCMO interface.
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Figure 5-11 Two-point and four-point I-V characteristics of Al/PCMO/TI.
5.5 Discussions

According to the nonlinear and asymmetric /-V characteristics of AI/PCMO/M
structures, it is postulated that Schottky contacts is a possible origin for the resistance
changes[48]. PCMO can be considered as a p-type semiconductor, in which Ca*"ions
are doped into Pr’* ions sites and generate extra holes. Oxide vacancies can act as the
hole transporting media. At the metal/oxide interface, a Schottky barrier can be formed.
The most possible current transport mechanism across the Schottky barrier is based on
hole injection from the metal to the oxide layer.

P-type PCMO forms Schottky barriers with metallic electrodes[49, 119]. For
p-type Schottky contacts, when the work function of the metal decreases, the barrier
height for hole conduction increases, and the interface resistance between the metal
and PCMO increases. The electron affinity of PCMO film is 4.9 eV, and the work
functions of Al, Ti, Au an Pt are 4.28, 4.33, 5.1 and 5.65 eV, respectively[120].

According to the experimental results, the largest barrier height is observed in
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Al/PCMO interface and the lowest in Pt/PCMO. Thus, maximum and minimum
resistances are obtained in these two cases. When Al electrode was replaced by Pt or
Au metal electrodes, due to the high work functions of Pt and Au compared with the
electrode affinity of PCMO, positive charges can be transported easily and thus the

smallest resistance value were obtained with both Pt or Au electrodes in all cases.

According to the above analysis, it seems that only samples with Al metal
electrodes can exhibit hysteretic behaviour and resistance switching effect[24].
However, Ti has almost the same work function as Al, but surprisingly no resistance
switching was observed in Ti/PCMO interface. From that observation, it seems that

Schottky barrier is not sufficient to explain the resistive switching effect.

Moreover, it should be noted that Al is an electrochemically active metal, in
which the atoms are more prone to charge migration[39, 121]. Owing to this, the
AI/PCMO interfaces should also play a role on resistive switching. However, further
investigations are needed to fully understand the mechanism. Such investigations are

discussed Chapter 7.

5.6 Characteristic of EPIR switching effect

For commercial memory devices, low power requirements, fast write and erase
times, and good reliability (including reproducibility and excellent data retention) are
some of the basic requirements. In order to investigate the suitability of resistive
switching phenomenon in PCMO-based devices for potential memory applications,
pulse width dependence of switching ratios, as well as endurance and retention

experiments, were performed in the PCMO switching devices.
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5.6.1 Pulse width dependence of PCMO switching device

Since the resistive switching ratio depends on both the pulse magnitude and the
pulse width, desirable switching performances can be tested by performing pulse
width- and magnitude-dependence tests. Figure 5-12 shows the switching ratio
dependence on the pulse width. The experimental setup was shown in Figure 3-4(c),
and a -2 V probing voltage was used to measure the resistance. In order to increase the
switching ratio, a large voltage pulse magnitude of -21 V was set. The switching ratio
was measured by progressively increasing the pulse width, so to prevent any damages
and influence on the device performance. Assuming that 100% of switching ratio is
reached for -21 V with 1 ms pulse width, it can be seen that when the pulse width
reduces, the resistive switching ratio also decreases. Switching effect is absent when
the pulse width is less than 100 ns. The result shows a log-linear relationship between
the pulse width and the switching ratio. It should be noted that the switching ratio has
not reached saturation at a pulse duration of 1 ms, and it actually increases with further

increase in the pulse width.
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Figure 5-12The dependence of switching ratios on pulse width: using the same
pulse magnitude (-21 V).100% of switching ratio was defined as the
switching effect with pulse width of 1 ms.

As we can see, the switching ratio decreases when the pulse width decreases with
the same voltage magnitude. That means if a constant resistive switching ratio is to be
achieved, a larger switching voltage should be applied. To do so, a constant switching
ratio was set as the designated value, and the voltage pulse magnitude was increased
progressively while keeping the pulse width fixed. After the magnitude of the required
voltage was found out at that particular pulse width, the pulse width was decreased and
the voltage magnitude was increased until the preset switching ratio was obtained
again. The process was repeated until the pulse width was reduced to 10 ps. Figure
5-13 shows the relationship between pulse width and voltage magnitude for obtaining a
constant switching ratio. Again, a log-linear relationship is observed between the pulse

width and the switching voltage.
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Figure 5-13The relationship between switching voltage and pulse width for

achieving a constant switching ratio of around 30%.

5.6.2 Retention

The ability of information retention is one of the most important criteria for
non-volatile memory applications. Retention is defined as the duration in which
information can be stored in the device after programming. Commercial memory
products are commonly designed for storing information over 10 years (10° s). In my
measurements, the resistances of switched devices were measured every 24 hours for a
month. The device was placed in an atmospheric condition within a plastic box to
avoid dust and accidental damaging. Figure 5-14 shows the result of a PCMO resistive
switching device with 100 pum square Al and Au electrodes. At the beginning, a
resistance change by over one order of magnitude was obtained. However, in the next 5
days, the low resistance value kept increasing, and it stabilizes at 1 MQ after several
days. Over 1 month after the information was stored, two resistance states were still
separated widely, with a resistance ratio of 4 between the two states. After one month,

the sample was switch to HRS and measurements was repeated.
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Figure 5-14 Retention of the PCMO resistive switching device at LRS (black) and

5.6.3 Endurance

HRS (red).

Another important criteria for non-volatile memory applications is endurance.

This represents the reproducibility of information upon repeated switching, i.e. how

many set/reset cycles can be endured by the device before the LRS and the HRS are no

longer distinguishable. In my experiments, switching was performed with similar setup

as resistance switching measurement (Figure 3-4(a)). The device was continuously

switching for 50,000 times with £8 V pulses of 10 ms, and the results are shown in

Figure 5-15. Over around 50,000 times switching cycles, the resistance values of both

states were nearly the same. Fluctuations of the resistance values were obtained, but no

overlapping of resistance states was observed. However, when the measurements were

stopped, both resistance state values increased slowly back to a relatively high value

(~22 kQ HRS and 18 kQ in LRS).
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Figure 5-15The endurance test of A/PCMO/Ti switching device over 50,000
cycles.

Although the PCMO switching devices survived an endurance of 5x10* cycles,
the resistance values of both states and the switching ratio are not stable enough for
commercial products. For the further work, apart from the investigation of resistive
switching mechanism, the improvement of the switching performances (including

retention and endurance of the devices) is an important goal to achieve.

5.7 Summary

Planar PCMO resistive switching devices with different electrodes were
introduced. The characteristics and performances of such switching devices, including
I-V characteristics, pulse width and pulse magnitude dependence, retention and
endurance, were discussed in this Chapter. Only PCMO devices with Al electrodes on
one side showed good switching behaviours. The switching ratio of the devices
depended on the separation between electrodes, pulse width and magnitude. The
devices achieved 50000 cycles of endurance test. However, the switching devices were
not stable enough for commercial application. Further investigations and
improvements are needed for it to become a promising candidate of next-generation

memory.
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Chapter 6 Resistive  switching  properties  of

top-down epitaxial Pry;Cag3MnOs thin films

6.1 Introduction

Resistive switching effect in planar devices were discussed in Chapter 5 and
resistive switching properties and performance were discussed. Planar resistance
switching devices are easier to fabricate and to observe the switching effect, allowing a
more straight-forward study on the parameters related to the switching effect. However,
for memory applications, planar PCMO switching devices are far too large for compact
memory devices. In order to apply resistive switching effect in commercial memory
devices, a top-down geometry should be employed. In this Chapter, such devices are
prepared by depositing conductive LaNiO; (LNO) on LAO (001) single crystal

substrates, followed by the growth of PCMO thin films and Pt top electrodes.

6.2 Experimental details

Thick (200 nm) epitaxial films of LNO were grown by PLD with a LAO substrate
temperature of 650 C and an oxygen pressure of 150 mTorr . The laser pulse energy
was around 250 mJ, with a repetition rate of 5 Hz. The 100 nm thick PCMO was then
deposited with a mechanical stainless-steel shadow mask at 650 ‘C substrate
temperature and 150 m Torr oxygen pressure with 200 mJ laser pulse energy. After
deposition, films were cooled down to room temperature at a rate of 10 ‘C min™' under
the same oxygen pressure. Then, metal electrodes with diameter 100 pm were
patterned and deposited on both LNO and PCMO thin films by using a shadow mask.
Structural analysis was performed by XRD, and electrical measurements (I-V

characteristics and resistance switching measurements) were performed with a
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Keithley 2400 at room temperature. Figure 6-1 shows the measurement setup.

(a) (b) Keithley 2400

[ LAO
B LN\O
=1 PC™MO
[ Ti electrodes

LAO

Figure 6-1 Schematic diagram (a) and setup (b) of Ti/PCMO/LNO/LAO

top-down switching devices.

6.3 Structural analysis

Figure 6-1 shows the 6-20 scan of a PCMO/LNO thin film grown on LAO
substrate. The PCMO (002) and LNO (002) peaks are almost in the same position. A
sharp peak shows that the PCMO film deposited on LNO has good crystallinity. The
rocking curve of the PCMO at the (002) peak was also scanned, and Figure 6-3 shows
that the film is textured with a FWHM of 0.67°. Phi (¢) scans further confirm the

epitaxial cube-on-cube growth of the film (Figure 6-4).
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Figure 6-2 XRD 6-20 scan of a PCMO/LNO film deposited on LAO (001)

substrate.
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Figure 6-4 Phi scan of (a) LAO (202) and (b) PCMO/LNO (202) planes.
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6.4 Electrical characterization

Figure 6-5 shows the I-V characteristics of the sample before and after forming.
When the voltage is initially ramped from 0 to +8 V (Path 1), current passes from the
top PCMO to bottom LNO layer, and the sample is kept in the highly conducting state
(around 300 Q). When the voltage is ramped to +8 V, the resistance of the sample
increases suddenly to the order of a few kQ (Path 2). This is the forming process
Afterwards, the resistance of the sample is kept at the same order and does not return

back to its initial state, no matter higher voltage is applied (Path 3-6).

After forming, a clear asymmetric and hysteretic behaviour with a sharp switching
voltage observed in the negative voltage bias. In the first /- cycle after forming
process (Figure 6-5), the resistance suddenly changes to a lower value at -5 V; such a
switching voltage, however, is reduced to -4 V and -3.5 V in the second and the third
cycles, respectively (Figure 6-5). Afterwards the switching voltage is stabilized and

remains fairly constant.

After forming and a few cycles of voltage sweeps, the I-V characteristic becomes
stable, which is shown in Figure 6-6. As the voltage across a device increases from
zero, the slope of the /-7 plot is very small and represents a high resistance value of the
sample. When the voltage is subsequently ramped down to zero, the current is kept at a
low value similar to the ramp-up path. When the voltage drops below -4 V, the size of
current across the sample sharply increases. The current value then retains at a large

value when the voltage ramps back to zero, which is implying a lower resistance.
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Resistance switching measurements were performed with the circuit shown in
Figure 6-1. Changes in sample resistances, after the application of voltage pulses, are
displayed in Figure 6-7. The measurement procedure is as follows. After applying a
pulse at 4.5 V for 1 ms, the sample resistance was measured with a bias of -2 V.
Subsequently, a -4.5 V pulse was applied to switch the sample to the LRS, and the
resistance was measured again. To avoid damages to the samples, £4.5 V was chosen
as the switching voltages. Moreover, according to the /-J characteristics, -4.5 V is
enough to switch the sample from the HRS to the LRS. On the other hand, the probing
voltage was set at -2 V as this gave a larger switching ratio. Switching properties were
stable over 40 switching cycles, and an averaged switching ratio of 230 % was
obtained.
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Figure 6-7 Resistance switching measurements of Ti/PCMO/LNO/LAO
top-down device, where solid circles and squares correspond to LRS,
and HRS.

A simple analysis of the top-down geometry device (Figure 6.8(a)) is made with 3
interfaces and 2 bulk resistances, and the corresponding circuit is shown in Figure
6-8(b). Rriipcumo, Recmonno and Ryyno are the interface resistances between Ti/PCMO,

PCMO/LNO and Ti/LNO, where Rpcyo and R;yo are the bulk resistances of PCMO
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and LNO. As seen in Chapter 5, resistive switching occurs dominantly at the interfaces;

in planar and top-down geometry devices there are two and three interfaces,

respectively.

In order to locate the position in which switching occurs in this devices, several
“electrode swapping measurements” were done. During such measurements, the I-V
behaviour was measured by switching between several top (or bottom) electrodes, with
the forming process only performed on a fixed pair of electrodes, e.g.
Til/PCMO/LNO/Ti 1. Subsequently, the /-7 characteristics were measured by fixing
the top Ti electrode (Til) while switching between two separate bottom Ti electrodes
(Ti I and TiIl). The results are shown in Figure 6-9. For Til/PCMO with Ti I /LNO
pair, the junction shows hysteretic /-V behaviour after forming, similar with the
previous case (Figure 6-6). After that, Til/PCMO was fixed and the bottom electrode
was switched to Till. Nearly identical /-V characteristic is observed. From this
observation, it can be concluded that resistive switching is due to the upper part of the

device.

I-V characteristics for swapping the top electrodes were also measured. Firstly,
resistive switching was performed in the Til/PCMO/LNO/Ti I device, which shows
the same behaviour as in Figure 6-9. Then the I-V characteristic was measured with
Til replaced by Ti2, which was a top electrode with no measurements performed
previously on it. If Ti I /LNO junction contributes switching effect, Ti2/PCMO with
Ti I /LNO pairs should also show hysteretic behaviour. However, according to Figure
6-10, non-hysteretic /-} behaviour was obtained. The /-V characteristic was similar as
that before forming was obtained. Owing to these results, I conclude that the Ti/LNO

interface does not contribute to the resistive switching effect.
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Figure 6-8 Schematic measurement setup of the PCMO top-down device (a) and

its equivalent resistance circuit (b).
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Figure 6-9 I-V characteristics of PCMO top-down resistive switching devices
with different bottom electrodes, measured after the forming process
was performed across Til/PCMO/LNO/Ti I : Til/PCMO - Ti 1/LNO
pair (black) and Til/PCMO - Ti I/ LNO pair (red).The schematic of
the measurement setup is shown in the inset, with a switch inserted

between the bottom electrode connection.
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Figure 6-101-V characteristics of PCMO top-down resistive switching devices
with different top electrodes after the forming process at Til/PCMO
with Ti I/LNO pair: Til/PCMO with Ti I/LNO pair (black) and
17i2/PCMO and Ti I/LNO pair (blue). Inset: Schematic of
measurement setup, which a switch inserted between the top

electrode connection.

Forming processes are needed to activate the resistive switching phenomena. The
forming voltage must be a positive bias, in which the current passes from Ti top
electrode through PCMO and LNO layer and finally into the Ti bottom electrode. In
contrast, firstly applying a large negative bias (-9 V)would also cause a sudden
resistance drop similar to the forming process in positive bias, but no resistive switching
effect can be observed and only a non-linear symmetric /-} characteristic can be

obtained.

I-V measurements were also performed for swapped top and bottom electrodes for
devices formed under -8 V bias conditions, and the results are shown in Figure 6-11 and
6-12. Similar current ranges and /- behaviours can be observed, when the top electrode
Til is changed to Ti2 while the same bottom electrode is Ti used. However, when the
bottom Ti I electrode is replaced by a fresh Till electrode, both resistance value and
I-V characteristic is similar as a fresh sample. In conclusion, large negative voltage bias

would damage the junction of Ti/LNO interface.
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Figure 6-111-V characteristics of PCMO sample with different top electrodes
after-9 Vvoltage bias at Til/PCMO with Ti 1/LNO pair: Til/PCMO
with Ti 1/LNO pair (black) and Ti2/PCMO and Ti 1/LNO pair (red).
Inset: Schematic measurement setup, which a switch was inserted

between the top electrode connection.
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Figure 6-121-V characteristics of a PCMO sample with different top electrodes
after forming with a -9 V voltage bias at Til/PCMO/LNO/ Ti [ :
Til/PCMO-Ti I/LNO pair (black) and Til/PCMO-Ti II/LNO pair

(green). Inset: Schematic measurement setup, with a switch inserted

between the bottom electrode connection.

In order to clarify the exact location where the switching takes place, additional
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devices with the PCMO layer sandwiched between two LNO layers were prepared.
Similar /-7 characteristic measurements were performed. No hysteretic /-V behavior
can be observed (Figure 6-13). If the PCMO/LNO interface does contribute to the
switching effect, resistive switching behaviour should be observed after the forming
process. However, the result indicates no hysteretic behaviour, which implies that no
resistive switching can be achieved and the PCMO/LNO interface is not responsible for

the switching in PCMO-based devices studied in this work.
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Figure 6-131-V characteristics of LNO/PCMO/LNO top-down device after
forming with a -9 V voltage bias. .

Current (nA)

The mechanism of resistive switching is still under debate. The experiments
above have indicated that the Ti/PCMO interface is responsible for the switching effect.
It has been suggested that the formation and disruption of TiOy at Ti/PCMO interface is
responsible for the switching effect[80]. When a high positive voltage bias is applied to
the sample from the top Ti electrode, the electrode acts as an anode and attracts oxygen
ions from the PCMO to form a TiOy resistive layer. A sudden resistance increase
constitutes the forming process, and a hysteretic /- and resistive switching behaviour

is obtained. In positive voltage bias, the top Ti electrode attracts negative-charged
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oxygen ions from the PCMO and further increases the thickness of the TiOy resistive

layer. In the negative voltage bias, the voltage can dissociate TiOy into Ti and O, so

the sample resistance is decreased and is driven into the low resistive state.

6.5 Conclusion

PCMO-based top-down geometry resistive switching devices with Ti electrodes
were demonstrated in this Chapter. T/PCMO/LNO/LAO resistive switching devices
were obtained after the forming process, in which a large current passed from top
electrode to bottom electrode. Over 200% of resistive switching ratio was obtained in
+5 V. Several experiments were performed, which showed that the bottom Ti electrode
was not responsible for the switching effect, and the Ti/LNO interface was not

responsible for the switching process.
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Chapter 7 Study of EPIR switching mechanism with
thermocouple based on planar PCMO resistive

switching devices

In this Chapter, planar PCMO resistive switching devices with Al and Ni
electrodes are investigated. In particular, thermal measurements on these devices with
micro-thermocouples are discussed, which sheds light on for the resistive switching

mechanism.

7.1 Introduction

As mentioned in Chapter 2, although resistive switching devices have been
successfully demonstrated by different research groups, the actual operating
mechanism behind the effect is still under debate[24, 39]. In order to determine the
mechanism of resistive switching effect, lots of experiments and analysis were
performed, including electrical and structural characterization. For example,
impedance spectroscopy was used to analyze the changes of resistance circuit in the
devices before and after switching[122]. Scanning Kelvin probe microscopy was
involved to measure the surface potential changes of the switching devices[90]. X-ray
photoelectron spectroscopy was performed for analyzing the elemental composition
and their electronic states in the devices[83]. Recently, high-resolution transmission
electron microscopy was also used to study the interfaces between metal electrodes and
oxide thin films, and the existence of an interfacial metal oxide layer was

observed[81].

While most of the studies are focused on the electrical aspects of resistive
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switching devices[90, 122], there are only a few groups which studied the switching
effect by thermal methods. Sato ef al.[123] found that the pulse duration needed to
switch the sample back to HRS with constant voltage depends on the resistance in the
LRS in NiO switching devices, and they used thermal simulation to calculate the
thermal distribution of the device. Cheng et al.[124] studied the switching effect in
capacitor-like NiO switching devices, and they numerically simulated the thermal
distribution inside the devices. They showed that bottom electrode thickness played an
important role in the resistive switching behaviour, and suggested it is related to the
thermal stability of conducting filaments. Experimental evidence was proposed by
Azumi et al.[125], who used microspectroscopic imaging for observing the optical
reflectivity of Lag33Sro67FeOs-based planar geometry switching devices. This
technique was similar to my later experiment of the thermo-reflectance imaging. They
noticed that the profile of conducting area between two electrodes changed during
switching, and it was explained by the Joule heating which caused oxygen-ion
migration. Janousch et al.[59] also performed similar experiment in Cr-doped SrTiOs
single crystal with infrared thermal image, in which hot spots were observed in the

anode at HRS.

However, it has been shown that the interface resistance between the electrodes
and PCMO is much larger than the intrinsic resistance of PCMO thin films, and it is
believed that the transport properties are dominated by the interfaces[68]. Besides,
devices with PCMO films and metal electrodes of similar work functions have shown
drastically different /-}" characteristics and resistance switching phenomena, as shown
in Chapter 4. These suggested that carrier transport at interfaces cannot be simply
explained by Schottky barrier effect[68, 73, 81]. Indeed, Li et al.[81] have observed an

AlOy layer at the AI/PCMO interface by transmission electron microscopy, and they
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have attributed the RS effect to the formation and dissociation of the alumina layer.
However, due to the experimental difficulties on direct profiling the electrical
properties of the interface between the metal electrodes and the PCMO films, it
remains challenging to investigate the influence of the interface effect on resistance

switching.

It is therefore worthwhile to investigate resistive switching by thermal means, in
order to obtain further information for investigating the resistance switching
mechanism. In this project, I monitored the temperature variations of the metal
electrodes in PCMO-based planar resistive switching devices. Micro-thermocouples
were used for direct probing of the temperature of the electrodes. Such a measurement
provides a direct, non-destructive and simple characterization method to obtain the
thermal information from the devices. In the experiment, the temperature of electrodes
at both HRS and LRS at the same current bias levels were measured. Temperature
variations at HRS and LRS were compared directly, and according to the

measurements, the origin of the heat sources was studied.

7.2 Experimental details

The structure tested was AI/PCMO/NIi in a planar geometry. 250-nm-thick PCMO
perovskite thin films were epitaxially grown on LAO (001) substrates by PLD, using
the same deposition conditions as described in Chapter 5. Metal electrodes with
800-um diameters were prepared on PCMO through photolithography-prepared lift-off
patterns, and the minimum separation between pairs of electrodes was 30 pm (Figure
7-1). Electrical measurements, including /-J" characteristics and resistance switching

measurements, were performed with a Keithley 2400 sourcemeter.

For temperature measurements, two 30-um-diameter type-T microthermocouples
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were placed on the Al and Ni electrodes directly, and the temperature data were
real-time monitored and recorded by a LABVIEW program at a rate of 5 Hz. All

measurements were performed at room temperature. The schematic diagrams of

electrical and thermal measurement setups are shown in Figure 7-1.

Keithley 2400

-~

A/
& '.l-r

Micro-thermocouples

Al

LAO

Figure 7-1 Schematic diagrams of electrical (left) and thermal measurement

setups (right).
7.3 Electrical measurements

The [-V characteristic of an AI/PCMO/Ni device, as measured by the two-point
probe method, is shown in Figure 7-2. Here the positive bias is defined as electric
current flowing from Al to Ni. When the applied voltage bias increases from 0 to +10
V (path 1), the slope of the /-V curve is gentle and the device is at HRS. It remains at
HRS along path 2 and path 3, until the applied voltage is over -6.4 V at path 3. The
current across the sample increases suddenly from this point, and the device is
switched into the LRS. After that, the device remains at LRS as the voltage returns to

zero along path 4 and switchs again to HRS.

Resistance switching measurements were performed. The changes in sample
resistances, after the application of voltage pulses, are displayed in Figure 7-3. After

applying two pulses at -10 V for 1 ms, the sample resistance was measured with a bias
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of -2 V. Subsequently, two +10 V pulses were applied to switch the sample back to the
HRS, and the resistance was measured again. A resistance switching ratio of around
200% was obtained over 100 switching cycles. The LRS and HRS resistance values are
fairly stable through this period except in the last part of the measurement, in which a

slight increase of resistance on both states were obtained.
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Figure 7-2 I-V characteristic of a AI/PCMO/Ni device obtained by two-point

probe measurement.
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Figure 7-3 Resistance switching measurement of the Al/PCMO/Ni device.

Lau Hon Kit 89



Chapter 7

2
Q& The Hong Kong Polytechnic University

7.4 Thermal measurements

For thermal measurements, background measurement (i.e. temperature
measurement without bias voltage applied) was performed for 20 s, followed by a -2 V
dc probing voltage (V) applied across the sample for 30 s. These procedures stabilized
the temperature changes caused by the voltage bias applied and ensured identical
starting conditions for the sample during measurements. The thermal response of the
device as a function of time is plotted in Figure 7-4. It can be seen that no observable
temperature difference between the two electrodes was detected. Initially, the sample
was set in HRS. Subsequently, a negative dc current (/p;,s) was applied for another 30 s,
switching the sample to LRS. A large temperature difference between Al and Ni was
measured during the application of I;,;, which suggests uneven heating inside the
device. Afterwards, V, was applied to the device for 60 s, and the electrode
temperatures decreased gradually back to the initial values. Similarly, for HRS
measurements /,;,; of the same positive magnitudes were applied to the device, and the

thermal responses at LRS and HRS were compared directly.

It is worth to mention that the thermocouples used for measuring Al and Ni
electrode temperatures have been swapped during the experiment, to ensure the
measured temperature difference was not due to the intrinsic error from the
thermocouples. Moreover, the position of the thermocouple was also a concern. It is
possible that uneven heating on the electrodes surface may occur. Both thermocouples
were places in the middle of the metal electrodes, where electrical probes were placed
next to them and relatively far away from the junction. This ensured the current to pass
through the metal electrodes at the position where thermocouples were placed, and so

more observerable results can be achieved.

Lau Hon Kit 90



qu Chapter 7

The Hong Kong Polytechnic University

i

. 1 X 1 r 1 i 1 v L) v
——-10mA (Al)
3084 (@) —#+— -10mA (Ni)
——-11maA (Al)
o —e— -11mA (Ni)
- 1 -13mA (Al)
o — 43mA (Ni)
= —m—+11mA (Al)
® —@—+11mA (Ni)
@ 3004
D 300
E
)
|—
296
SR
=0
s
5
= V \Vi
3 P P
D
E bias
5
> I’Il 1 i 1 i 1 i 1 i L i
0 50 60 70 80 90 100
Time (s)

Figure 7-4 (a) Thermal response of a Al/PCMO/Ni device subjected to external
electrical signals, as a function of time. (b) The bias current/voltage

profile during electrical measurements.

The temperature response of Al and Ni electrodes at LRS and HRS as a function
of Iyiss magnitude is plotted in Figure 7-5. I,,s magnitude from 10 mA to 13 mA were
chosen as resistance switching from HRS to LRS occurred at around -10 mA. It can be
clearly observed that, for the same magnitude of /5, both electrodes have higher
temperatures at the HRS than the LRS. In order to verify the origin of the heat source,
the temperature differences between the HRS and LRS within the electrodes are
plotted in Figure 7-6. It can be observed that when |l equals 13 mA, the Al
electrode is at 315 and 305 K for HRS and LRS, respectively (i.e., 474 = 10 K),
whereas ATy; is just 6 K. The result suggests that a stronger local heat source exists

under the Al electrode.

Lau Hon Kit 91



qu Chapter 7

The Hong Kong Polytechnic University

316 /f

7/ -
B Ta| Rpigh)
O Tni Rpiah)
312 L Ni \"*high .
Q - TAI (Rlow)
~ O Tni Riow) u
9 308 | O
= n
2 o -
o 304
o O u
5 " o
j— 300 [ ] & o)
296 |-
" Iﬂr " 1 " 1 i 1 M 1
0 9 10 11 12 13

|Current| (mA)

Figure 7-5 The thermal response of Al and Ni electrodes under HRS and LRS as
a function of varying Ipiys.
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Figure 7-6 The temperature differences within the electrodes between HRS and
LRS.

7.5 Discussion

According to the results, a higher temperature was observed in Al electrode, no
matter the device was in LRS or HRS. A local heat source must exist under the Al

electrode. This phenomenon can be explained by the finding that AlOy layer exists at
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the interface between Al and PCMO thin films[81]. Locally, with a resistive AlOy layer,
more heat is generated during the application of the bias current. Thus, it causes

additional heating, and a higher temperature was obtained.

Moreover, the characterization of the thermal response as a function of varying
Ipias can provide extra information on the heating phenomenon[113]. There are two
main types of heating effect, one is Joule effect and the other is Peltier effect. Joule
effect is a quadratic effect, in which heat is dissipated by the resistor when a current is
applied on it, and it is a bulk heating effect. Peltier effect is a linear effect with the bias
current, in which the heat can be absorbed or liberated depending on the polarity of the
current applied on two materials. These two effects can be distinguished by the
temperature variation with different current bias. A quadratic behaviour between
temperature and current bias represents Joule effect where linear relationship
represents Peltier effect[113]. According to Figure 7-6, it seems the results cannot be

simply explained by Joule heating effect due to a relatively linear relationship.

Apart from the thermal measurements, in order to verify the activating switching
area of the devices, three-point and four-point resistance measurements were
performed to determine the interfacial nature of resistive switching and the results are
shown in Table 7-1. From the results, only the interface resistance of AI/PCMO was
changed in the switching and the resistance difference were nearly the same as the
totally resistance difference in the devices. It is concluded that AI/PCMO interface

contribute the resistive switching.
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LRS HRS
PCMO bulk resistance (4-point measurement) 0.5 kQ 0.5 kQ
Al/PCMO interface resistance (3—point measurement) 5.2kQ 7.8 kQ

Ti/PCMO interface resistance (3—point measurement) | 0.0278 kQ | 0.0278 kQ

Total resistance (calculated base on 3-point and 4-point 5.73 kQ 8.5 kQ
measurements)
Total resistance (base on resistance measurement) 5.5kQ 8.5kQ

Table 7-1 Summary of measured resistances at various locations of the
Al/PCMO/Ni device, in LRS and HRS.

7.6 Conclusion

To summarize, thermal analysis was used as a direct and non-destructive method
to study the resistance switching effect in planar AI/PCMO/Ni devices. Thermal
measurements with thermocouples showed a significant temperature difference
between the two electrodes, and higher temperature values were obtained at aluminum
electrode at both HRS and LRS. It indicates the existence of a resistive layer
underneath the Al electrode. This resistive layer is possibly AlOx, which was also
found in other studies in literature. Moreover, by three-point measurements, the
switching performance is suggested to be due to the AI/PCMO interface resistance, and
it further proves the interface between AI/PCMO contribute the switching effect. The
thermal measurement can be very useful to characterize the resistive switching devices,
and it can provide useful information on how input power is dissipated inside the

devices.
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Chapter 8 Study of resistive switching in planar
PCMO resistive switching devices with

thermoreflectance imaging

In this Chapter, planar PCMO resistive switching devices are studied. In particular,
thermal measurements with thermoreflectance imaging technique are discussed. SEM
with FIB technique are used to investigate the interface between metal and PCMO.
These studies provide further support that oxide formation is responsible for the

switching mechanism.

8.1 Introduction

In the last Chapter, I used a direct, in-suit thermal measurement with
thermocouples on planar AI/PCMO/Ni devices to investigate the resistive switching
phenomenon. It showed unequal heating at Al and Ni electrodes, with much stronger
temperature changes observed at the Al electrodes between low and high resistance
states. These information provide the temperature variation of surface of metal

electrodes, and it is a suitable method to analyze the thermal response of the devices.

Thermal measurement with thermocouples is the easiest thermal characterization
technique to measure the thermal properties of the devices. It is cheap and accurate.
However, this technique only provides limited spatial thermal information, which is
limited by the size of the thermocouple used. Given that the smallest size of
commercially available thermocouple is 25-50 pum in diameter, it is impossible to
perform experiments with greater details by using this technique[126]. Also, extreme
care must be taken to handle the micro-thermocouples and setup the micro-probing

system. In my case, thermocouples can be used to measure the temperature profile of
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the surface metal electrodes. However, as the separation between two electrodes was
30 um, it reached the spatial resolution limit of my 30 pum thermocouples. Although
uneven heating between electrodes was formed, it is worth to know the temperature
distribution of the PCMO in between the metal electrodes. For example, a sharp
filamentation path was observed in Cr-doped SrTiO; single crystal memory cell with
an infrared thermal imaging technique[59]. Azumi et al.[125] also observed heat
diffusion movement in the Lag33Sr)¢;FeOs.5 oxide surface during switching, and they
proposed an oxygen-ion migration model to explain the phenomena and the switching
effect. Studying the thermal profile of my PCMO surface is therefore important to
determine the resistive switching mechanism. Thermal measurement techniques other

than thermocouples were needed to achieve better spatial resolution.

There are a few different types of thermal measurements which can be used [126].
Infrared thermography is the most popular method among the thermal imaging
techniques, in which sensitive infrared camera is used to measure the radiation
intensity and determine the temperature of the object based on Plank’s blackbody law.
However, the highest spatial resolution of the image is 3 um[126]. Scanning thermal
microscopy can achieve spatial resolution image down to 0.05 um. It is based on the
scanning probe microscopy technique, with a very small thermocouple fabricated on
the tip. This technique provides an excellent spatial resolution. However, a fairly long

time is need to get a single thermal image[126].

To balance both spatial resolution and imaging time, the thermo-reflectance
imaging technique was wused in my experiment. It is based on the
temperature-reflectivity relationship of the material. The reflectance signals of the
materials are recorded by a CCD camera for temperature mapping. This technique

provides a high spatial resolution down to 0.3-0.5 um, and it does not need scanning
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and so it can save measurement time. Other poplar thermal measurement techniques

are summarized in Table 8-1.

Eesolution
Method Principle Spatial Temperature Time |Imaging?
{microns) 9] {zec)
Micro-thermocouple Seebeck effect 20 001 10-100 Ho
. Plank blackbody ~ 0.02-1K {if
Infrared Thermography cmission 3-10 blackbody) 0y Yes
Liquid Crystal Gn-ata] ]:f];afse i 0.1 [n.ear .
Th Iy wransitions {change -5 phaze lom Yes
ETIMOSTapLY color) transition)
Temperature 0.006-
Therme-reflectance dependence of 0.3-0.5 001 1} 1 Yes
reflection ha
Aromis force .
; . 0.05 (zample
Scanning thermal microscope with -
microscopy {SThAL) themmeocoupls or Pt surface . 0.1 10-100 | Scan
themmistar fip morphelegy)
Fluorescence Temperature
3 . dependence of 0.3 001 00 p Scan
Thermography guanim efficiency
- . Thernal Expansion, . 0.006-
Optical Interferometry Michalson nps 0.5 0.0001 {1fin) 01lp Scan
Use near Seld to D11 (5
Near Field Probe (NSOXI) iprove optical I E dependent) 01-10p | Scan
resoluton
S Fabricate a thermal
i‘;’:;r‘:‘ remperature sensor intesrated into 100° 0.0002-0.01 lu Mo
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Table 8-1 Summary of popular thermal measurement techniques in micro- and
nano-scales[126].

Thermoreflectance imaging technique has been successfully applied on studying
various electronic devices including quantum dots (QD), quantum well (QW) lasers,
and nanowire devices[127-129]. Recently, there is only one paper try to analyze the
resistive switching devices with the thermoreflectance imaging technique[125], and it
has the potential to extract some interesting information which is otherwise not

assessable by other techniques.

The working principle of thermoreflectance imaging technique and equipment
used were discussed in Chapter 3. In my current work, by using thermoreflectance
method, thermal response information of the metal electrodes and the PCMO channel

were obtained. Two-dimensional temperature maps can then be produced, allowing one
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to locate the origin of the heat sources and compare with the heat transfer model for

characterizing the switching phenomenon under different bias conditions.

8.2 Experimental details

The structure under test is AI/PCMO/Ti with a planar geometry. 250-nm-thick
PCMO perovskite thin films were epitaxially grown on LAO (001) substrates using
PLD. Identical deposition conditions as PCMO thin films growth described in Chapter
5 were used. Metal electrodes (in form of 200 um square) were prepared on PCMO
through photolithography-prepared lift-off patterns, and the minimum separation
between pairs of electrodes was around 40 um (Figure 8-1). Electrical measurements,
including /-V characteristics and resistance switching measurements, were performed

with a Keithley 2400 source meter.

For thermoreflectance imaging measurements, a 10-Hz voltage bias signal was
sent to the device, and the frame trigger signal was sent to a 12-bits CCD camera. The
frame trigger signal was phase-locked to the device bias signal at 40 Hz. A blue LED
with wavelength of 470nm was used for illumination; operating the LED at constant
input power ensured that the optical flux was a constant. Four pictures were taken by
the CCD camera during each cycle of device bias, and the calculation of
thermoreflectance signal (4R/R) was based on the approach suggested by Grauby et
al.[113] and Fournier et al.[112] by using a LabVIEW program. The schematic
diagram of experimental setup for thermoreflectance imaging, electrical measurement
setup and optical micrograph of a AI/PCMO/Ti resistive switching device are shown in

Figure 8-1.
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Figure 8-1 (a) Schematic of experimental setup for thermoreflectance imaging.
(b) Optical micrograph of a AI/PCMO/Ti resistive switching device.

8.3 Electrical measurements

The Hong Kong Polytechnic University

(c) Schematic of electrical setup.

Keithley 2400

H

Al

Ti

Figure 8-2 shows the I-V characteristics of a AI/PCMO/Ti device. A positive bias

is defined as electric current flowing from Al to Ti. When the applied voltage bias is

increased from zero to +5 V (path 1), the slope of the /-V curve is gentle and the device

is at the HRS. It remains at HRS along paths 2 and 3, and switches to the LRS only

when a -3.8 V bias is applied across the electrodes, which is accompanied by a sharp

increase in current. The device then remains at the LRS along path 4, until a large

positive bias is applied to the sample. By comparing the current values under HRS and

LRS in Figure §8-2, the RS ratio is equal to 27 times for the device under a -2 V

probing voltage. The maximum power consumption in this case is around 1 mW

(1(200uAd) <V (5V')) which is quite small for memory applications.
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Figure 8-2 I-V characteristics of a typical AI/PCMO/Ni device. Upper inset
indicates the polarity of the electrodes under positive bias, and lower

inset shows the semi-log plot of the I-V curve.

8.4 Thermal measurements

Thermoreflectance images of a Al/PCMO/Ti device under different bias
conditions are shown in Figure 8-3(b) to (i). The images can be converted into
temperature maps once the thermoreflectance signals (4R/R) for different materials are
multiplied by the corresponding thermoreflectance coefficients &«  The
thermoreflectance coefficients of Al, Ti and PCMO are measured to be around 3X10'4,
8x10™ and 1.3x107 K™ respectively by comparing the measured temperatures obtained
using micro-thermocouple and the thermoreflectance signal under the same voltage
bias. For simplicity, one can use the value of AR/R while comparing over the

temperature changes of the same materials.

At positive bias (current flows from Al to Ti) (Figure 8-3(b)-(d)), the normalized

thermoreflectance signal (AR/R) (which is proportional to the temperature variation)
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within the device is spatially homogenous (3.2-3.5%10™), indicating a fairly uniform
temperature distribution across the device and no localized heating can be observed. At
low negative bias levels up to -3 V (Figure 8-3(g)), the thermoreflectance signal
remains nearly the same as in the positive bias regime and no heating is observed.
However, when the applied voltage is increased to -4 V (Figure 8-3(h)), localized hot
spots starts forming at the PCMO edge next to the Al electrode and resistive switching
from HRS to LRS occurs. If the bias voltage is further increased to -5 V (Figure 8-3(i)),
stronger localized heating occur and the hot spots grow in size. The heated region
spans over a distance of 10 um along the edge of the Al electrode. This result agrees
well with the previous finding in Chapter 7, where the interface between Al and PCMO
is the major heat source of such RS devices. However, since the micro-thermocouples
used in Chapter 7 had a diameter of 30 um, it would be extremely difficult to measure
the temperature of the PCMO channel in between the electrodes directly. Besides, the
spatial resolution of the single-point measurement is insufficient for locating the hot

spots on the PCMO channel.

To further investigate the localized heating effect on the device, the
thermoreflectance signal (averaged across the hot spot region of the PCMO channel at
various voltage biases) are compared in Figure §-4. It can be observed that the heat
source width is about 5 um next to Al electrode on the PCMO channel. The thermal
gradient of about 2x10°> K/m represents a significant amount of heat flowing from the
Al to Ti thought the PCMO. Such a localized heating phenomenon occurs only under
large negative bias, during which switching from HRS to LRS occurs. The temperature

increase for the hot spot under LRS is 7 times larger than the HRS.
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Figure 8-3 Thermoreflectance measurements of resistive switching devices. (a)
Optical image of the device, (b)-(i) are the reflectance images at the
highlighted region, obtained by biasing the device at different

positive and negative voltage biases.
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Figure 8-4 The actual temperature variation across the PCMO channel across
the arrow in Figure 8-3(a) at various biases, with zero position

indicating the edge of the Al electrode.

8.5 Finite element computational simulation [130]

In order to identify the origin of the localized heat sources and their relationships
with the resistance switching mechanism, a two-dimensional heat transfer finite
element model was developed with a commercial software (COMSOL), and the results

are shown in Figure 8-5. The heat transfer simulation was governed by the equation
—~V?kT =q where k is the thermal conductivity of the material and g is the volumetric

heat source. The values of & used in the simulation were 237, 21.9 and 1 Wm'K! for
aluminum, titanium and PCMOJ[131], respectively. The volumetric heat source was
obtained by fitting the simulated results with the experimental finding, based on the
input power (I xV) at LRS. Convection and radiation heat transfer were neglected in

the thermal model.

In the model, Al and Ti electrodes were assumed to be connected electrically by
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the PCMO channels. Two different scenarios were considered. In the first case, a total
of seven equally-conducting paths (each 10 pum length) were present in between the
metallic electrodes (inset of Figure §8-5(a)). The second case (inset of Figure 8-5(b))
was identical to the first one except that six of the paths were blocked by the presence
of oxide barriers. Equal voltage biases were assumed for both cases, and therefore the
current through each channel should be identical if the metal electrodes were treated as

equipotential surfaces.

In Figure 8-5(a), the current is evenly injected into all of the seven paths, and
uniform heating can be observed on the PCMO film. However, if only one of the
channels contributes to the current follow, the current will be crowded in the particular
channel. Uneven temperature distribution similar to the experimental results (Figure
8-4(i)) will then be obtained as shown in Figure 8-5(b). It can also be observed from
the simulated thermal results that if all channels are contributing to the electrical
current, the maximum temperature at the PCMO thin film at LRS increases from 303K
to 315 K.The heat transfer model allows us to compare the effect of the current
distribution on the homogeneity of the temperature across the PCMO channel and

predict the temperature profile under different bias conditions.

Since the blocking and un-blocking of the PCMO channel is closely related to the
RS mechanism, it is important to discuss the possible physical origin of the effect.
Janousch et al. observed filament paths on Cr-doped STO single crystal resistance
switching device by infrared thermal imaging, although the actual temperature rise was
not reported due to the low spatial resolution of the IR camera[59]. For the NiO device,
Phark et al. demonstrated the resistance switching mechanism can be related to the
thermal treatment of the device[132].

On the other hand, for PCMO RS devices, Li ef al.[81] showed that a thin layer of
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AlOy exists at the interface between Al and PCMO by using TEM. It was proposed that
the formation and dissociation of the AlOy layer actually contributes to the RS effect in
the device. This phenomenon can be explained by electrochemical reaction of the
interfacial AlOy. In the negative voltage bias, dissociation of interfacial AlOy layer
occurs, Al and oxygen are formed, and hence the electrical conductivity of the device
increases. Similarly, when the device is under positive bias, AlOy layer would be
formed between the Al and PCMO interface, and the resistance of the device increases.
The occurrence and removal of AlOy thus explains the blocking and unblocking of the

conducting paths from the Al into PCMO.
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Figure 8-5 Thermal modeling results for the resistive switching devices,
assuming the presence of seven heat sources (inset of (a)) or one

single heat source (inset of (b)) at the Al edge.

8.6 Discussion

In order to verify the hypothesis, additional experiments were performed by using
focused-ion-beam microscope to etch the area under the aluminum contact and the

PCMO film, and examine subsequently those etched regions by SEM.

It can be observed from Figure 8-7(a) that for a device used for resistance
switching measurement, a thin barrier layer is present under the aluminum electrode.

This is in contrast with the case of a fresh device which has not performed any
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resistance switching measurement (Figure 8-7(b)). Such formation of oxides has been
observed between PCMO and metallic electrodes by high-resolution transmission
electron microscopy, and was attributed to the RS effect[81, 121]. Figure 8-7(a) and (b)
directly draw the relation between the resistive states of the devices with the existence

of the oxide layer at AI/PCMO interface in our devices, and how does it affects the

thermal distribution at LRS and HRS .

It is also interesting to note that this interfacial layer is observed only at regions of
Al electrode close to the PCMO channel, where the electric current tends to rush into
the PCMO and hence has a higher electric field when the device is under operations.
No such a barrier was observed at the interface in the central region of the Al electrode
(Figure 8-7(c)). Moreover, in the optical microscopy image (Figure 8-6), lots of
bubbles are formed near the edge of the Al, where the thin barrier layer exists. It is
correlated to the finding in the SEM image, which the layer is only observed at regions
of Al electrode close to the PCMO channel. Furthermore, no barrier is observed in the
edge of Ti electrode, which further strengthen the resistive switching is due to the

existence of the oxide layer at AI/PCMO interface.

s NG drant P 50.0um , :

Figure 8-6 Scanning electron micrograph (left) and optical micrograph (right)
of the device; difference is observed between regions of Al electrode
close to the PCMO channel and the central region of the Al electrode.
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Figure 8-7 The cross-sectional scanning electron micrographs of Al/PCMO
interfaces. The interface at regions close to the PCMO channel are
shown for devices with (a) or without (b) performing resistive
switching. (c) shows the AI/PCMO interface at the centre of Al
electrode for the switched device. Tungsten (W) layers on Al were

deposited for sample protection during FIB etching.

Lau Hon Kit 108



Qb Chapter 8
Qv The Hong Kong Polytechnic University
By combining our experimental findings from the thermal imaging method and
the SEM images, we can conclude that uneven current injection occurred in the device
which caused an inhomogenous temperature distribution. Such an uneven current
injection is believed to be due to the variation of the AIOy thickness underneath the Al
electrode. It is possible that at some regions the AlOy fails to be reduced back into Al
and shuts the corresponding current channel into PCMO; in the long-run this would
raise the equivalent resistance of the device. A larger voltage bias is therefore required
to enforce the reaction to take place. It can thus be postulated that if the RS device is
modulated by a current source, a thermal runaway process would occur due to the
cumulative current crowding effect over a limited number of channels, which speeds
up the degradation of the device. On the other hand, if a voltage bias is used to
modulate the resistance switching device, a gradual increase in the overall resistance of
the device would be expected in the long run due to the incomplete reduction of the
aluminum oxide under large negative bias. This results in a gradual decrease in
resistance switching ratio, given that the voltage bias source does not affect the high
resistance state under positive bias. Partial support of this claim can also be found in
Figure 5-6 and Figure 7-3, which demonstrates a continuous measure increase of LRS
resistance value with repeated switching by application of fixed positive and negative

pulses.

8.7 Conclusion

In conclusion, uneven current injection into the PCMO resistance switching
device has been observed by high-resolution thermal imaging method. A heated region
with width 10 pm was detected. By combining thermal images under different bias
levels and the SEM images, an explanation for the RS mechanism of the PCMO device

was provided.
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Since the uneven current injection is difficult to be observed by performing
electrical measurement as all the channels are connected in parallel, the proposed
thermal imaging method thus provides a novel, in-situ and powerful technique to
characterize RS devices by measuring the area of active channels and hence the total
injection current. Moreover, both measurements and simulation have been determine
that when the RS device switch from HRS to LRS, a 7-fold increase on temperature

variation can be observed at the hot spots.
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Chapter 9 Conclusion

The research work in this thesis includes the fabrication of resistive switching
oxide thin film devices based on two types of manganites, LSMO and PCMO.
Characterization of the devices were done, including structural and electrical analysis.
Both LSMO and PCMO were epitaxially grown on LAO (001) substrates using pulsed
laser deposition technique. The characteristics of the switching devices were studied

using electrical measurements.

Planar LSMO thin film resistive switching devices with Au electrodes performed
multi-level resistive switching, by applying different voltages after the forming process.
Those multi-level resistance states showed good stability up to 30 mins and

reproducibility up to 10* multi-switching cycles.

Planar PCMO thin films with different metal electrodes were fabricated for
studying metal electrodes dependence of resistive switching. Only devices with Al
electrodes performed switching effect. Moreover, switching ratio performance of the
devices was also studied, and the switching ratio was shown to be governed by the
applied voltage pulse width and magnitude. In order to reduce the switching magnitude
by the keeping the switching ratio constant, a longer pulse width is required. In
contrast, increasing the pulse magnitude can reduce the pulse duration required for

generating a constant switching ratio.

In order to improve the potential application of PCMO resistive switching devices,
top-down geometry PCMO was also studied. Epitaxial PCMO thin film growth on
conducting LNO bottom electrode with LAO substrate was fabricated. The devices
with Ti metal electrodes showed switching effect after the forming process. Only £5 V

was enough to switch the devices in between HRS and LRS.
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The resistive switching mechanism of the PCMO devices was investigated using
basic electrical measurements, three-point and four-point measurements, as well as
thermal measurements. Electrical measurements showed that the interface of AI/PCMO
contributed to the switching effect, and linear /I-V characterization in four-point
measurement determined that the bulk of PCMO thin film alone was not able to
explain the effect. Moreover, thermal measurements with thermocouples and
thermoreflectance imaging technique showed an uneven heating between electrodes,
and higher temperature was obtained at regions of Al electrode close to the PCMO
channel. Furthermore, a resistive layer was observed at Al/PCMO interface in

switching devices by SEM.

A mechanism of resistive switching was proposed, in which electrochemical
reaction of the interfacial AlOx was suggested to be responsible for the resistive
switching effect. By the formation and dissociation of the AlOy layer under different
voltages of polarities, the resistance of the sample changed due to the thickness
variation of the resistive AlOy layer. This reaction further explained why the endurance
and retention performances of the devices were not good enough for commercial
application at the moment. Due to the variation of the thickness changes in AlOy
during the application of the voltage bias, fluctuation of the resistive states values were

observed.

To conclude, resistive switching effect has the potential for being used as
commercial memory products, especially for devices with Al electrodes. By controlling
the thickness of AlOy in the interface, commercial memory products with high density

and good stability are possible.
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