The Impact of Lithium Ion on the
Application of Resistive Switching
Devices

by

Guofei Long

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Master of Applied Science
in
Electrical and Computer Engineering(Nanotechnology)

Waterloo, Ontario, Canada, 2023

© Guofei Long 2023



Author's Declaration

| hereby declare that | am the sole author of this thesis. This is a true copy of the
thesis, including any required nal revisions, as accepted by my examiners.

| understand that my thesis may be made electronically available to the public.



Abstract

With the development of the times, people have higher and higher requirements for
storage equipment. Many new storage devices have emerged, such as Magnetoresistive
random-access memory(MRAM) and Resistive random-access memory(ReRAM). The
junction structure is the basic unit of these two storage devices, and in this paper, the
MTJ and resistive switching junction are tuned with lithium uoride(LiF) to optimize
their performance, respectively.

In the rst experiment, a magnetic tunnelling junction resembling a battery is
developed and proved to be electromagnetically tuneable. In this LiF-based device, re-
versible non-volatile resistive switching phenomena and tunnelling phenomena coexist,
enabling four well-de ned groups for each device. The management of the interface en-
ables the spin transfer of actively controlled devices, hence enhancing their application
potential.

In the second experiment, 796 devices were measured. For the resistive switching
device with TiO as the insulating layer, adding additional LiF layer can signi cantly
increase the probability of resistive switching phenomenon, and adding an appropriate
thickness of LiF can also increase the di erentiation between high and low group states,
which is bene cial for the regulation of resistive switching devices.
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Chapter 1

Introduction

In today's world, the social changes brought about by information technology are af-
fecting every aspect of our lives, whether it is personal devices such as smartphones
and personal computer, or the Internet of Things, e-commerce, cloud computing, etc.
represented by the big data information era has greater demand for storage perfor-
mance. The rapid development of information technology depends on large storage
capacity and high access speed storage, so for meeting the requirements of high den-
sity, high speed, low power consumption, small size, long life and other characteristics
of the high-capacity non-volatile out ride to put forward an urgent demand. The cur-
rent RAM is mainly oh divided into three categories: static random access memory
(SRAM), dynamic random access memory (DRAM) and ash memory, each has ad-
vantages and disadvantages, such as ash storage is the only way to make storage in
the case of storage without power, but the speed is slow, while dynamic RAM and
static RAM will lose information after a power failure, so it does not store informa-
tion permanently. So driven by this urgent need, major research institutions have
researched and proposed some emerging storage concepts and scrambled to meet this
information storage need and thus nd a solution. Some of the more representative
storage solutions in cash include Magnetoresistive random-access memory(MRAM)[5]
phase change memory(PCM)[6, 7] and Resistive random-access memory(ReRAM)[1].

ReRAM, also known as RRAM, is a non-linear resistor with memory function. A
ReRAM contains top electrode, oxide insulating layer and bottom electrode which
Is similar as a sandwich structure. This layer of oxide insulation layer can exhibit
resistance switching characteristics under the excitation of the two electrode voltages.
The earliest studies on the resistive switching phenomenon date back to the 1960s[3,

], and the recent rise of the resistive transition phenomenon started mainly in the
late 1990s and early years of this century, with more research on composite metal
oxides at rst, such as some pervoskite oxideSrTiO,[10], SrZrO3 [11]. In recent
years, more research has been done on binary metal oxides, such i&[12], ZnO[13],
Cu,0[14],Al,03 [15],HfO [16], etc., mainly because of their simple material structure,
easy control of stoichiometric ratios, mature preparation processes, and compatibility
with the current complementary metal-oxide semiconductor(CMOS) integrated circuit
fabrication processes, which have received widespread attention.



In 1817 Arfwedson was the rst to discover lithium. The lithium is the third alkali
metal element to be discovered in nature. Unlike potassium and sodium, which are
found from plants, lithium is found from ores. Lithium is a chemical element with
an atomic number of three and an atomic mass of 6.941u. Lithium is a soft, silvery-
white alkali metal. With two electrons in the K layer and one in the L layer, it is the
lightest of the alkali metals. Lithium and his compounds have a variety of industrial
applications, including heat-resistant glass, ceramics, lithium grease lubricants, ux
additives for the production of iron, steel and aluminum, lithium batteries and lithium
ion batteries. It is known that lithium-containing materials can exchange ions with

transition metal oxides, leading to signi cant changes in their magnetic and electrical
properties.



Chapter 2

Fundamentals

2.1 Introduction of several new types of non-volatile
storage

Information storage circuit modules are a crucial component of microelectronic inte-
grated circuit systems. However, traditional electronic memory devices such as Static
Random Memory (SRAM), Dynamic Random Memory (DRAM), and Flash Memory
are facing challenges in breaking through size limitations. These challenges have forced
major industry research institutions and research institutes to explore new non-volatile
memories[17, 18] that can meet speci c requirements, such as long information reten-
tion time (over 10 years) [19], fast information access speed (in the order of nanosec-
onds), low power consumption, high reliability, and high integration of circuit memory
cells.

Several emerging memory concepts have been proposed by researchers that can meet
these requirements. Representative examples include Magnetoresistive RAM (MRAM)
[20], Phase-change RAM (PRAM) [21, 22], and Resistive RAM (RRAM) [23, 19].
These innovative memory concepts are gaining attention due to their ability to meet
the aforementioned requirements for modern electronic memory devices.

2.1.1 FLASH memory

The cell structure of ash memory consists of a Metal Oxide Semiconductor (MOS)
tube with a oating gate[24]. A dielectric material isolates the top and bottom of the
oating gate, forming a capacitor for storing charge. By controlling the amount of
charge injected into the oating gate, it is possible to adjust the threshold voltage of
the MOS tube, Vr. When there is charge in the oating gate, the reading voltage of
the MOS tube increases. Conversely, when the read/write voltage is less then, the
MOS tube is turned o, corresponding to logic "0". On the other hand, when there
is no charge in the oating gate, the reading voltage is greater thaw, and the MOS
tube is turned on, corresponding to logic "1".



Figure 2.1: The physical structure of ash memory

Figure 2.1 shows the schematic of a ash memory cell. After more than 20 years of
development, ash technology has become one of the most mature non-volatile mem-
ories and is now the mainstream product for commercialization. However, with the
continuous progress of the process, as the channel, oating gate, and dielectric layer
become proportionally smaller at the 32nm process point, the process di culty in-
creases, making it challenging for ash technology to continue to advance, and even
reach its physical limit. This situation creates a historic opportunity for the develop-
ment of other storage technologies.

212 MRAM

Magnetic random memory (MRAM)[25] is a type of memory that stores data by chang-
ing the direction of magnetization. Currently, many international semiconductor com-
panies, including Motorola, IBM, HP, and In neon, are actively developing this tech-
nology. The design of MRAM is attractive because it is based on the control of electron
spin direction, which allows for the reading of current size and the storage of binary
data. In theory, ferromagnetism will never fail, and the number of reads and writes is
unlimited.

The initial development of MRAM used a magnetoresistive element known as a
giant magnetoresistance (GMR) structure. This structure consists of two layers of
magnetic material above and below a metal layer, which is sandwiched between a layer
of non-magnetic material. However, the GMR element requires a high current, which
is the main drawback of this memory device and makes it unsuitable for high-density
memory applications.



A di erent type of GMR structure used in MRAM development is the magnetic
tunnel junction (MTJ). The MTJ structure di ers from the GMR structure in that it
has a giant magnetoresistive magnetic layer separated by an insulating layer and a non-
metallic layer. The magnetization direction of the MTJ elements is determined by the
modulation of the upper and lower magnetic layers of the foot parallel or antiparallel
to the electronic assembly, creating two stable states, in which the antiparallel state is
the larger value. The change in resistance generated by the internal metal conductor
creates a di erent state of magnetic eld strength, which constitutes a storage unit for
recording "0" to "1" signals.

(a) MRAM stores "0". (b) MRAM stores "1".

Figure 2.2: A schematic diagram of MRAM cell to store "0" and "1".

MTJ is a crucial component in the magnetic storage cell [26], consisting of three
layers: the free layer, insulating layer, and xed layer. The free layer is thinner and
composed of a magnetic Im used to store and write information through the magnetic
eld in either the opposite or same direction as the arrow in Figure 2.2. The insulat-
ing layer, with a thickness of only 1 to 2 nm, is a non-magnetic Im with a di erent
tunneling potential for electrons with di erent spin orientations. The xed layer is
thicker, with stronger magnetism and a less easily reversed magnetic moment. The
non-magnetic Im is sandwiched between the two magnetic Ims, creating a Tunneling
Magneto-resistive Junction (TMJ) or magnetic tunnel junction. MTJ has two states:
parallel and antiparallel. In the parallel state, the spins of the free and xed layers are
in the same direction. R, represents the resistance when the spins are parallel, and
Rap represents the resistance when they are antiparallel. The Tunnel magnetoresis-
tance(TMR) equation is as follows:

(Rap Rp)
R = A Re)
Rp

™ 100% (2.1)

2.1.3 PCRAM

In 1968 Ovshinsky proposed the concept of phase change memory. He observed that
a material undergoing a phase transition from noncrystalline to crystalline and back
exhibits di erent optical and resistive properties in each state. This led to the idea
that the noncrystalline and crystalline states could be used to represent "0" and "1"
for data storage purposes.[27, 28].



Figure 2.3: A schematic diagram of PRAM cell.

Phase change memory (PCRAM) is a type of non-volatile memory technology that
uses a core material based on sulfur compounds (Chalcogenide). The "0" and "1"
states of data storage in PCRAM are represented by the disordered and ordered states
with a signi cant di erence in resistance. In the unordered state, the material has high
resistance, while in the crystalline state, the material has semi-metallic characteristics
and low resistance.

The driving force behind PCRAM is an electrical pulse, which is used to heat the
amorphous sulfur compound material. By applying a long, moderate intensity electrical
pulse, the amorphous material can be heated in the pulse area. If a higher intensity but
short duration electrical pulse is applied to the crystalline sulfur compound material,
the material is melted and then rapidly cooled to return to the amorphous state. This
process is de ned as the RESET process[29].

To read the stored data in PCRAM, the resistance of the sulfur compound material
is measured. A relatively weak electrical pulse is applied to read the data to ensure
that the temperature of the sulfur compound does not rise above the junction temper-
ature, which could result in unnecessary material phase change and incorrect storage
information.

PCRAM technology has seen rapid development in recent years and is one of the
closest technologies to industrialization. In the International Semiconductor Industry
Association planning, PCRAM was included as a priority for industrialization of new
storage technology in the 2003-2004 version. Intel launched 0.18n 256 MB PCRAM
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mass production products and established Numonyx company with ST. Samsung also
announced the availability of 512MB PCRAM chips to users on May 4, 2009, which
marked a new stage in PCRAM technology with its excellent size miniaturization
performance and great potential for mass storage.

One of the biggest challenges of PCRAM is its cost. The current cost per unit
of capacity of PCRAM is much higher than NAND ash, and the use of more ad-
vanced processes above 45nm still needs to solve some problems, one of which is the
power consumption being too large and causing serious heat [30]. As PCRAM requires
heating resistors to heat the phase change material, the more advanced the process,
the more delicate the unit in the circuit is required [31]. Although experts say that
the current technology can guarantee that PCRAM can adapt to the most advanced
complementary metal oxide semiconductors(CMOS) production process, the heat and
large power consumption will limit the further development of PCRAM.

2.1.4 ReRAM

An ideal non-volatile memory of the future must have high storage density, low produc-
tion cost, fast read/write speed, low power consumption, good read/write stability, and
long-lasting information storage. Currently, silicon Flash memory is the most suitable
non-volatile memory in the market due to its high integration and low manufacturing
cost. However, Flash memory has drawbacks such as low operating life, slow read/write
speed, high read voltage, and the physical limit of IC manufacturing size.

MRAM, although having its own characteristics, has not yet been perfected due
to its integration being far from that of Flash. Therefore, it can only be used in a
limited market as a special aspect of the application. In recent years, the concept
of non-volatile memory based on the resistive switching principle has gained a lot of
attention. While the research literature on ReRAM is deep and varied, the working
mechanism of ReRAM still needs more research discussions due to uncertainties.

Although the ReRAM device structure follows the traditional semiconductor device
fabrication structure: metal-dielectric layer-metal (MIM) structure since the rst report
of the resistive switching phenomenon, the explanation of the resistance switching
phenomenon for di erent types of dielectric layer materials by scientists is based on
di erent physical principles. In general, the two theories based on the conductive
lament model and the interface state model are accepted by most researchers, among
which the conductive lament model is the most widely accepted explanation.

The conductive lament model allows for the device size to be small without a ect-
ing device characteristics, which theoretically increases the diversity of dielectric layer
materials and broadens the application prospects of ReRAM memory technology. Cur-
rently, there is widespread interest in memory devices based on the resistive principle,
and research on ReRAM memory technology needs further development, with many
unknowns and challenges that researchers must actively face. Recent reviews of the
current status and working mechanism of ReRAM research [32, 19, 33] have laid the
foundation for further in-depth research work.



2.2 Two switching schemes for resistive switching

The resistive switching phenomenon in ReRAM is mainly characterized by its current-
voltage (I-V) characteristics. While the I-V characteristics of ReRAM devices based
on di erent dielectric layer materials are generally similar, there are di erences in the
details. The resistive switching behavior can be categorized into unipolar and bipo-
lar switching, based on the polarity and magnitude of the applied excitation voltage
[32, 34]. The polarity of the voltage that needs to be applied to the ends of the ReRAM
memory device distinguishes between these two scenarios. In unipolar switching, the
occurrence of the switching phenomenon does not depend on the polarity of the write
excitation voltage. Bipolar switching occurs when the switch phenomenon is depen-
dent of the polarity of the applied voltage. Di erent physical mechanisms can be used
to explain the resistive switching phenomenon depending on the dielectric material.
According to Waser[19, 35], these physical mechanisms include electrochemical metal-
lization, valence change, thermochemistry, electron capture and release, among others.
The main mechanisms will be discussed in next section. Depending on the distribution
of resistance switching, ReRAM can be divided into the theoretical models of lamen-
tary conductivity and interfacial resistance switching. Resistance switching can also
be generated by the dielectric layer or electrodes. Finally, depending on the polarity
of the excitation voltage, ReRAM can be divided into unipolar and bipolar resistance
switching.

2.3 Mechanism for resistive switching

In this section four di erent resistive switching mechanism for resistive switching will
be introduced.
2.3.1 Electrochemical metallization mechanism

The storage cell consists of a chemically reactive metal electrode, such as copper, silver,
or nylon, and another electrode of a non-reactive metal material, such as platinum,
tungsten, gold, etc., and a solid dielectric Im in between. When a suitable voltage

is applied to the reactive metal electrode, the metal electrode atoms decompose into
active metal ions:

M! M% + ze (2.2)

Under positive voltage, these metal ions move towards the cathode, and enter the
dielectric layer, and subsequently gain electrons at the cathode:

M%* +ze | M (2.3)

When the reactive metal atoms gradually accumulate at the cathode, and eventually
form a conductive metal path in the dielectric layer, the device is in 'On' state. When

8



a voltage with opposite polarity is applied to the memory device, the opposite process
occurs: the conductive metal lament dissolves, the reactive metal ions move in the
opposite direction and are deposited in the original metal layer, thus breaking the
conductive metal pathway and returning the memory device to the 'OFF' state.

2.3.2 Valence change mechanism

Valence Change Mechanism (VCM) often occurs in memory devices where the dielec-
tric layer material is a transition metal oxide and the valence change is caused by anion
migration (e.g. under excitation voltage, oxygen ions in the dielectric layer material
migrate and the migration of oxygen atoms often means that a response oxygen va-
cancy is created in the dielectric layer), usually in the form of a bipolar resistance
Transition phenomena. In these transition metal oxides, an increase or decrease in the
stoichiometric ratio of oxygen causes a change in the chemical valence of the transition
metal, and a change in the valence of the transition metal in the dielectric layer causes
a large change in the resistance of the dielectric layer. This change in the valence state
of the transition metal is equivalent to the redox reaction of the dielectric layer material
under the action of an applied excitation voltage [36].

Figure 2.4: A schematic diagram of the switching process of a RRAM[1] Copyright
© 2012, IEEE.

2.3.3 Thermochemical mechanism

The thermochemical mechanism (TCM) is based on the initial resistance and turn-o
resistance of the cell both in relation to the electrode area of the storage cell, and on the
turn-o basis with the initial resistance of the resistive element of the body in the area
of the chemical thermal storage cell on the electrode, thus allowing current leakage to
occur throughout the area of the electrode. The thermochemical mechanism based on
state machines is usually considered to be based on conductive laments, but specic
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or compound laments, which together complete the opening by a single lament, also
require more discussion of conductivity. According to the thermochemical mechanism
of temperature change are re ected in the ON state and the disconnected state of the
resistance of the storage cell is dependent on the change of the size of a small, thin
wire depending on the temperature in the device, this dependence is manifested in the
storage device by a di erent phenomenon, which can be inferred from the mechanism of
chemical heat resistance change of the storage cell now dependent on the phase change
of the metal with common defects caused by both [2, 37]. Therefore, based on the
above experimental results, the researchers hypothesized that the thermal e ect of the
process based on the chemical mechanism of monopole resistance switching behaviour is
determined by the thermal breakdown of the conductive wire caused by the formation

of the oxide layer of the SET. And at a large current, for example, the conductive
lament is susceptible to thermally induced damage, the conductive lament breaks,
the oxide layer partially recovers and thus resets during the occurrence of the situation.

Figure 2.5: A schematic diagram of the reset process of a RRAM, CF rupture occurs
when a reset voltage is applied to the CF[2] Copyrigh® 2009, IEEE.

The high and low resistance states of a TCM based cell are both related to the
electrode area of the storage cell, so that the current occurs over the entire electrode
area. The transition between the high- and low-resistance states of the thermochemical
mechanism-based device cells is generally considered to be based on the conductivity
of the laments, but more discussion is needed as to whether the resistance transi-
tion is made by a single lament or a combination of laments is uncertain[38, 39].
Unlike the temperature dependence of the metal lament-based memory device, the
temperature dependence of the OFF-state resistance and ON-state resistance of the
thermochemically based memory cell is not obvious, so we can infer that the phase
transition caused by both the metal and the defect is simultaneously acting on the
resistance change of the thermochemically based memory cell. Therefore, based on
the above experimental results, the researcher deduces that the conductive laments

10



formed by the thermally induced breakdown in the oxide layer cause the SET process
based on the thermochemical mechanism e ect of the unipolar resistance transition
behavior. At high currents, the heat generated by the current easily destroys the con-
ductive laments in the SET process, and the oxide layer partially recovers, causing
the conductive laments to break and thus the RESET process occurs.

2.3.4 Electron trapping and detrapping mechanism

Unlike the previously mentioned resistive switching mechanisms, which are based on ion
migration, the electron capture and release mechanism is based entirely on the resistive
switching behavior of electrons, for which there are some well-established theories. The
electron capture and release model is a resistance transformation explanation based on
the resistive memory e ect of electrons moving in traps and defects and thus causing
changes in the electrical properties of the dielectric layer [40]. When traps and deep
energy level defects or heavy metal impurities are present in the dielectric layer, the
carriers in the traps or deep energy levels are subjected to an applied high electric
eld and are exposed to the Fowler-Nordheim (FN ) electron tunneling e ect, i.e. the
electrons are trapped by the trap or defect in the dielectric layer under high electrical
resistance. The lling of the energy levels in the trap or defect with electrons changes
the potential barrier distribution of the dielectric layer material and thus the resistive
properties of the layer. In addition, the capture of carriers by the surface state at
the position of the gold half contact will also have a signi cant e ect on the height

of the Schottky barrier. Therefore, the value of the resistance switching characteristic
of ReRAM devices based on the electron capture and release e ect is signi cantly
dependent on the electrode area.

2.4 Contact barriers in MIM structures related to the
ReRAM memory principle

ReRAM memory devices are metal/insulator/metal (MIM) model structures, while the
insulator oxide is generally a divalent metal oxide, chalcogenide oxide, etc. When these
materials have a xed and strict stoichiometric ratio, they are generally insulating,
while when used as a resistive material, defects are usually introduced in the dielectric
layer (either arti cially during fabrication or when an excitation voltage is applied),
causing The defects form conductive pathways or new phases under the action of an
external electric eld or change the potential barrier between the dielectric layer and
the metal electrode, thus achieving a memristor function [41].
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2.5 Basic conductivity mechanisms associated with
the ReRAM memory principle

The observation of the resistive switching behaviour of ReRAM memory devices is
simply a matter of measuring the current-voltage characteristics of the device. Based
on the properties of the dielectric layer material, the factors in uencing the opera-
tion of the ReRAM memory device and the resistance switching mechanism can be
determined in order to predict the resistive switching behaviour of the memory device,
therefore it is necessary to have an understanding of the basic conductivity mecha-
nisms related to resistive memory. The basic conductivity mechanisms associated with
metal-semiconductor devices include Schottky Emission, Frenkel-Poole Emission, and
Space-Change-LimitCurrent (SCLC).

2.5.1 Schottky Emission

Schottky emission is the e ect of an applied electric eld, the barrier height changes,
electrons directly across the barrier to generate current, the magnitude of the current
depends on the height of the barrier and the magnitude of the applied electric eld, the
temperature will also have an e ect on the current current size [36], the mathematical
expression of Schottky emission[42] is :

p__
a 8 qE=4" )

J=AT?
exil kT

] (2.4)

whereA = qzmzf is Richardson constant,T is absolute temperatureg is the Schot-
tky barrier height, "; is the permittivity of insulator, K is Boltzmann's constant.

2.5.2 Poole-Frank emission

THe Poole-Frank e ect is somewhat similar to the Schottky e ect in that it is also
associated with traps in the dielectric layer. The basic principle is to use the Coulomb
barrier formed by the interaction of electrons and positively charged traps inside the
insulator to restrict the electron motion. The Poole-Franco emission is a trap-assisted
emission mechanism in which the current density is related to the trap density in the
dielectric layer. In addition, changes in the density of states at the interface and the
number of defects in the dielectric layer a ect the current generated by the Poole-Frank
e ect [43]. The current density of the Poole-Frank e ect is given by:

q s qE="})

J Eexp| T

] (2.5)

where T is absolute temperature,g is the barrier height, "; is the permittivity of
insulator, K is Boltzmann's constant.
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2.5.3 Space change limit current

Space charge limited current (SCLC) is described as a drift current in which the main
component of the current through the space charge region is a carrier, and the carrier
charge dominates the formation of the electric eld of the drift current when the space
charge e ect is at work. When the carrier concentration injected into the solid dielectric
by the electrode is greater than the intrinsic carrier concentration, the conduction
current induced in the dielectric will be space charge limited by the carriers, resulting
in space charge limitation (SCLC)[44]. The space charge limitation current density
equation is expressed as follows:

_9'E 2
&

J (2.6)

2.6 ReRAM Materials

Materials of switching layer

As can be seen from previous articles, many materials can exhibit resistive switching
phenomenon, Table 2.1[3] lists the di erent switching polarities exhibited by di erent
materials when used as electrodes or switching layers. Transition Metal Oxides(TMO)
are the most common materials that can exhibit rs phenomena, but since the dominant
mechanism of resistive switching is based on redox lamentary switching, other oxides
can also exhibit rs phenomena, and in addition nitrides[45, 46] and some chalcogenides
[47] with nitrogen andT & S€ S vacancies can also show resitive switching phenomenon.
Materials are intimately related to wafer-level integration in semiconductor fabrication

Because material stacks must be practical and simple for wafer-level integration.
Even though considerable technological advances have been achieved, the quantity of
materials normally handled in a 12-in fab remains restricted. The majority of the ox-
ide materials in research the ar&iO,. High-k oxides such agdfO , are brought into
the industry as a result of the scaling of complementary metal oxide semiconductors
(CMOS). Despite the fact that HfO , has a larger risk of cross-contamination than
SiO,, fabs have the knowledge to incorporate it. ThusifO , becomes a common can-
didate for the combined device and array's ReRAM material stack. There are several
methods for depositing and integratingdfO ,, under varied temperature budgets. Var-
lous processing condition$1fO , alter the substance's qualities. During the reaction
phase, reactive physical vapour deposition d¢ifO , allows for the adjustment of the
Hf : O ratio and the density of defects. Although atomic layer deposition need an ad-
ditional layer to create enough defects for switching, It still close to stoichimoetry and
also provide good uniformity and three- dimensional coverage. As ReRAM research
continues, the path of the technology steadily diverges into two applications which are
stand-alone and embedded.
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Dielectrics Switching polarity Electrode Materials Switching polarity

Unipolar  Bipolar Upipolar  Bipolar
NG STy Pt "B o B0l
TiO, P P Ag ; /53]
NbOs b4 P[] Au Bl
210, S I > 159]
HIO, Pl P o) Cu > 160]
L G B € Co , [62)
MgO e el Ru Pl
Al,O3 p[ ] p[ ] Ni [68] p[ ]
Co0 Pl Pl T P1r7)
Zn0 P P z > 179)
Sno, SO H D [59]
Cuo el 5l Ta . [50]
FeO ; > 1] TiN > [7]
Ce0 P P Al . [85)
Wo P el Do) La Bl
GeO [59] [90] w [87]
STO Prog P og CNT P 03]
Sio, Poa P os Graphene P o8]
GdO P 1071
BN P 5]
AIN P 6]

Table 2.1: Dierent materials can be used as dielectric or electrode in ReRAM in
literatures[3]. Copyright © 2020, IEEE

Materials of electrodes
Electrodes have many roles to play, not only in providing electrical contact but also in
in uencing resistive switching. At this stage of research into active electrodes, which is

still in its infancy, the diagram summarises some of the electrode materials that have
been studied and they can be grouped into three categories.

Table 2.2: Electrode Materials Categories[3] Copyrigh©® 2020, IEEE

Noble metal Pt, Au, Ir, etc.
Active metal for metal Oxide Resistive Memory(OxRAM) Ti, Zr, Hf, Ta, Al, Ni, etc.
Active metal for conductive bridge ReRAM(CBRAM) Cu, Ag, Co, etc.

Consider OXRAM to illustrate the function of the electrodes.From the rst few
experiments, it can be seen that most of the electrodes used in ReRAM devices contain
noble metals. The applied electric eld pushes the oxygen atoms out of the position
of their lattice and towards the anode, where oxygen vacancies are created. These
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oxygen atoms will be used to oxidise oxygen holes in the reset process. Since noble
metals do not react with oxygen, these oxygen atoms do not bond to the anode. So the
noble metal is suitable as an electrode to retain the oxygen atoms to realize resistive
switching.

2.7 ReRAM Benchmark

This sub-section will summarize some articles from 2004 to 2019, listing some of the
main characteristic of ReRam that are of mainstream interest.

2.7.1 Switching Current

Figure. 2.6 shows the SET and RESET current trends for the ReRAM device. F rep-
resents lamentary switching and A represents Area switching. Most of the maximum
switching current of typical lamentary ReRAM are larger than 10 A and ratio of
SET/RESET current is almost t a linear function. For stand-alone applications, it is
desirable to keep the current below 18 . However, as the switching current increases,
the performance of the device in terms of retention and endurance decreases accord-
ingly. This is why most of the articles show switching currents above 1, because
below 10A the symmetry of set and reset is broken, indicating that other mechanisms
are involved. The switching current below 1@ in the diagram is basically not la-
mentary switching but area switching cells. For non volatile memory(NVM) devices a
read test is often done after set/reset to nd the latency of the device.
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Figure 2.6: SET and RESET switching current[3], "A" represent area switching and
"F" represent lamentart switching Copyright © 2020, IEEE.

2.7.2 Switching Speed

The set/reset switching demonstrate the sub-100ns nature of single bits and small
arrays due to fast movement of ions in nanometer thin Im. But on larger array
size the bitline(BL) and word line(WL) are still important factors a ecting latency

of SET/RESET and READ opreation. The ReRAM unit does not add much latency
to the overall system, the latency is also a ected by the program scheme.Yu and his
colleagues[98] did a read veri cation of their TMO-based OxRAM at the 58 , which
took about ve times.They also made attempts at 1A and found that the number

of attempts increased as the switching current decreased. When the current increases
to 150A to 200A , a single pulse can easily achieve set/reset operation and provide a
very di erentiated LRS/HRS, so it is easy to achieve READ veri cation and make it
possible to realize fast SET/RESET and READ on array level.

2.7.3 Switching voltage

The switching voltage is a ected by many factors, such as ion mobility, material thick-
ness, and parasitic resistance. Since there is a wide range of voltages on various ReRAM
devices, it is not meaningful to discuss speci c values, but rather to balance voltage
and speed to get better regulation.
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2.7.4 Endurance

Endurance indicates how many opreations can be done to write and erase the infor-
mation. In general, enduran cecycles are a ected by many factors, such as material,
device structure, processing and opreation setting. As the number of cycling increases,
the general high resistance state decreases until nally the resistance state stays in the
low resistance state and cannot be reset to the high resistance state.

At balanced set/reset situation to get better endurance the current should be higher.
For endurance test we always do sampling. It is worth noting that since reram is
based on defects, there may be switching failure in the test, many of these failures
can be recovered, and we can continue to do endurance testing after recovery. The
endurance of ReRAM for low-end embedded application request at leadd* cycles.
For the NAND replacement, the endurance of ReRAM requiré(® cycles. Lee[99] and
Chen[100] both showed> 10 endurance forHfO based ReRAM in early 2010s. In
2016 Chen[97]pushed the record of endurancel@'? by using hygroscopic oxide,doped
Gd O as resistive switching layer.

The general trend is that for high currents, it is often one of the reasons for reset
failures, and as the number of sets/resets increases, soft break down gradually leads to
hard breakdown. Both SET and RESET failure also occur while the switching current
are in low or medium range. Due to lower current, there are less defects in the lament.
So the failure behavior is di erent.

2.7.5 Retention

Retention refers to the length of time that the information in the device can be retained
without power being applied. For NVM, one would expect the data retention time is
longer than 10 years. In general, ReRAM requires retention at 85 125 © for 5-
10 years to do NVM applications. Since real testing time is not possible with 5-10
years, the resistance of the device is usually monitored by adding temperature and
then applying reading pulses and then inferring retention.

2.8 Experiment Concept

Materials containing Li can exchange ions with transition metal oxides, thus changing
their electrical and magnetic properties[101, ]. So two experiments were proposed
to understand the e ect of Li ions on materials containing transition metals.

2.8.1 Battery-like magnetic tunnel junctions
Below is a conceptual diagram of our heterojunction, which is composed of a magnetic

metal layer, a magnetic metal oxide layer, a thin li-containing dielectric layer, and a
magnetic metal The magnetic metal oxide layer and the ultra-thin Li-containing layer
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form a composite barrier. The mobile liions are provided by the Ii dielectric layer, which
is similar to the solid electrolyte in a li ion battery, but it requires a su cient external
electric eld to activate the movement of the ions inside. The following equations are
for the redox reactions that occur on the surface of the interfacial oxide layer. The
interfacial oxide layer releases and traps ions like an ion reservoir by the following
reactions.

ManO +2Li% +2e Y'Y 2=nM+Li ,0 2.7)
\%

Figure 2.7: Conceptual diagram of a batter-like magnetic tunnel junction. After
applying a positive bias the Li ions are push towards the magnetic metal oxide layer
and left Li defect(green dot) in the original place and reduction reaction occurs on
the interfacial surface. After applying a negative bias voltage, the Li ions were push
towards to the Magnetic metal(blue) directions. The oxidation reaction occurs at the
interfacial surface. Li ions can reconbine withh the Li defects [4] .

© 2021 Wiley-VCH GmbH

The reversible ion-exchange exchange of the composite barrier under an electric
eld has two distinct functions. Firstly ion exchange can enable memristor-like resistive
switching [103, , , , ]Jphenomena to occur, leading to
non-volatile resistance changes Also the thin tunnel barrier layer can allow quantum
tunneling to occur and stabilize the resistive state of the TMR[111, ,

, ].Second, the migration of ions leads to an electrical control of the magnetlc
properties of the interface, which can also a ect the transport of spin polarity or even
ip polarity.

LiF is used as a parent compound, which is an inorganic compound that changes
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from colorless to white as the size of the crystal decreases and has a structure similar
to sodium chloride. It does not cause resistive switching e ects itself, as valence break-
down occurs. But the introduction of a cathode layer (oxide layer) to receive these
ions can solve this problem. And other methods of obtaining multiple states such as
combing tmr withh ferroelectricity, this battery-like concept of ultra-thin layers in elec-
trochemistry can be a promising route to create practical devices with low impedance
and low operating voltage with large TMR and large RS.

2.8.2 ReRAM

ReRAM is a new type of non-volatile storage, and there has been a lot of research and
development with ReRAM in the last 20 years. People have been wanting to learn
more about it and commercialize it. However, since the understanding is not complete,
we would like to try to see the impact of Li-ion on ReRAM devices that have a similar
sandwich structure to MTJ.

The following gure shows our experimental concept, we grow ReRAM with addi-
tional layers on many groups of pre patterned chips from the same batch, then we do
the forming, set and reset operation on them with the same parameters and observe
the e ect of di erent thicknesses of LiF on the experimental results.

Figure 2.8: A sketch of the structure of a ReRAM, and a sketch of the structure of
a ReRAM with additional layers of LiF .
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Chapter 3

Experiment

3.1 Physical Vapor Deposition

Conventional PVD technology has di erent kinds of vacuum deposition methods. Evap-
orating deposition, and sputtering are two of the most important ones. In PVD, a
material is changed into gas phase from its original state then condensed on a wafer to
form a thin Im. They are used in various elds, such as optical, mechanical, electronic,
chemical, etc.

3.1.1 Vacuum vapor deposition

Vacuum vapor deposition is the earliest developed technology in PVD, which essentially
uses the phenomenon of evaporation of substances at high temperature to prepare
various thin Im materials. In the early days, vacuum vapor deposition used resistance
heating to generate heat, and then transferred the heat to the adjacent evaporated
material to achieve the e ect of vapor deposition.

Thermal evaporation

Thermal evaporation is a thin Im deposition process that involves vaporizing a target
material at high temperature and depositing it on a wafer under high vacuum conditions
to ensure good deposition quality. To achieve the high temperature required for melting
the material, a resistance coil is used, and a large DC current is applied to generate the
necessary heat. The high vacuum environment reduces impurities and gas collisions,
facilitating deposition of the target material onto the wafer.

This method has advantages such as simple equipment composition and low evap-
oration cost, but it also has two signi cant drawbacks. Firstly, the temperature ob-
tained by resistive heating cannot be too high, which limits the evaporation of high-
temperature refractory materials. Secondly, the heat transfer process can cause per-
meation contamination of device components, heating elements, and crucibles, which
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can result in lower purity of the thin Im materials obtained. Therefore, this method
is more suitable for materials with lower melting points.

A simple schematic of a thermal evaporation system is shown in Figure. 3.1.

Figure 3.1: A schematic diagram of thermal deposition device.

Electron beam evaporation

The introduction of electron beam evaporation technology can e ectively solve the
aforementioned defects of thermal evaporation. Electron beam evaporation uses a fo-
cused electron beam to bombard the target material, achieving local temperatures of
thousands of degrees to vaporize the material. Typically, a current of 1A passes through
the lament to generate electrons, which are then accelerated by a voltage of 10KV. To
avoid permeation contamination, electron beam magnetic de ection technology is usu-
ally used, which de ects the electron beam by 270 This method can evaporate most
materials, but heat utilization is low and most of the heat generated by the electron
beam bombardment is carried away by cooling water. To obtain high-purity refractory
materials, the laser pulse heating method was later developed. This method uses laser
pulses to generate instantaneous high temperatures to evaporate the material. As a
non-contact heating method, there is almost no permeation contamination, resulting
in high-purity vaporized material. Figure. 3.2 shows a simple schematic of an electron
beam evaporation system.
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Figure 3.2: A schematic diagram of E-beam deposition device.

3.1.2 Sputtering

With the advancement of vapor deposition technology came the vacuum sputtering
coating. Sputtering deposition is a physical process that occurs when ions bombard
the surface of an object. The large energy transfer between the incident ions and the
target during the sputtering process is a distinctive feature. Compared to evaporation,
where atoms acquire kinetic energy of 0.1 ev, atoms from sputtering can acquire kinetic
energy up to 5-20 ev, a di erence of two orders of magnitude. In sputtering deposition,
atoms with high energy play two important roles:

(1) To improve the di usion ability of the atoms themselves on the surface of the
Im, which is conducive to improving the Im organization and composition, etc.

(2) To cause the substrate temperature to rise, which is conducive to improving the
deposition and adhesion of the Im.

There are four main early sputtering methods:
(1) Direct Current (DC) sputtering.

(2) Radiofrequency (RF) sputtering.

(3) Magnetron sputtering.

(4) Reaction sputtering.

Each method has its advantages and disadvantages. For example, DC sputtering
equipment is simple and easy to use but can only be applied to materials with good
electrical conductivity. RF sputtering can deposit a variety of metal and non-metallic
materials, and has the advantage of self-biasing e ect leading to spontaneous bombard-
ment and sputtering of gas ions. Magnetron sputtering technology has unique advan-
tages in terms of higher deposition rate and lower working pressure. Reactive sputtering
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is the process of forming compounds during deposition. Although this method is widely
used to prepare compounds, it is prone to target poisoning. A simple schematic of a
sputtering system is shown in Figure 3.3.

Figure 3.3: A schematic diagram of sputter deposition device.

3.2 Measurement platform

3.2.1 |-V measurement
Flowing cryostat measurement platform

The owing cryostat measurement platform contains a blue dewar, a probe, an electrical
magnet, 2182 nano voltmeter, 6220 current source, electrical magnet power supply and
a gauss meter.
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Figure 3.4: Flowing cryostat measurement platform

Probe station with 4200

The |-V characteristic test of resistive switching devices is the most important and
crucial step in this experiment, and the resistive switching phenomenon is re ected
in the test results of the |-V characteristic curve. Until now, there is no instrument
speci cally used to test the I-V characteristics of resistive switching devices, and the I-V
test platform shown here is built by our research group. The I-V test platform includes
a hardware part and a software part, as shown in Figure 2.13. Parameter analyzer
4200A-SCS from Keithley Instruments and Probe station from Cascade Microtech.
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