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Abstract

Title: Resistive non-volatile memories characterization by conductive
atomic force microscopy (C-AFM) in ultra-high vacuum environment.

Memories are the fundamental for any electronic system we interact with in our
daily life and are getting more and more important day by day in our present era.
Non-volatile memory (NVM) technologies play a fundamental role in the micro-
electronics industry. The growing functionalities and performance of the electronic
products such as digital cameras, smart phone, personal computer, solid state hard
disk and many more, need continues improvement of its features.

Floating gate-based Flash technology is the main NVM technology used exten-
sively in market these days. Nevertheless, Flash technology presents many prob-
lems making further scaling impossible. In this context, there are many other mem-
ory technologies emerging and interest in new concepts and materials to go beyond
the Flash technology is growing. Innovative approaches other than displacing and
trapping electrons like in Flash memories have been investigated.

Resistive non-volatile memories based on two terminal devices, in which an ac-
tive material is sandwiched between two electrodes have been investigated. The
main idea of using this kind of structure and material is to use a specific physical
mechanism allowing to switch it between two different resistive states for informa-
tion storage.

For example, in oxide based random-access memory (OxRAM), a conductive fil-
ament is grown inside the oxide layer, linking the two electrodes. By creation and
disruption of this filament, two different resistance states can be generated. An-
other example is the phase change random-access memory (PCRAM), in which a
chalcogenide material with the ability to change its phase between a high resistive
amorphous and a low resistive crystalline state is used. These two emerging mem-
ory technologies (OxXRAM & PCRAM) are the most studied ones nowadays and can
potentially replace the current Flash technology.

Over the last few years OxXRAM has been widely investigated due to many ad-
vantages like good scalability, long data retention time, fast read & write speed and
low power consumption. The main benefit is that it is compatible with Back-end
of line fabrication. In MIM structures for OxRAM, forming and disruption of the
nanometer sized conductive filament is commonly accepted as the physical phe-
nomenon for the switching, but still a debate is going on to understand the nature
and characteristics of the conductive filament. Also, many studies have been done
to evaluate the scaling capability of OXRAM and PCRAM.

Hence, in this thesis work we studied mechanisms related to the conductive fil-
ament based resistive switching at nanoscale. To do the electrical characterization,
a new technique using conductive atomic force microscopy (C-AFM) in ultra-high
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vacuum is proposed. The impact of different AFM tip materials (which is used as
top electrode), different bottom electrode materials and the compliance current ef-
fect in two different regimes (in nA and in uA) are investigated. It is found that in
the case of H f O, based OxRAM, the filament is formed by Ti diffusion from the bot-
tom electrode through the oxide layer. The switching is due to the disruption of the
filament in the vicinity of the tip explaining the effect of the tip nature on the High
resistance current. The results are in good agreement with device characteristics and
could be reproduced by modeling. Also, phase transition in phase change materials
for PCRAM is investigated for Ge;SbyTes (GST-225) and Ge rich GST. It was found
that the phase transition from amorphous to crystalline is possible at nanoscale. Fi-
nally, the threshold for GST-225 is observed at values nearer to those observed on
devices than former observations with standard C-AFM.

Keywords: Non-Volatile Memories, OxXRAM, PCRAM, Conductive atomic force mi-
croscopy (C-AFM), Nanoelectronics, Microelectronics, Ultra-high vacuum, Electrical char-
acterization, Filament, Simulation.



Resumé

Titre: Caractérisation des mémoires non volatiles résistives par micro-
scopie a force atomique en mode conduction (C-AFM) sous ultravide.

Les mémoires sont a la base de tout systéme électronique avec lequel nous inter-
agissons dans notre vie quotidienne et deviennent de plus en plus important jour
apres jour a notre époque. Les technologies de mémoire non volatile (NVM) jouent
un role fondamental dans I'industrie de la microélectronique. Les fonctionnalités et
les performances croissantes des produits électroniques tels que les appareils photo
numériques, les téléphones cellulaires, les ordinateurs personnels, les disques durs,
etc., nécessitent une amélioration continue de ses fonctionnalités.

La technologie Flash a grille flottante est la principale technologie NVM utilisée
sur le marché actuellement. Néanmoins, la technologie Flash pose de nombreux
problemes rendant tout redimensionnement impossible. Dans ce contexte, de nom-
breuses autres technologies de mémoire sont en train d’émerger et l'intérét pour les
nouveaux concepts et matériaux allant au-dela de la technologie Flash ne cesse de
croitre. Des approches innovantes autres que le déplacement et le piégeage des élec-
trons comme dans les mémoires Flash ont été étudiées.

Des mémaoires résistives non volatiles basées sur deux types de dispositifs, dans
lesquelles un matériau actif est pris en sandwich entre deux électrodes, ont été étudiées.
L’idée principale d’utiliser ce type de structure et de matériau est d’utiliser un mé-
canisme physique spécifique permettant de le basculer entre deux états résistifs dif-
férents pour le stockage d’informations.

Par exemple, dans la mémoire a base d’oxydes (OxRAM), un filament conduc-
teur est développé a l'intérieur de la couche d’oxyde, reliant les deux électrodes. En
créant et en interrompant ce filament, deux états de résistance différents peuvent
étre générés. Un autre exemple est la mémoire a changement de phase (PCRAM),
dans laquelle un matériau a base de chalcogénure capable de changer de phase entre
un état amorphe a haute résistance et un état cristallin a faible résistance est utilisé.
Ces deux technologies de mémoire émergentes (OxRAM & PCRAM) sont les plus
étudiées et peuvent potentiellement remplacer la technologie Flash actuelle.

Les mémoires OXRAM ont été largement étudiées au cours des derniéres années
en raison de leurs nombreux avantages, tels qu'une bonne évolutivité en matiere de
réduction de taille, une longue rétention, une vitesse de lecture et d’écriture rapide
et une faible consommation d’énergie. Le principal avantage est leur compatibilité
avec la fabrication en back end. Dans les structures MIM pour OxRAM, la forma-
tion et la rupture d’un filament conducteur de taille nanométrique sont communé-
ment acceptées comme étant le phénomene physique de la commutation, mais un
débat est toujours en cours pour comprendre la nature et les caractéristiques du fil-
ament conducteur. De plus, de nombreuses études ont été réalisées pour évaluer
le potentiel de réduction des dimensions des mémoires OxXRAM et PCRAM. Par
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conséquent, dans cette these, nous étudions les mécanismes liés a la commutation
résistive a base de filaments conducteurs a I’échelle nanométrique. Pour effectuer
la caractérisation électrique, une nouvelle technique utilisant la microscopie a force
atomique en mode conduction (C-AFM) sous ultravide est proposée. L'influence du
matériau de la pointe AFM (utilisés comme électrode supérieure), du matériau de
I’électrode inférieure et 1'effet du courant limite dans deux régimes différents (en nA
et en pA) sont étudiés. Il ressort de notre travail que dans les mémoires OXRAM
a base de HfO,, le filament est créé par diffusion de Ti de I’électrode inférieure a
travers 'oxyde. D’apres le travail présenté dans cette thése, la commutation résis-
tive est due a la rupture du filament au voisinage de la pointe expliquant 'effet dt
a la nature de la pointe sur le courant a haute résistance. Les résultats sont en bon
accord avec ceux obtenus sur des dispositifs et ont pu étre reproduits par un modele.
En outre, la transition de phase dans les matériaux pour PCRAM est étudiée pour
le GST riche en Ge et le GST-225. 11 a été constaté que la transition de phase dans
les matériaux a changement de phase est possible & 1’échelle nanométrique. Enfin, le
champ électrique de seuil observé dans le cas du GST-225 est bien plus proche des
valeurs mesurées sur dispositifs que celles obtenues avec un CAFM standard.

Mots-clés: Mémoires non volatiles, OXRAM, PCRAM, Microscopie a force atomique
conductrice (C-AFM), nanoélectronique, microélectronique, ultravide, caractérisation élec-
trique, filament, simulation.
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Introduction

Non-volatile memory technologies are an important part of the microelectronics in-
dustry as they are the fundamental for any electronic system we interact with in our
daily life. The growing market of the electronics for example digital cameras, smart
phone, personal computer, solid state hard disk and many more, need continues
improvement in performance and in functionalities.

For many decades flash technology is the main NVM technology used exten-
sively in all electronics but many problems are arising for further scaling and in per-
formances. Because of these problems, it is necessary to look for alternative solution
which can replace flash technology as main NVM memory. Many new emerging
non-volatile memories has been studied based on new concepts and new materials
which can replace the current flash technology. Innovative approaches other than
displacing and trapping electrons like in Flash memories have been investigated.

Magnetic random-access memory (MRAM), ferroelectric random-access mem-
ory (FeERAM), Oxide based random-access memory (OxRAM) and phase change
random-access memory (PCRAM) are some of emerging resistive non-volatile mem-
ory which can potentially replace the Flash technology. These kinds of memories are
generally based on two terminal devices, and have an active material sandwiched
between two electrodes. The main idea of using this kind of structure and material
is to use a specific physical mechanism allowing to switch it between two different
resistive states for information storage.

For oxide based random-access memory (OxRAM), generally a conductive fila-
ment is grown inside the oxide layer, linking the two electrodes due to which two
stable state can be generated by creation and disruption of the conductive filament.
For the phase change random-access memory (PCRAM), a chalcogenide material is
used which can change its phase between a high resistive amorphous and a low re-
sistive crystalline state. These are the two emerging memory technologies which are
being studied a lot these days and are showing better performance in terms of read
and write speed and also have low power consumption. Many research teams are
working to improve the performances and to understand the mechanism behind the
switching clearly. The switching mechanism in OxRAM is still a debatable topic and
many theories have been provided.

In this thesis, we will study these two different technologies (OxXRAM & PCRAM)
to understand the mechanism behind switching at nanoscale and to see the scalabil-
ity by using conductive atomic force microscopy (C-AFM) in ultra-high vacuum. A
detailed study for HfO, based OXRAM will be presented showing effects on resis-
tive switching due to different bottom electrode material, different AFM tip material
and compliance currents by performing electrical characterization. For PCRAM, a
study based on GeSbTe (GST) material will be presented. Electrical characterization
will be performed to see the phase change.



2 Introduction

In chapter 1, a general overview of non-volatile memory technologies will be pre-
sented. Different technologies will be briefly discussed and will be compared to each
other in terms of improvements. After providing a brief overview of all the volatile
and non-volatile memory technologies, a comprehensive review will be provided for
OxRAM and PCRAM. Different materials, their performance and challenges as well
as different switching mechanisms provided in literature will be discussed in detail
for both technologies. In the end a state of art will be presented for the motivation
of this thesis work.

In chapter 2, different experimental techniques used to study these memory tech-
nologies will be presented. As C-AFM is used as probe station to characterize them,
a general overview of atomic force microscopy will be discussed. Also, different
C-AFM tips used for electrical characterization of memories as well as different
AFM scanning techniques will be discussed. All the characterization will be done in
ultra-high vacuum, so the setup will also be presented briefly. A brief overview of
scanning electron microscope (SEM) and SEM-EDX (energy-dispersive X-ray spec-
troscopy) will also be presented as these techniques will be used to characterize the
C-AFM tips after having used them for performing the electrical characterization.

Chapter 3 is focused on HfO, based OXRAM. Resistive switching in this kind
of memory will be presented and its dependence on compliance current will be dis-
cussed. First of all, a general study to know the nature of switching behavior (bipo-
lar, unipolar or non-polar) will be performed. Once the switching nature for dif-
ferent HfO, based samples determined, a detailed study will be performed in two
different compliance current regimes, the nA and the pA range. In both regimes,
I-V characteristics will be studied to determine the impact of compliance current on
memory effect and the ON state conductance. The results obtained by C-AFM will
be compared to device characteristics. To understand the experimental results, an
analytical model of filament growth in nA regime will be discussed. A more de-
tailed study in yA regime will be presented in chapter 4.

In chapter 4, a detailed study of resistive switching in high compliance current
regime (1 A) for HfO, based OxXRAM will be presented. First of all, the effect of C-
AFM tip material (PtSi and full diamond) on resistive switching will be discussed as
AFM tips are used as top electrode. Also, the effect of tip radius will be discussed
as the tip-sample contact area depends on it. Full diamond tips will be blunted to
increase their diameter from 10-20 nm to around 100 nm in order to study its impact.
I-V characteristics with sharp and blunt tips will be compared. Also, topographical
study will be performed in order to see the deformation on the HfO, surface after
electrical characterization. SEM-EDX study will be performed to see the chemical
composition of the tip before and after the electrical characterization. A brief TEM
analysis of the deformation (hillocks) of the H fO, surface will be done in order to
know its composition. The impact of bottom electrode material on resistive switch-
ing will also be studied. All the results obtained by C-AFM will be compared to 1T1R
devices in terms of conductance. In the end, effect of polarity on forming and resis-
tance switching will also be discussed. A model based on metallic filament growth
will be discussed and will be compared to the experimental results.

Chapter 5 is focused on PCRAM memory. A brief introduction about phase
change in phase change materials will be provided. Different phase change ma-
terials studied will be discussed. By using C-AFM setup, phase change from amor-
phous to crystalline will be studied in GST-225 and Ge rich GST. Analytical models



for On-state (crystalline state) and off state (amorphous state) conductance will be
discussed. Also, a finite element method approach for phase change in GST-225 will
be given. In the end, experimental results obtained by C-AFM will be compared
with these models.

Finally, a general conclusion of this work, summarizing the main results will be
provided. Also, the highlights and the perspectives of this research for both tech-
nologies studied will be given.






Chapter 1

Memory Landscape and Emerging
Technologies

In this chapter, an overview of different memory technologies is provided. They
will be briefly discussed and compared in terms of their strengths and areas for im-
provement. This chapter is focused on emerging non-volatile memories especially
oxide resistive random-access memories (OxRAM) with an emphasis on HfO; as the
active layer and phase change memories (PCM) with an emphasis on GST as chalco-
genide material. This chapter will comprehensively review OxRAMs and PCM from
materials point of view to their performance and the physical mechanisms behind
their operation. Different mechanisms given in literature for Oxide based Random
access memory will also be discussed briefly.

I Memory I

| Volatile | Nonvolatile
SRAM I I Baseline Prototypical Emerging

Flash —  Ferroelectric Memory |
I "
NOR| L Emerging
NAND| NVMs
— ReRAM | o .

Electrochemical Metallization Bridge I

Metal Oxide - Bipolar Filamentary |

Metal Oxide - Unipolar Filamentary

Two terminal

I
|
|
4F? footprint |
|
I

:' structures | Metal Oxide - Bipolar Nonfilamentary
TR < |
I
Carbon Memory

I
TI Macromolecular Memory |

I
TI Molecular Memory |

FIGURE 1.1: Overview of different memory technologies'l. 4F? rep-
resents the cell dimension where F is the minimum feature size.
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1.1 Overview of memory technology

Normally, memory technologies are divided into two main categories according to
their ability to maintain the information without supply voltage, Volatile memories
and non-volatile memories. Two different technologies for Volatile memories are
well known which are the Static random-access memory (SRAM) and the Dynamic
random-access memory (DRAM). Volatile memories lose their data when power
is turned off, non-volatile memories don’t. There are many different technologies
which belong to the non-volatile group like Flash, NOR, NAND and some emerging
technologies like, RRAM, PCM, MRAM, etc. An overview of memory technologies
is shown in figure 1.1. The memory cell dimension is generally presented in terms
of F? where F is the minimum feature size. The minimum feature size (F) is the size
or the width at which a transistor or any type of device on the silicon surface can be
drawn at.

1.1.1 Volatile Memories
Static random-access memory

The word static indicates that the information stored in the memory does not have
to be refreshed periodically. However, data is lost when power is switched off due
to the volatile nature. SRAMs generally use a matrix of six transistors and no capac-
itors to store information (shown in figure 1.2). They present very fast Read /write
speeds (1ns/1ns) and excellent endurance’l. However, they are expensive and have
low density integration because of their larger feature size (24F?)!?l. They are gen-
erally used as cache in computer systems. This type of memory has low power
consumption.

I

FIGURE 1.2: A typical cell structure of SRAM memory.

Dynamic random-access memory

DRAM, unlike SRAM, must be refreshed in order to maintain their data. This is done
by placing the memory on a refresh circuit that rewrites the data several hundred
times per second. DRAM is used for most memory systems because it is cheap and
small. DRAMs consist of one transistor and one capacitor (1T1C) to store informa-
tion as shown in figure 1.3. The presence of charge at the terminals of the capacitor
corresponds to Logic “1” while Logic “0” corresponds to the absence of charge. Due
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to its smaller feature size (6-8F)!?, this technology is cheap and presents a very high
integration density level with very excellent endurance. DRAMs are generally used
as main memory in computer RAMs. DRAM consumes more power and is slower
compared to SRAM. A Micron Technology MT4C1021 DRAM integrated circuit is
shown in figure 1.4.

Word Line

s
il

FIGURE 1.3: A typical cell structure of DRAM memory.

Bit Line

FIGURE 1.4: A die photograph of the Micron Technology MT4C1021
DRAM integrated circuit.

1.1.2 Nonvolatile memories

These kinds of memory technology do not lose data after turning off the power like
SRAM and DRAM. Over past few decades, Flash is often used as the non-volatile
memory. This memory technology benefits from the traditional scaling of semicon-
ductor industry allowing the high-density integration for mass production. How-
ever, the scaling limit is approaching to end due to serious problems such as floating
gate interface, lower coupling ratio, leakage current due to thinner oxide layer, short
channel effect and low electron charge in the floating gate[*]. After these limitations
became critical in flash technology, some new technologies are needed which can
scale down without having any effect of the problems discussed for Flash. Hence,
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alternative solutions are being discovered referred as emerging non-volatile memo-
ries!°l. There are many different kinds of emerging non-volatile memories such
as Ferroelectric random-access memory (FeRAM), Magnetic random-access memory
(MRAM), Phase change random access memory (PCRAM) or simply phase change
memory (PCM), Conductive bridge random access memory (CBRAM) and oxide
based random access memory (OxRAM). Some of them are already commercially
available in market like PCM and MRAM. All these memories will be discussed
briefly in next section. A comparison of different memory type cell structures is
presented in figure 1.5.

Volatile (SRAM)

Volatile (DRAM) Non-Volatile (FLASH)

k- o

s g g o o
T e

1T+1C 1T

6T 4T+2L

FIGURE 1.5: Comparison of different cell structures for different types
of memory technology[*l.

1.2 Emerging nonvolatile memory technologies

1.2.1 Flash

Flash memory is a nonvolatile storage device that can be erased and reprogrammed.
Flash memory was developed from electrically erasable programmable read only
memory (EEPROM). There are two different types of Flash memory based on logic
gates, NAND and NOR Flash memory. The internal characteristics of different types
of flash memory cells exhibit characteristics similar to the corresponding gates. The
NAND type is primarily used in main memory, memory card, USB flash drives,
solid state drives for general storage and transfer of the data. The NOR type is
used as a replacement for the older EPROM and alternative to certain kind of ROM
applications.

In 1967, Kahng et al. presented the floating gate and its application for memory
in their paper’l. Flash memory was invented by Dr Fujio Masuoka while working
in Toshiba in 1980. Mausoka et al. presented the invention at the IEEE 1984 Interna-
tional Electron device meeting held in San Francisco®”]. Intel first commercialized
the NOR type Flash memory chip in 1988.

Flash memory celll' js a typical floating gate MOS transistor, and this float-
ing gate (FG) is completely surrounded by dielectric or oxide layer, and electrically
governed by a capacitively coupled control gate (CG)[#!!]. This floating gate is elec-
trically isolated from the control gate and the channel by two dielectric layers: con-
trol oxide and tunnel oxide. Being electrically isolated, the floating gate acts as the
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storing electrode of the cell. When a positive voltage is applied to the control gate,
electrons are injected into the floating gate through the tunnel oxide via Fowler-
Nordheim (FN) tunneling. The Logic state is represented by the charging level. The
neutral or positively charged state is associated with logic state “1” and the nega-
tively charged state corresponds to logic state “0”.

yg Control Drain current
gate 4 \ “1 3 | oag >

Control oxide

Tunnel oxide

il Iread £

V. , Gate voltage

rea

FIGURE 1.6: (left) Basic structure of Flash memory cell (right) Exam-
ple of corresponding IV characteristics; adopted from 2],

Flash has two different kind of architectures based on gate, NOR and NAND
arrays, which are named after the resemblance to the pull-down networks in the
corresponding CMOS logic gates. In the NOR array, cells are organized in a parallel
architecture, aiming at a direct access of each cell, which is connected to its bit line
through a dedicated drain contact enabling the device to achieve random access.
Because of this parallel architecture the performance is better for NOR. This con-
figuration enables the short-read times required for random access microprocessor
instructions. NOR flash is ideal for lower density, high speed-read applications.

NAND flash was developed as an alternative optimized for high density data
storage, giving up random access capability in a trade of smaller cell size. This
was done by creating memory cells connected in series and organized into memory
strings, trading off read /write random speed for a higher integration density and,
thus, a lower cost per bit!'>"1°l. So, NAND flash is ideal for low cost, high density
and high-speed program/erase application. The architecture comparison between
NAND and NOR flash is given in figure 1.7.

Over past years many improvements were done in flash technology. Flash tech-
nology has been scaled down in order to meet the requirement of reduced feature
size and large memory. Intel started the mass production of 32-layed NAND chips
as shown in figure 1.8. When reaching the scaling limit of transistors, some alter-
native technologies have to be developed. Even after a remarkable development

in the field of flash, it is believed that scaling beyond 22nm node will be challeng-
ing and serious physical problems will appear!!”]. In order to have 10-year data
retention, the tunnel and control oxide need to be thick enough to prevent charge
loss. But scaling down the thickness of tunnel oxide will affect this requirement.
The primary concern is that stress Induced leakage current (SILC) affects the device
reliability and its amplitude increases when reducing the oxide thickness!'®l. Also,
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NOR NAND
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FIGURE 1.7: Comparison of NOR Flash array and NAND Flash array
architectures!?].

NAND Leadership

2D NAND Intel 3D NAND

oo |

Disruptive 3D NAND
Breakthrough cost
2x bits per die
1TB in 2mm

>10T8 ina SSD

FIGURE 1.8: 32-layer 3D NAND Flash produced by Intel°].

few electron phenomena may be an ultimate intrinsic limit in the scaling of Flash
memories! ],

Currently, an extensive research is going in the field of memory and it is not
easy to predict which technology will win the race. Even though there are many
technologies which are showing the great interest in the field of memory and will be
discussed in coming sections.

1.2.2 FeRAM

Ferroelectric random access memory ??!l (FeRAM) is a type of non-volatile memory
which uses ferroelectric layer as a capacitor to store the data. It uses the ferroelectric
effect for the storage mechanism. It is polarized by applying external electric field
and remains polarized even if the external electric field is removed. This type of
polarization is called remanent polarization. Due to this polarization characteristic,
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FeRAM does not lose any data if the power is removed from it. When the direction
of the applied field is reversed, the polarization of the ferroelectric material changes
its direction and hence, it can update the new data. Polarization is a phenomenon
due to the ionic displacement of atoms of ferroelectric crystal structure.

I "

Ferroelectric

s eyl s
_of aferroelecincs
e O
» Electric
field
o

FIGURE 1.9: On left hand, the basic structure of a FeRAM cell is

shown. On top right crystal structure of ferroelectric and on bottom

right an electric polarization-electric field hysteresis curve are also
shown 4],

Therefore, FeRAM is a superior memory that has fast speed of reading and writ-
ing the data. It has low power consumption among other semiconductor memo-
ries!??l and higher operation speed compared to DRAM[?%?4l, So, it is a fast memory
that can endure a high number of cycles (for example 10'4)[?]. The idea of ferroelec-
tric memory was first given by Bell Laboratory in 1955. In 1980, a FeRAM in which
data is stored by polarization direction in ferroelectric capacitors and read out by
using reverse polarization direction was proposed!?’l. A FeRAM memory cell has
the same structure as a DRAM cell and consists of a transistor and a capacitor, but
in this case the FeRAM cell contains a capacitor with a ferroelectric dielectric.

This kind of memory is fabricated by depositing a film of ferroelectric material
in crystalline form between two electrode plates to form a capacitor. This structure
is similar to that of the DRAM capacitor. It is important that the ferroelectric films
should have high remanent polarization, low leakage current, low coercive field.
Low operating voltage is reached because of the low coercive field which also helps
in faster switching speed and better fatigue resistance. Today’s FeRAM uses lead zir-
conate titanate (PZT); other materials are being considered. FeRAM are extensively
studied. Even after FeRAM has achieved a level of commercial success, with the first
devices released in 1993171 Since 2011 there are new promising development with
HfO, based materials which present ferroelectricity %],

1.2.3 MRAM

Magnetic Random access memory is also nonvolatile memory!*”! but it works on
magnetic field unlike other nonvolatile memories like flash which work on charge
storage. It uses a magnetic element having a magnetoresistance effect in a memory
cell. Magnetoresistance effect is a phenomenon which happens when a magnetic
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field is applied to magnetic material and its electrical resistance is changed in accor-
dance with the direction of its magnetization.

Resistance

Electrode AP state g

Storage layer

Insulator ————+—————» Magnetic field

Pinned layer

Electrode
P state

FIGURE 1.10: Simple structure of a magnetic tunnel junction is shown

in the left side and variation in resistance with magnetic field is

shown in the right side with two different magnetic states, the par-
allel one and the anti-parallel one[*'].

The basic MRAM cell element consists of a magnetic tunnel junction (MT]) as
shown in figure 1.11. Magnetic field induced magnetic switching was first employed
in the early realization of MTJ based MRAME'=2l. These MTJs are composed of
three different layers. One layer is insulating layer which is sandwiched between
two magnetic layers, called free magnetic layer!*’! and fixed magnetic layer. Elec-
trons in MT]Js which are spin polarized by magnetic layer traverse the dielectric bar-
rier through tunneling®*! when a bias is applied. These MTJs devices have low re-
sistance when the magnetic moment of the free magnetic layer is parallel to the fixed
magnetic layer and have high resistance state when they are in antiparallel state.

Write Line 1

—

ON for sense
OFF for |— >_
program

FIGURE 1.11: Schematic of 1-transistor, 1-MT]J cell.

Early MRAM devices had problems due to very high write currents necessary
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to induce the magnetic field for switching, but with the development in the field
of MRAM, the write current level®! decreased. For example, devices based on
STT-MRAM (Spin transfer torque-MRAM)/MRAM have high endurance and high-
performance characteristics (high speed, low voltage) which makes them good can-
didates for embedded applications. On the other hand, MRAM has low integration
density compared to Flash or DRAM®! and its scalability beyond the 20nm node
still remains to be demonstrated [*°l.

1.24 CBRAM

One of non-volatile memory is conductive-bridging random access memory (CBRAM) 1738

which is based on metal ion transport and redox reactions to form a persistent con-
ducting filament in a high resistance film between two electrodes. The switching is
based on formation and dissolution of this metallic filament in the material under
external bias. CBRAM consists of an inert electrode like platinum, iridium, gold or
tungsten and the other electrode can oxidize such as copper or silver. This effect may
be reversed to return the device to a high resistance state. These two electrodes are
separated by a solid electrolyte or oxide material ®*’l. Memory Switching using a
Ag dendrite in a Ag-doped As,S3 film in a Ag/ As,S3/ Mo structure is reported by
Hirose et al.*!l in 1976. The On state is achieved by applying a positive bias at the
oxidizable anode resulting in the redox reaction driving the positive silver ions to
the inert cathode if the electrode is of silver. Due to this effect, a filament of metal
rich clusters is formed leading to a conductive bridge between the electrodes. By ap-
plying the opposite voltage, the filament can be dissolved breaking the conductive
bridge between the electrodes.

ON-state OFF-state

FIGURE 1.12: Schematic illustration of the CBRAM switching mech-
anism 4?1,

The CBRAM memory is also known as programmable metallization cell (PMC).
In 1999, Kozicki et al.[*3! reported a programmable metallization cell (PMC) device
using metal-doped chalcogenide films. PMC devices are also called electrochemical
metallization cell (ECM)#4%] atom switch 0], or CBRAM[#%471,
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D) OFF state

| |
0 0.2
Voltage [V]

C) RESE

FIGURE 1.13: Typical I-V characteristic of Ag/Ag-Ge-Se/Pt electro-
chemical metallization cell. Adopted from reference5].

1.2.5 PCRAM

Phase change memory (PCM) or Phase change random access memory (PCRAM) is
the most matured technology among the emerging non-volatile memories. Phase
change memory is based on the phase change of the active material. Generally,
chalcogenide materials are used as a phase change material. Chalcogenide mate-
rials are in amorphous phase initially and can change the phase to crystalline by
applying a bias. The on state corresponds to the low resistance state due to crys-
talline phase and the Off state to the high resistance state of the amorphous state. A
schematic structure for PCM is presented in figure 1.14. This type of memory will be
discussed in more detail in section 1.4.

Top Electrode

- - -
l.'
......... Crystalline
Resistor GST
(Heater)

Bottom Electrode

FIGURE 1.14: Schematic of a PCRAM cell [#°].
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1.2.6 OxRAM

Oxide based random access memories (OxRAM) belong to resistive random-access
memories (RRAM) and are also well known emerging non-volatile memories. An
intensive research is going on for OXRAM. OxRAM has a high switching speed,
low power consumption and is scalable. The basic structure of OXRAM is MIM
(metal/insulator/metal). When a bias is applied a filament is formed inside the
oxide layer connecting the two electrodes changing the resistance state. When the
two metal electrodes are not connected through a filament, it is in high resistance
state (HRS) which is also known as off state. When the two electrodes are connected
through a filament, the low resistance state is achieved, this state is also known as
On state. OXRAM will be discussed in detail in section 1.3.

A comparison is provided for all the volatile and non-volatile memories dis-
cussed in previous sections in table 1.1. Cell structure, minimum cell size, write
and erase time as well as the number of endurance cycles for different memory tech-
nologies are presented in the table 1.1.

1.3 Oxide based random access memory

The resistive switching effect has been studied for more than 40 years. In 1962, Hick-
mott et al.>!l reported resistive switching for the first time in the I-V characteristic of
five metal oxide metal structures: SiO,, AlLbOs3, Ta,Os5, ZrO, and TiO,. The switch-
ing timel®!l was evaluated to be less than 0.5 us. Still the mechanism of resistive
switching was unclear. In 1964, Gibbons et al.I"}! reported a study on NiO, where
they believed that the switching is due to the formation and rupture of a Nickel
filament in NiO thin film which is sandwiched between two electrodes. In 1967,
Simmons et al.>!l reported the pioneering study discussing the use of this resis-
tive switching for memory application!®. In 1970, fast switching of resistance in
Al/SiOy/ Au structure was shown by Dearnaley et al.[*l and they concluded that
the reason was an electronic effect rather than the filament formation and rupture.
Also, a paper published by Chua et at.’’l on “Memristor-the missing circuit ele-
ment” contributed to this field. * Many studies have been done over the years on

non-volatile memories from the 1960s to the beginning of the 21st century®®*’! and
a 64-bit perovskite oxide-based ReRAM memory was fabricated by Zhuang et al.[?’]
in 2002 by using a 0.5 ym CMOS process. In 2004 a group from Samsung Advanced
Institute of Technology reported binary transition metal oxide-based ReRAM and
successfully demonstrated RRAM operation below 3V and 2mA, 10° set/reset op-
erations and 10'2 reading cycles!®!l. A paper title “Missing memristor found” trig-
gered the intensive development in RRAMI®?l. Since then, great achievement had
been reported in the field of RRAM by Unity!®®l, SanDisk/Toshiba!®*l, Micron/-
Sony %l and IMECAS!®l. Also, TSMC announced in 2017 a new plan to start the
production of embedded RRAM chips in 2019 based on 22-nm process. A roadmap
for OxXRAM is shown in figure 1.15.

1.3.1 Basic Operation of OXRAM

As discussed in the previous section, the resistive switching mechanism in OxRAMs
is still under debate. C. Cagli et al.[”] studied the switching in HfO2 based OXRAM
devices. They did several experiments to demonstrate that the switching is driven
by creation/disruption of a conductive filament (CF). They reported the resistance
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FIGURE 1.15: Historical timeline of RRAM development from 1962 to
2017. Adopted from[>l,

variation as a function of cell dimension as shown in figure 1.16. As it can be seen,
there is no influence of cell dimension on the resistance in low resistance state (LRS)
or On state, but the resistance should decrease with increasing the cell dimension ac-
cording to the cross sectional area law. This clearly indicates that switching is driven
by creation/disruption of a conductive filament. Also, there is small fluctuation in
high resistance state (HRS) or off state. These fluctuations may be due to tunneling
enhanced by partially disrupted filaments with different lengths. According to the
independence of resistances to devices area, C. Cagli et al. suggested that the switch-
ing is due to the creation and disruption of the filament. So, in this thesis, we will
verify this assumption by using C-AFM measurements at nanoscale.

In pristine state, the resistance of the oxide layer is very high and it needs to be
preconditioned before resistive switching. To precondition the resistance of pristine
oxide an operation called forming is done. Forming is current controlled break-
down of the oxide layer which creates a conductive path with low resistance called
conductive filament (CF) inside the oxide layer connecting the two electrodes.

Once the conductive filament is formed, the resistance across the electrodes de-
creases rapidly. When forming the filament, the current is limited to a value called
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FIGURE 1.16: Dependence of cell dimension on the resistance in on

and off state (right coordinate axis)[*’].

compliance current (Ic) in order not to destroy the device permanently. When study-
ing the characteristics of devices, this compliance current is fixed by a semiconductor
parameters analyzer for 1R devices and by a field effect transistor for 1T1R devices.

By applying higher bias after forming, the filament can be ruptured or disrupted.

Once the conductive filament is ruptured the device comes back to high resistance
state. This process is known as RESET. Then, by applying a bias, the filament can
be created completely again and the device is back in low resistance state. This
process is known as SET. Forming, Set and Reset operations are shown in figure
1.17. When the filament connects the electrodes, the memory cell is in the on state
(SET) or logic state “1” and when the filament is ruptured, the memory cell is in the
off state (RESET) or logic state “0”.

‘1 eakdown SET (Forming)
P =
Initial state d
Off state On state
(High Resistance State) (Low Resistance State)
—_— GND I —
RESET
(bit "0") * (bit "1")
Anodic k J
cundhzation
Virtual cathode
GND

FIGURE 1.17: Different steps for RRAM operation showing forming

of the conducitve filament, SET and RESET[68].

Different switching behaviours have been observed for OxRAM depending on
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the polarity known as unipolar and bipolar resistive switching. When the same bias
is applied to form the conductive filament and to rupture it in order to SET and
RESET the state, it is called unipolar behaviour. On the other hand, when different
polarities are used to SET and RESET the filament in order to change the state from
high resistance state to low resistance state or vice versa, it is called bipolar switching
behaviour. For bipolar switching, the same polarity is used for forming and SET
process. In figure 1.18, different switching behaviours can be seen.

Voltage RESGT Compliancef.--,
A F i r . s
§|__HRs ]
Metal Oxide - 3 HRS
O Q
AN Y A Compliance RESE LR
LRS!
— Voltage Voltage

(a) (b) (c)

FIGURE 1.18: (a) Basic structure of OXRAM or RRAM with metal-

insulator-metal configuration, (b) Unipolar switching behaviour in an

OxRAM device and (c) Bipolar switching behaviour in an OxRAM
devicel®],

In figure 1.19, switching I-V characteristic for bipolar OxXRAM is presented. When
a bias is applied to pristine oxide, the first resistive switching happens at the so-
called forming voltage leading to the low resistive state. To rupture the filament to
RESET it, opposite polarity is applied. The voltage when the current starts decreas-

ing is known as reset voltage (Vreser). At Vreser the filament is ruptured changing
the resistance state from LRS to HRS.
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FIGURE 1.19: I-V characteristic for a bipolar OxRAM device showing
forming, SET and RESET steps[’].

Before the SET process, the current increases slowly with increasing voltage and
at the set voltage (Vsgr) it increases abruptly reaching the compliance current imme-
diately. At Vsgr, the conductive filament is completley formed and both electrodes
are connected through the filament changing the state from HRS to LRS.



20

Chapter 1. Memory Landscape and Emerging Technologies

1.3.2 Materials

Many different binary metal oxides have been studied for RRAM or OxRAM with
most of the metals belonging to transition metals. In 1962 Hickmott et al.[°!l had
studied five different oxide films including SiOy, Al,O3, Ta;0s5, ZrO, and TiO,
with a large negative resistance in the current voltage characteristics. Since then,
a large number of materials has been found and investigated exhibiting resistive
switching (RS) behavior, which can be categorized into binary oxides, ternary and

ON/OFF Operation speed

Storage medium  Switching mode ratio (set;reset) Endurance
Binary Oxides
AlO, 71-73] Unipolar, bipolar >10° <10ns;<10ns >10%
Si0, [7475] Unipolar, bipolar >107 <100ps;<100ps >108
TiO, 76791 Unipolar, bipolar >10° <5ns;<5ns >2 x 10°
CrO, 81 Bipolar >10? <4us;<5us >6 x 10*
MnO, 81821 Unipolar, bipolar >10% <100ns;<200ns >10°
FeO, [8384] Bipolar >10? <10ns;<10ns >6 x 104
CuO, 8571 Unipolar, bipolar >10° <50ns;<50ns >1.2 x 10*
NiO, [53:88-90] Unipolar, bipolar >10° <10ns;<20ns >10°0
Zn0, 12 Unipolar, bipolar >107 <5ns;<5ns >10°
GeO, 9394 Unipolar, bipolar >10° <20ns;<20ns >10°
ZrO, 571 Unipolar, bipolar >10° <10ns;<20ns >10°
NbO, %8 Unipolar, bipolar ~ >10% <100ns;<100ns >107
MoO, [ Unipolar, bipolar >10 <lus;<lus >10°
HfO,100-106] Unipolar, bipolar ~ >10° <300ps;<300ps >1010
Ta O, 107-110] Unipolar, bipolar >10° <105ps;<120ps >1012
MgO, 11 Unipolar, bipolar >10° - >6 x 102
Ternary and more
complex Oxides
LaAlO;11%113] Bipolar >10* - >10?
SrTiO; 1141151 Bipolar >10° <5ns;<5ns >106
BaTiO;1'%1171  Unipolar, bipolar ~ >10* <10ns;<70ns >10°
BiFeO3'1811°1  Unipolar, bipolar ~ >10° <50ns;<100pus >103
Chalcogenides
CupSH20] Bipolar >10° <100ps;<100us >10°
GeS, [121] Bipolar >10° <50ns;<50ns >7.5 x 10°
Ag,Sl122:123] Bipolar >106 <200ns;<200ns -
GexSe, 1124 Bipolar >10° <100ns;<100ns ~ >3.2 x 10'°
Nitrides
AIN125-128] Unipolar, bipolar >103 <10ns;<10ns >108
SiN[129-131] Unipolar, bipolar >107 <100ns;<100ns >10?
Others
a — Cl13%133] Unipolar, bipolar >3 x 10> <50ns;<10ns >10°
a— Sil77:134 Bipolar >107 <5ns;<10ns >108
Ag1135:136] Bipolar >10° <50ns;<150ns >10°

TABLE 1.2: Different materials used for RRAM switching in literature.

more complex oxides, nitrides, amorphous-silicon/carbon and some organic mate-

rials[1%7]

with specific application in the field of flexible electronic devices!'*l. All
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the materials used for RRAM are shown in table 1.2. Among all these some of binary
metal oxides like TaOy, TiOy, AlO,, NiO and H fO; have gained more interest.

Yang et al.[*°l studied the resistive switching based on TaO,. Top electrode of
Ta and bottom electrode of Pt is used for the MIM structure. They have reported
1 x 10! switching cycles. They used pulses of 1 us with +1.9 V for SET and -2.2
V for Reset. The corresponding current voltage characteristic can be seen in figure
1.20.
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FIGURE 1.20: I-V characteristic Pt/TaOx reported by Yang et al.['*].

Park et al.”l studied TiO, based RRAM for multi bit operation. They inves-
tigated the mechanism using Ir/TiO,/TiN structure. The characteristics they ob-
tained are shown in figure 1.21.
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FIGURE 1.21: I-V characteristic TiOx based RRAM reported by Park
etal.l7el,

Yoshida et al.!"*"] studied high speed resistive switching in Pt/TiO,/TiN. They
showed an excellent endurance over 2 x 10° cycles. Voltage pulse of 5ns at -1.9V was
used for set and 5ns at 2.9V for reset. I-V characteristic obtained by Yoshida et al are
shown in figure 1.22.
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FIGURE 1.22: I-V characteristic Pt/TiO2/TiN reported by Yoshida et

al 11401

Many different groups worked on NiO film as oxide layer for resistive mem-
ory. Yoshida et al.['*!l showed bipolar resistive switching in Ri/NiO/ Pt structure.
Ielmini et al.['*?l and Huang et al.!*"! also presented their work on NiO based resis-
tive switching.

HfO, is one of the most adopted metal-oxide for resistive switching. It has been
intensively studied by many groups, companies and research laboratories. It is also
compatible with CMOS back end of line process which makes it more attractive.
Hou et al.['**l demonstrated the switching for devices in sub-10nm range. Zhao et
al.l'*4] recently reported 2nm ultrathin H fO, layer sandwiched between Pt and TiN
electrodes for 3D integration. High endurance (>108 cycles)['**], low voltage 451401,
very good data retention!'*#'#"] and excellent device yield['**! have been presented
for HfO; based RRAM devices. Hence HfO; is the best suitable and investigated
among other binary metal oxides. In this thesis work, we will also adopt HfO, for
resistive switching studies.

1.3.3 Electrode material effect on switching behavior

Top and bottom electrodes exhibit the effect of work function, oxygen affinity, elec-
tronegativity and inter-diffusion. Many noble metals such as Pt, Au and Ru have
been used as electrode material. Also, Ti, TiN, TaN, Al have been used as electrode.
Yang et al.l'*l studied Cu,0 layer with top electrode of Pt combined with various
bottom electrodes. It was concluded in the paper that when Ohmic or Schottky con-
tact is formed to create high enough electric field across the Cu,0 layer, resistive
switching behavior is induced. Many reports showed the effect of top and bottom
electrode material on the RS behavior of RRAM. An overview is given in table 1.3.

As can be seen in table 1.3, it is a general trend that switching behavior of the
memory cell depends on the electrode materials. When a top electrode is oxygen
reactive metal like Ti, the switching is mostly bipolar. When both top and bottom
electrode are symmetrical and less reactive with oxygen then the memory cell shows
unipolar or non-polar behavior. When unipolar and bipolar switching is found for
the same system, this behavior is called non-polar switching behavior. RRAM device
performance depends on the choice of the electrode material making its characteris-
tic influenced by stack composition. There are many studies going on to completely
understand the origin of the unipolar and bipolar switching in RRAM. By changing
the electrode materials for the same oxide, the switching behavior can be changed.



1.3. Oxide based random access memory 23

Bottom Electrode Oxide Material Top Electrode Switching Behavior
pt1150] ZrO» Ti Unipolar
pt[9%150198 152 ZrOs Pt Unipolar
Pt ZrOs Ti Bipolar
TaN [151] TaO,/ TayOs5_; Ir Bipolar
ptl152] TaOy / Tay05_ Pt Bipolar
ptl1397153] TaOy Pt Bipolar
TIN5 HfO, Ti/TiN Bipolar
TiN 151 HfO, AlCu/TiN Bipolar
TiN[150] HfO, Ti/TiN Bipolar
TiN HfO, Pt Unipolar/Bipolar
ptl1%7] HfO, Au Unipolar
ptl158l HfO, Pt Unipolar
ptl78l TiO, TiN Bipolar
Pt159;160] TiOyr_,/TiOy Pt Bipolar
ptloz1ol] TiO, Pt Bipolar
ptl162;163] TiO, Pt Unipolar
ptl1o4l TiO, Ru Unipolar
Nobel Metal '] NiO Nobel Metal Unipolar
ptl158:165] NiO Pt Unipolar

TABLE 1.3: Different materials used for top and bottom electrode in
MIM structure for RRAM in literature.

So the electrode material has an impact on switching behavior and not only the ox-
ide materiall®l. Cagli et al.[*”! reported that when a top electrode is changed from Pt
to Ti in the case of a HfO; oxide layer, the switching is also changed from unipolar
to bipolar.

1.3.4 Switching mechanisms

Resistive switching mechanism has been observed for many binary oxide materials.
Mostly a filamentary resistive switching is reported for this kind of oxides sand-
wiched between two metal electrodes. Filamentary resistive switching is the widely
accepted switching mechanism!'%~1%°l. The remaining questions are then the nature
of the conductive filament and the formation mechanism. The most common as-
sumptions are that the conductive filament consists of oxygen vacancies, metal ions
or a mixture of both metal and oxygen ions. Possible filaments which switch the
device to LRS presented in literature are Metallic nano-bridges[°'l, oxygen vacancies
(V5+ s) composed conductive channels!'”], dislocations!"”!! and a trail of metallic
islands['3*l. A distinct feature of filament-type resistive switching is that the resis-
tance in LRS is independent on device area as reported by Zhang et al.!*?l and Yang
et al.[®!l for MnO, films and by Cagli et al.[*”] for HfO, films. In addition, the cross
section of the filament determines the scaling limit. In general, RRAM devices need
to be preconditioned for resistive switching through the operation of forming. Form-
ing is a stochastic process which is still not well understood leading to the formation
of a conductive filament through the oxide layer. There are several studies done to
understand the formation of filament in binary metal oxides for RRAM in literature.



24 Chapter 1. Memory Landscape and Emerging Technologies

Identification of the grain boundaries (GB) in H f O, as constituting leakage paths
that ultimately transform into the CF during the forming process is reported by
Bersuker et al.!'%] which is consistent with GB assisted filament formation reported
by Lanza et al.[7?].

Zhao et al.['*l explained the forming process in a Pt/ TiO,/ Pt stack through the
formation of oxygen ions and oxygen vacancies at the anode. The oxygen vacancies
migrate towards the cathode and grow into a cone-shaped CF of Ti4O; with the
larger side of the cone at the cathode. The O ions are removed from the oxide and
chemisorbed at the grain boundaries of Pt electrode near the anode interface.

Jeong et al.['”* also worked on similar stack of Pt/ TiO,/ Pt and elaborates on the

Tiions. The Tiions in the oxygen deficient regions might be reduced to fulfil the local
charge neutrality by capturing electrons from the cathode. These reduced valence

states of Ti ions can form a metallic phase with the oxygen vacancies in the form of
TiO,_, /> for approximately n > 1.5. According to Waser et al. (1751 this conductive
TiO,_,, /> forms a sort of “virtual cathode” that moves towards the anode.

The majority of the models do not consider or mention the possible migration/d-
iffusion of the metal electrode into the oxide layer during the CF formation. In the
case of TiN/HfO,/Ti based RRAM, this scenario may not be completely excluded
as is proposed by Privitera et al.l'’®l working on TiN/HfO,/Ti devices through
the experimental EELS-STEM technique. Some of well-known mechanisms are ex-
plained briefly below:

(a) (b) () +V;
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FIGURE 1.23: Schematic description of the RS mechanism of the de-

vice. (a) Before and (b) after the Ti top electrode deposition. (c) CF

grows from TiN to Ti electrodes under a positive forming voltage ap-

plied to it. (d) A negative voltage is applied on it to rupture the CF.

(e) CF formation and some oxygen ions release during set process. (f)
CF ruptures during reset process!!”7].
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Switching based on oxygen ion migration

Most of resistive switching behaviors are assumed to be due to the oxygen ion mi-
gration between the electrodes, that is, the resistive switching layer, leading to form
a conductive filament!'”%]. This switching process due to oxygen ion migration is as
shown in figure 1.23. As explained above, there is a current controlled breakdown
of the dielectric layers leading to oxygen ion drift to the anode interface due to the
high electric field. For a memory cell in the LRS, the current flows through the CFs
in the bulk oxide. During the reset process, oxygen ions migrate back to the bulk to
recombine with the oxygen vacancies and return the memory cell to the HRS.

Switching based on Metal ions migration

When a filament is formed by redox reaction in RRAM, it is called an electrochemical
metallization cell (ECM) or conductive bridge (CB) cell or programmable metalliza-
tion cell (PMC). In this kind of memory, a thin film of solid electrolyte is sandwiched
between an electrochemically active metal electrode such as Cu, Ag or Ni and an
electrochemically inert electrode such as Pt, Au, W or Ir. In this kind of memory,
generally electrochemical redox process is accepted to be responsible for the resistive
switching. Here the set is due to the electrochemical formation of metallic filaments
in the ion-conducting electrolyte and reset is due to the dissolution of the metallic
filament.

@ Inert metal atom © Active metal ion @ Active metal atom

FIGURE 1.24: A schematic diagram for mechanism of resistive
switching effects in ECM cell: (a) Electrochemically active metal
atoms oxidize to ions at the anode, and then the active metal ions
migrate to the cathode and deoxidize therein; (b) Precipitations of ac-
tive metal atoms at the electrochemically inert electrode leading to
the formation of a highly conductive filament in the cell; (c) When the
polarity of the applied voltage is reversed, an electrochemical disso-
lution of the filament takes place, resetting the system into HRS"'l.

When a positive voltage is applied on the electrochemically active metal it is ox-
idized at the interface, which can be described as M — M*t + ze—, where M** rep-
resents the metal cation. The mobile metallic cations migrate through the solid elec-
trolyte layer towards the electrochemically inert electrode where they are reduced
by the electrons flowing from the cathode, i.e., M** + ze— — M. The successive ac-
tive metal atom accumulation at the cathode leads to a growth of the metal filament,
which finally reaches the anode to form a highly conductive filament, and switches
the device to LRS. When a negative voltage is applied on the active electrode, an
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electrochemical dissolution takes place in the weakest part of the filament, and re-
set process occurs bringing the system back into HRS. The whole process is shown
schematically in figure 1.24.

Switching based on thermochemical reaction

In thermochemical reaction based switching, the forming and set are due to the ther-
mal decomposition of storage media leading to the forming of a conductive fila-
ment and the reset is due to the thermal melting of this conductive filament[*’l. Be-
cause of the joule heating, this type of switching is independent of electric polarity
and can show both unipolar and bipolar modes for RRAM. Thermochemical reac-
tion dominated switching behavior has been recently shown in Pt/NiO/Pt!!7%-181],
Pt/CoO/Pt!'¥ and Pt/ TiO,/ PtU8%18] Many attempts have been made to confirm
the composition of these metallic CFs. They should compose of sub oxide or even
metal atoms.

Park et al.['%!] examined the switching in NiOy films by HR-TEM and electron
energy loss spectroscopy (EELS) and they reported that the conductive filament in
NiOy is composed of Ni atoms which are located at the grain boundaries. It was
confirmed by Hwang et al.['®*] that the conductive filament in TiO, is composed of
Ti,Oy,—1 which is also called Magnéli phase and they grow from the cathode to the
anode with their thinnest part near the anode. Chen et al.['3%! reported a real time
formation and rupture of filament in ZnO by using in situ TEM and showed that the
conductive filament is composed of Zn dominated ZnO;_,.
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FIGURE 1.25: Schematic diagram for the mechanism of resistive
switching in Pt/ZnO/Pt devices. (a) The release of oxygen gas O,
leads to the oxygen vacancies in the bulk of ZnO. (b) The migration of
the mobile oxygen vacancies toward the cathode (oxygen ions O? to-
wards the anode) and the rearrangement of Zn-dominated ZnO1. (c)
The precipitation of Zn atoms to form a conductive filament. (d) The
rupture of the filament. When the energy of Joule heating enhances
the thermochemical reaction, the filament will rupture and change
back to ZnO. Due to the migration of oxygen ions, the ReRAM resets
back to the off state. Text and figure are adopted from reference!!*°l.

All these experimental results presented above can be explained by using an uni-
versal model for thermochemical reaction dominated non polar switching by Kim et
al.l®”]. Detailed mechanism for thermochemical reaction based switching behav-
ior for p-type semiconductors like NiO and n-type semiconductor like TiO, can be
found in the article presented by Kim et al.['¥”l and Pan et al.['®%].
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1.3.5 Conduction Mechanism

Intensive research has been performed to understand the properties of conductive
filament in literature by studying the temperature dependence of the device state
and by using some other techniques such as complex impedance spectroscopy and
low frequency noise measurement. In low resistance state the conduction is mostly
observed Ohmic but the origin is still under discussion. Some of possible electron
conduction mechanisms in high resistance state are Schottky emission, F-N tunnel-
ing, direct tunneling, Poole-Frenkel tunneling, space charge limited current (SCLC)
and trap assisted tunneling (TAT). Various oxide RRAM devices can have different
conduction mechanisms depending on the dielectric properties (band gap or trap en-
ergy level, etc.), the properties of the interface between the oxides and the electrodes
(interfacial barrier height), the fabrication process conditions (annealing tempera-
ture, annealing ambient, etc.).

(1)

ko q

( b) E, Oxide Anode

FIGURE 1.26: Schematic of the possible conduction mechanism in

TiN/HfOx/Pt stack: (1) Schottky emission; (2) Fowler-Nordheim (F-

N) tunneling; (3) direct tunneling; (4) tunneling from cathode to traps;

(5) emission from trap to conduction band, which is essentially the

Poole-Frenkel emission; (6) F-N like tunneling from trap to conduc-

tion band; (7) trap to trap tunneling; and (8) tunneling from traps to
anode. Adopted from reference!®’l.

1.4 Phase change random access memory (PCRAM or PCM)

Phase change memories are a type of emerging nonvolatile memories. They use the
ability of phase change materials to change phase between amorphous and crys-
talline state to store information. Chalcogenides are the mostly used materials be-
cause of their phase transition property. They are semiconducting glasses made of
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the elements of sulfur, selenium, tellurium, germanium and antimony. The first con-
cept of amorphous to crystalline phase transition of chalcogenide materials to store
information was given by S R Ovshinsky!'”"! in the 1960’s. The concept of a non-
volatile PCM, based on the properties of the chalcogenide alloys, came out at the
beginning of 1970’s!"”!l. In these devices, the memory element is a variable resis-
tor which is composed of chalcogenide material. The resistance of the device de-
pends on the state of the phase. If the material is amorphous, the resistance is very
high (RESET state). On the other hand, when the material is in crystalline state the
resistance is low (SET state). This change of phase is accomplished by current in-
duced Joule heating. The RESET is achieved by applying a large and short current
pulse (see figure 1.27), raising the temperature of the chalcogenide material above
the melting point. The melt chalcogenide then quenches into the glass state during
the abrupt fall of the reset pulse. The SET is achieved by applying a smaller and
longer current pulse and heating the glass above the crystallization temperature and
activating the nucleation and growth of the crystalline phase!'?l.

Y

(= Temperature)

FIGURE 1.27: Programming for read, set and reset for PCM de-

vices[193],

An important property of the phase change material is threshold switching 1941971,
Without this property, the PCM would not be a feasible technology. When the
PCM is in high resistance state, extremely high voltage would be required to deliver
enough power to heat the material above the crystallization temperature. However,
when a voltage above the threshold voltage Vt is applied to the phase change ma-
terial in amorphous state, the high electric field increases the electrical conductivity.
This effect is still not completely understood but few studies have shown that it is
attributed to a complex interplay between trapped charge, device current and local
electric field11"741%%1. With this sudden high electrical conductivity, a large current
start flowing, resulting in heating of the material. When this current is sufficient to
heat the sample above the crystallization temperature but below the melting temper-
ature, the material is switched into crystalline state. This threshold effect makes the
device switching into crystalline state with an applied voltage of a few volts, despite
the high resistance of the device in the reset state without voltage applied.

1.4.1 The PCM Cell Structure and its switching mechanism

The Phase change memory cell is a two terminal device. A memory cell structure
is shown in figure 1.28a. The active phase change material is sandwiched between
the top metal electrode and the resistive plug which is also called heater. When an
electric pulse is applied, the current at the interface of the heater and the GST leads to
joule heating of the mushroom shaped volume of the GST, which changes its state.
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The functionality of the PCM is based on the resistance change due to the phase
change, between amorphous and crystalline. When the material is in crystalline
state the overall resistance of the device is low which corresponds to the SET, or
logic 1. When the material is in amorphous state the resistance of the device is very
high, which corresponds to the RESET state, or logic 0.
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FIGURE 1.28: (a) Schematic of a general PCM celll1 (b) I-V char-
acteristic of a PCM cell showing the amorphous and crystalline
phase 201,

A typical PCM cell and its I-V characteristic are shown in figure 1.28b. As shown
in figure 1.27, to RESET the device, a RESET pulse consisting of a higher amplitude
for short duration in the range of tenths of nanoseconds, which can raise the tem-
perature above the melting temperature of GST, is applied and followed by a sharp
trailing edge quenching the material into the amorphous state. This is called RE-
SET operation. To SET and to change the phase to crystalline again, a current pulse
with duration in the range of hundreds of nanoseconds but with lower amplitude
is applied which again heats the cell resulting in temperature rise above the crystal-
lization temperature but below the melting temperature.

1.4.2 Phase Change Materials

Mostly, chalcogenides are used as phase change material because of the strong elec-
trical and optical contrast between the crystalline and amorphous phase, fast crys-
tallization and high crystallization temperature. The alloys along the pseudo-binary
line between SbyTe; and GeTe with the composition of (GeTe),,(SbyTes), have been
studied intensely [’ and used for PCM devices. Other materials along the pseudo
binary line between GeTe and Sb were studied [203] starting from Ge,SbyTey. A ter-
tiary phase diagram for Ge — Sb — Te with popular alloys for phase change material
is present in figure 1.29.

GeTe!?"l is one of the first examples of chalcogenide material presented in the lit-
erature which demonstrated a reproducible and controllable phase transition from
a low resistive, crystalline and high reflective state, to a high resistive, amorphous
state. At room temperature, the crystalline phase has the structure of rhombohe-
drally distorted Te super lattice phase with some of the Ge atoms misaligned >%,
GeTe is still largely investigated because of its high crystallization speed °>-?%]. The
melting temperature for GeTe is around 725°C[?%l and its crystallization tempera-
ture (see figure 1.30) is around 180°C 2101,
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Ge

Sb.Te, Sb Te

FIGURE 1.29: Tertiary Ge — Sb — Te phase diagram with some popular
phase change alloys highlighted. The red arrow indicates the trend of
adding Ge to Ge,Sby Te; alloys (201],

GepSbyTes (GST-225) is the most common and most studied phase change mate-
rial '], Tt has been studied since 1990s because of its long-term stability at ambient
temperature and its fast crystallization speed. Before, it was selected and studied for
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FIGURE 1.30: Resistivity as a function of the temperature for GeTe
phase change material['?].

optical disk storage because of its fast crystallization speed and high optical contrast.
It is also the material mostly used in PCRAM these days. But there are some prop-
erties which are not suitable for PCRAM applications and doping has been used to
modify its properties according to the requirement. The most popular dopant is ni-
trogen which leads to fine grain size, higher crystallization temperature, and higher
resistivity in both, the amorphous and crystalline phases[?'>?'4l. The crystallization
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temperature for G5T-225 is around 150°C, while the melting temperature is around
660°CI2121,
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FIGURE 1.31: Schematic representation of phase transformation dur-
ing the record and erase process for Ge,Sb, Tes and GeTe [208],

Many different phase change materials have been developed ?'!8l and the choice
of available materials can be further increased by doping!?!“-?*!l. Materials such as
doped Gei55bgs [222] and doped Sb,Te 12191 have also been used in PCRAM cells. Also
Ge1Se1Te,P2%1, AgSbSe, %41, Sh — Sel??®], Ag — In — Sb — Te!”*°l and some variant
ofSb — Tel?19227] are used for phase change materials. Also Ge-rich Ge,Sb, Te, mate-
rials have been recently developed with improved crystallization temperature and
have been proven to guarantee the data retention in extended temperature range for
automotive application??%].

1.5 Conductive atomic force microscopy for resistive memo-
ries

The main motivation of this thesis work is to understand the scalability for OXRAM
and PCRAM and also to understand the possible mechanism leading to resistive
switching. To understand these effects, it is necessary to do the study at nanoscale.
With current lithography, it is difficult to fabricate electrodes in the nm range. So,
to overcome this problem many groups started using conductive atomic force mi-
croscopy (C-AFM) to do the electrical characterization considering C-AFM as probe
station. C-AFM tips can serve as nano-electrodes allowing to study the switching
effect at nanoscale.

1.5.1 For OxRAM

To provide in-situ information about the formation and rupture of the filament, the
use of characterization tools with high resolution are necessary. The most widespread
techniques for nanoscale electrical characterization are scanning tunneling micro-
scope (STM) and conductive atomic force microscope (CAFM). There are many groups
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which are already using C-AFM to study OxRAM at nanoscale. The diameter of the
filament was found to be in the range of nm with this technique.

Chen et al.[??’! observed cyclic resistive changes in Nb-doped SrTiO; using scan-
ning tunneling microscope. In STM the tip is not in contact with the sample, so the
current is due to the tunneling between the tip and the sample adding a resistive
component. This problem can be solved by using atomic force microscopy (AFM),
as the tip is in contact with the sample. Trapatseli et al.[?*’l used conductive AFM
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FIGURE 1.32: 1-V characteristic of TiO2-x (black curve) and TiOx
(blue curve) thin films obtained by C-AFM (230]

to investigate the switching threshold in TiO, layers. They used conductive Pt/Ir
coated Si tips as a top electrode for MIM structure. They used a compliance current
of 12.5 nA in order to prevent tip damage. They studied the I-V behavior as shown
in figure 1.32 for two different titanium layers, TiO,_, (in black) and TiO, (in blue).
They find out that I-V characteristics are showing asymmetric bipolar switching be-
havior for both films.
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FIGURE 1.33: The C-AFM tip is placed in contact with HfO; layer
and a tip-surface contact area of 3 x 3nm? is achieved by the precise
control of the load force applied to the tip by Hou et al.[?*!].
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Hou et al.!**!l studied the multimode resistive switching at nanoscale in HfO
layer by using C-AFM. They studied the switching in the area of 3 x 3nm? (figure
1.33). Electrical bias was applied on the bottom electrode of TiN while the Pt tip was
grounded. They explained the filament conduction in the framework of a low defect
quantum point contact (QPC) theory.
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FIGURE 1.34: (a) Schematic diagram of the HfO,/ITO/ Invar RRAM

structure with an AFM Pt/Ir tip as the top electrode. (b) Typical

nanoscale I-V characteristics of the HfO,/ITO/Invar structure ob-
served by Wu et al.[??],

Wu et al.[?*?] also studied the effect of compliance current and voltage sweep
rate on the resistive switching in HfO,/ITO/Invar structure by using C-AFM as
shown in figure 1.34. Invar is a binary alloy of 64% iron and 36% nickel. They
reported unipolar resistive switching behavior when a Pt/Ir AFM tip is used as the
top electrode.

T2.0pm

FIGURE 1.35: C-AFM mediated surface conductivity modifications

of the TiO, thin film. (a) Topography (b) Current map. The surface

is more insulating with 5V (upper region) and more conducting with

+5V (lower region) surface, compared to surface in pristine state. One

conducting spot is shown on the lower right corner. (c) Current map-
ping image in 3D of the same area >*.
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Du et al.[?**l studied the resistive switching in TiO; films by using conductive
atomic force microscopy. They used a 20nm thick layer of TiO, and Pt as bottom
electrode. Also, a Pt coated silicon tip as top electrode was used. They applied a +/-
5V bias on an area of 2 x 2um? at 1Hz. They recorded the current mapping images
and found out that more conducting surface was observed with positive bias and
more insulating surface was observed with negative bias as shown in figure 1.35(b).
For positive bias, a large number of nano-spots were observed and these spots mark
the conductivity paths that connect the bottom electrode with the AFM tip. A 3D
view for these spots is presented in figure 1.35 (c). They called these nano-spots
multiple nano-filaments.
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FIGURE 1.36: I-V characteristic measured by CAFM on a TiO,/ Pt
surface, at a voltage sweep by C-AFM observed by Du et al.[?*3],

Also, they explained that the switching mechanism is related to charge injection
and attributed to the migration of oxygen ions under an electric field. They intro-
duced filament interface model combining both filamentary and interfacial effect to
elucidate the observed phenomenon. I-V characteristic presented by Du et al. is
shown in figure 1.36.

Hou et al.['*l presented Sub 10 nm low current resistive switching behavior in
HfO, stack. They compared I-V behavior obtained for a 1T1R device and the char-
acteristic obtained by C-AFM as shown in figure 1.37. They showed that the low
current resistive switching characteristics are enhanced by the downscaling of the
device to sub-10nm. They introduced a tip induced cell which is in good agreement
with 1T1R cell. The full diamond tip which is used as the top electrode was blunted
in order to mimic the dimension of the electrode used for devices.
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FIGURE 1.37: (a) RSI-V curves of a 50 x 50nm? TiN/HfO,/Hf/TiN
device in the 1TIR cell with 250 yA compliance current (b) RS I-V
curves of the blunt — tip/HfO,/Hf/TiN tip-induced cell, the 1st
(red trace) and the 100th (blue trace), as presented by Hou et al. (1431,
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Diokh et al.[?*!] also studied 1T1R devices with 10nm H fO, layer thicknesses as
Hou et al. It can be seen in figure 1.37(a) and figure 1.38 that the On-state conduc-
tance is similar for both Hou et al. and Diokh et al for 1T1R device. It can also be
seen that the I-V measurements performed by Hou et al using CAFM (figure 1.37(b))
show a similar On-state conductance compared to the 1T1R devices studied by both
groups. So, it can be concluded that the I-V characteristics by C-AFM are compara-
ble to the results obtained on devices. The area of the 1T1R device used by Hou et al
is 50 x 50nm? and for Diokh et al. is 1 x 1um?, so it can be concluded that there is no
effect of the cell dimension on the On-state conductance as the conductance is due to
a conductive filament as explained in section 1.3.1. From all these studies presented
in this section, it can be seen that the scaling of the OxRAM is possible and C-AFM
is a very useful tool to study OxXRAM memories at nanoscale.
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FIGURE 1.39: (a) Schematic diagram of GST-based structure using
C-AFM Current-voltage spectroscopy of amorphous GST films ob-
tained by Yang et al.[?%°].
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Recently, many studies related to phase change material have been made to dis-
close the material properties at nanoscale!”>*’l. H.Kado and T. Thoda have re-
ported nanometer-scale recording in an amorphous Ge; Sb, Tey film by locally chang-
ing the electrical property with a C-AFM tip>41].
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FIGURE 1.40: (a) Schematic cross section of the phase-change stack

used in the experiments by Bhaskaran et al. (b) Current-voltage

plot for two phase transformation curves on the unpatterned stack

as shown in figure (a) from the amorphous to the crystalline phase
obtained with an encapsulated tip >#].

Yang et al.[?*! performed characterization of GeSbTe phase change material by
using C-AFM to observe nanofilament formation (see figure 1.39). They showed
an electrical threshold switching. When the applied voltage exceeded the threshold
voltage, conductive nanofilaments with average size of 15-60 nm were reported.

Bhaskaran et al.[?*? also studied phase transformation at nanoscale in Ge,Sb, Tes
using encapsulated tips (see figure 1.40). By using PtSi conductive tips they demon-
strated the creation of nanoscale crystalline dots on an amorphous film of Ge;Sb; Tes.
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FIGURE 1.41: Switching behavior of the combined PC/RRAM device.
Measured I-V characteristic of GST/Cr/SiOy/Si arrangement with

Ptlr-coated C-AFM tip (diameter is 20 nm) as top electrode by Sun et
al 203

Tanaka et al.[***! studied the smallest (10nm) phase change marks in amorphous

and crystalline Ge;Sby Tes films. They used both STM and AFM techniques to study
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the phase transition in GST and suggested that AFM is more suitable for producing
the nanoscale marks obtaining the diameter of 10nm.

Sun et al.!**3] presented bipolar electrical switching of GeySb,Tes phase change
material at nanoscale by using the C-AFM. I-V characteristics are shown in figure
1.41.

1.6 Conclusion

All these studies at nanoscale for OXRAM and PCRAM presented behavior of switch-
ing. But most of the studies were done in ambient conditions. Atambient conditions,
there can be electrochemical reactions or capillary effects at the contact between the
tip and the sample which can change the electrical characteristics. It is then nec-
essary to do the electrical characterization in better controlled conditions. In this
thesis, we will introduce and assess a nanoscale characterization methodology in
ultra-high vacuum to study resistive switching at nanoscale. This methodology will
be applied to HfO, based OXRAM in two regimes (low and high compliance cur-
rents) and phase change material (GST-225 and Ge rich GST).
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Chapter 2

Experimental Techniques

2.1 Atomic Force Microscopy

2.1.1 Introduction & Basic Principle

In 1981, Gerd Binning & Heinrich Rohrers invented the scanning tunneling micro-
scope (STM)!?#’1 at IBM Zurich and for this they earned the Nobel Prize in Physics
in 1986. The scanning tunneling microscope has become a useful tool to investigate
metal and semiconductor surfaces at atomic scale. The only limitation of STM is
that it requires the sample to be conductive. In 1986 Gerd Binning, Calvin Quate
and Christoph Gerber[**°l found a way to characterize non-conductive surfaces and
proposed a new type of microscope. Instead of using tunneling current between the
STM tip and the sample, they suggested to measure the force between tip and sample
on atomic scale. The atomic force microscope (AFM) is composed of a mechanical
profilometer, using a mechanical spring to sense the force and the STM, using the
piezoelectric transducers for scanning. One year after proposing the AFM, Binning
et al. presented the first atomic resolution on graphite. In the same year Albrecht et
al.?*’] showed the atomic resolution on insulator (Boron Nitride) for the first time.
After all these milestones in the history of AFM the development of the instrument
continued. Insulator, Organic materials!***], biological macromolecules?**2%%1 poly-
mers (2122l ceramics and glass are the other examples investigated by using AFM.
Apart from being applied to different material, the instrument was improved contin-
uously. New detection method, sensor preparation and incorporation of the micro-
scope for different environments like liquid*>*l, vacuum and low temperature!>>]
are the examples for various modifications of the instrument undergone.

The basic principle of atomic force microscope is to measure the force or to mea-
sure the interactions between the tip and the sample surface. Which leads to the
creation of many new scanning probe microscope techniques such as STM/AFM,
AFM/MFM (Magnetic Force Microscopy), AFM/FFM (Friction Force Microscopy)
to provide the opportunity to characterize a single nm sized spot and therefore gain
more information than by a separate application of single method.

The development of commercial STM and AFM for conductive materials as well
as for insulating materials attracted not only physicist or chemist but also biologist,
electrochemist and mechanical engineer. Sample can be prepared without any spe-
cific requirement in ambient condition. The instrument characterizes the morphol-
ogy of sample such as roughness or height distributions.

In STM or AFM the tip is attached to the cantilever-type sensing. When AFM tip
comes near the surface many forces are playing role between them and because of
these forces there is deflection of the cantilever. Surface images are taken by scanning
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the sample surface by using the tip and digitizing the deflection of cantilever or the
z movement of the piezo as the function of lateral position x,y. Two force regimes
are distinguished, first one contact mode and another non-contact mode.

In non-contact mode the distance between tip and surface is around 10-100 nm.
There are many different kinds of forces present between tip and sample in non-
contact mode like van der Waals, electrostatic, magnetic or capillary forces which
can be sensed and can give information about the surface topography, distribution
of charge, magnetic domain wall information or liquid film deposition.

In contact mode the separation distance is in the order of angstrom. In this mode
the repulsive force allows to scan the surface with higher resolution. Also, the fric-
tional force, elasticity or plasticity can be detected in appropriate condition. Also
tapping mode is widely used for AFM measurements. This mode allows a high-
resolution topographical image for the sample which can get easily damaged or
loosely hold to the substrate. This mode overcomes the problem associated with the
friction, electrostatic force or adhesion. Tapping mode imaging is used in ambient
air by oscillating the cantilever at or near the resonance frequency using piezoelectric
crystal. This mode prevents the tip from sticking to the surface and causing damage
during scanning, unlike non-contact and contact modes, it has sufficient oscillation

amplitude to overcome the tip sample adhesion forces.

Deflection
Sensor
\‘ J‘
\/ Probe tip
Feedback
Loop

xyz- Piezo scanner

FIGURE 2.1: Basic illustration of Scanning Tunneling Microscope /
Atomic Force Microscope.

2.1.2 AFM tips

Normally the tips used for atomic force microscopy are composed of silicon. The
fabrication of the tip and cantilever is done from a single block from a wafer. The
silicon wafer is thus etched in succession to obtain a cantilever of few micrometers
and to form a tip at its end. To facilitate handling and mounting tips, a large silicon
"holder" is kept at the base of the cantilever. The mapping of marketed AFM tip is

given in Figure 2.2.
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Cantilever

«—— Tip

FIGURE 2.2: Schematic diagram of commercialized atomic force mi-
croscopy tip.

Depending on the force that we want to detect and on detection mode, it is nec-
essary to adopt the suitable tip. Many commercial tips are available for different
needs. Here we want to do the electrical measurements for switching studies, so
it is necessary to use a conductive tip. To obtain good electrical conductivity these
silicon tips are coated with a conductive coating. Many different kinds of coatings
such as Pt/Ir alloy, Cr/Pt, gold, PtSi or boron doped diamond are used to make it
conductive. For the electrical measurement we need to make the contact between tip
and sample. So, we need tips which have good electrical and thermal conductivity
and strong mechanical resistance to wear.

Ni cantilever

diamond tip

FIGURE 2.3: SEM image of (a) all the three cantilevers with different
length present for boron doped full diamond, (b) pyramidal shape
boron doped full diamond tip. Figure taken from reference[*>°,

Here we used many different kinds of commercially available conductive tips.
We used silicon tip coated with Platinum Silicide (PtSi). The cantilever is also coated
with PtSi. The spring constant is around 2.8 N/m for this tip and commercially
available by Nanosensors. The other tip used is Boron doped full diamond tip.
These tips are made from solid boron doped polycrystalline diamond in a pyra-
midal shape*>?°°l, To enable high electrical conductivity, the diamond tip is highly
doped with boron ( 10?! at /cm?). The measured resistance of the tip on a metal sur-
face range from 500 (2 to 100 kQ2. This value also depends largely on the size of the
nano-contact. Every holder has three cantilevers with distinct spring constants from
3 N/m to 27 N/m. Ni cantilevers are mounted on a metalized Si chip. In which
a pyramidal shape crystal of boron doped diamond is used as tip. These tips have
good electrical conductivity because of high boron doping. In addition, unlike a
metal coating, the diamond has a higher melting temperature (at high pressure 20
GPa diamond can be heated upto 2500°C and can withstand temperature of 3000°C
and above) that allows it to resist to high current densities. This tip was developed
by IMEC.



42 Chapter 2. Experimental Techniques

In Figure 2.3 we can see the fabricated probe imaged by scanning electron mi-
croscope (SEM) at low magnification[?>°]. Tt can be seen that all the three cantilevers
have different length and because of this have different spring constant.

2.1.3 Surface Contact Area

For electrical measurements, the tip/sample contact surface is an extremely impor-
tant parameter because the measured current is directly proportional to the contact
area. It is therefore essential to be able to estimate the contact area accurately. A
method is given by Landau[®"! to calculate the contact area with the model of the
Hertz contact theory [?>%?%l which makes it possible to determine the contact surface
area between two spheres. When the two materials come into contact, deformation
is created at the spheres giving rise to the creation of a contact surface rather than a
single point. The contact area S. can then be calculated by:

F,R\2/3
Sczn(;() 2.1)
With,
11
Rl=—4_— 2.2
R TR (22)
1 _3/1-9 1-93
k=15t 50) 23)

In equation 2.1, F, represents the applied force, in equation 2.2 R; and R; are the
radius of the two spheres, in equation 2.3, 1 and 7, are the Poisson coefficients of
the two materials and E; ; are Young modulus. In our case, the AFM tip is modeled

1000 A

1| — Tip Radius=20 nm
1 ——Tip Radius=200 nm

100

Contact Surface Area (nm?)

1 10 100

Contact Force (nN)

FIGURE 2.4: Contact surface area between tip and sample as a func-

tion of bearing force (contact force) for two different tip radii (20nm

and 200nm). The calculation for contact surface area values are done
at 50nN contact force.



2.1. Atomic Force Microscopy 43

by having the radius of sphere R;;,, corresponding to the radius of curvature of the
tip while the sample was considered as plane so with an infinite radius of curvature.
Our study focused mainly on the oxide and chalcogenide materials, and simulations
were performed using specific elastic constants for the sample and diamond. Figure
2.4 shows the estimation of the tip/sample contact area in the case of diamond tips
as a function of the bearing force (contact force).

In figure 2.4 we can see the dependence of the contact surface area on the radius
of curvature of the tip. Extrapolation of the contact surface area was made for a ra-
dius of curvature of 200 nm as shown in figure 2.4. To take into account the diamond
structure and the possibility that a single crystal of the tip is in contact with the sam-
ple, we also extrapolated the contact surface for a radius of curvature of 20 nm. All
the mappings and electrical measurements were carried out for a low contact force
of 50nN, so that there is no modification on the surface of the sample. For such con-
tact force, the contact surfaces area extracted are 157 nm? for a radius of curvature of
200 nm and 33 nm? for 20 nm.

214 AFM in ultra-high vacuum

The AFM used during our work is an Omicron atomic force microscope (Figure 2.5)
which is operated under ultra-high vacuum (UHV) (107 torr or 1.3 x 10~'2 bar).
In this type of instrument, the sample and the tip are placed on a platform that is
levitated by means of a magnet system in order to minimize vibrations coming from
surrounding. Ultra-high vacuum reduces the sensitivity of AFM to thermal drift and
significantly reduces particulate contamination and moisture. Finally, for the realiza-
tion of surface scans, the AFM Omicron moves the sample using hard piezoelectric
devices which have the advantage of being more stable than soft piezoelectric once
but reduce the maximum scan area to 5 x 5um? only. All these characteristics give
the device a very high stability in terms of measurements.

Sample Input
door

IR Camera Transfer Arms

UHV
Chamber

Turbo Pump
lon Pump

FIGURE 2.5: Omicron Atomic force microscopy setup in ultra-high
vacuum.

The major drawback of UHV concerns the insertion and sample preparation
time, which is generally ten times longer than in the case of AFM operation in air.
The main motivation to use UHV despite its constraints is to remove any residual
moisture in the air and remove the electrochemical effects. In fact, in the air or even
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under a secondary vacuum, the moisture is present at the tip/sample contact to form
a meniscus of water. The height of the meniscus increases with the surrounding hu-
midity rate as shown in Figure ??.

The presence of this meniscus of water affects the characteristics particularly
when using the conductive mode. The application of voltage by the tip causes elec-
trochemical reactions which can disturb the measurements!”’l. The AFM under
UHYV allows to overcome this meniscus.

40 %
400 nm 2 um

FIGURE 2.6: Evolution of the height of meniscus of water with per-
centage of humidity observed by MEBI[?01l.

\ ,J Sample St‘ageé 7
4 - .

FIGURE 2.7: AFM sample stage and tip stage in ultra-high vacuum.

In order to introduce samples and tips into the ultra-high vacuum, the AFM
Omicron®) is composed of successive chambers of decreasing pressure. The sam-
ples are first placed in an airlock chamber, which is then pumped to a pressure of
103 Torr through a primary pump and then up to 10~7 Torr with the help of turbo
pump. The samples are then moved using the transfer arms to the ultra-high vac-
uum chamber where the pressure is kept at 10~° Torr by an ion pump. To do the
measurement, the sample is placed on the sample stage as shown in the figure 2.7
by using the different transfer arms.

2.1.5 Calibration of AFM Tips

The conductive tips are attached to a metal tip holder using (Figure 2.8) an electri-
cally conductive adhesive glue (silver epoxy) to facilitate their transfer into the AFM.
The detection of the deviations of the cantilever is done by using the beam of LED
reflecting on the back side of the cantilever.
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Tip
Holder

FIGURE 2.8: A full diamond AFM tip glued to the tip holder (right
side) and a pristine full diamond AFM tip on left side.

After introducing the tip into the UHYV, it is necessary to adjust the position of the
beam on the cantilever as well as the reflection of the beam on the center of the four-
quadrant photodetector. This adjustment is possible by electronically controlling
the position of the two mirrors shown in Figure 2.9. With this system, a first visual
adjustment is made to place the beam on the cantilever supporting the tip. Then, the
position of the beam on the cantilever must be optimized. However, the resolution
of the microscope is very sensitive to this position and can be considerably improved
if the beam is reflected from the end of the cantilever as shown in Figure 2.10 (blue
beam). When the cantilever bends, the deviation of the red ray is much smaller than
that of the blue ray which reduces the sensitivity in the case of the red beam.
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FIGURE 2.9: Schematic diagram of operation of the AFM in contact
mode.

To refine this setting the tip is excited at its resonance frequency and the beam
deflection amplitude is measured on the four-quadrant detector (Figure 2.9). By
repeating this operation for different positions of the beam on the rear face of the
cantilever, the position is identified for which the resonance amplitude is maximum,
which corresponds to the best setting of the beam. Also, to be sure that the beam is
reflected from the cantilever and not from some other place, resonance frequency is
calculated at different amplitude.
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ALARRUANY

FIGURE 2.10: Schematic diagram showing the influence of beam po-
sitioning on sensitivity.

When the tip is excited in vacuum, the tip/cantilever system can be linked to a
forced and damped harmonic oscillator of mass m whose oscillations are governed
by non-linear second order differential equation:

d?z(t) L Mo dz(t)

(an Q dt

+ kz(t) = Fycos(wgyt) (24)

In equation 2.4, F, and w, respectively represent the excitation force and the ex-
citation angular frequency, z(t) corresponds to the variation of the tip/sample dis-
tance with respect to the equilibrium position of the tip, Q is the quality factor of
the tip, k the stiffness constant (or spring constant) of the cantilever and wo the res-
onance angular frequency. The resolution of equation 2.4 allows determining the
evolution of the height of the peak z(t)=A (w;) X cos(wyt+¢) as a function of the
excitation frequency f; with A(f;) the amplitude of oscillation given by:

Alfi) = = @5)

V= 1)+ ()

where A, depends on the excitation amplitude and fo is the resonance frequency.
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FIGURE 2.11: Measurement of the amplitude as a function of the ex-

citation frequency applied to the cantilever and calculation for Res-

onance Frequency curve for (A) Boron Doped full Diamond tip, (B)
PtSi tip
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The resonance curves in this study are performed under UHYV, the tip is very
little subject to friction forces and the quality factor thus obtained for diamond tips
is about five times higher than that obtained in air (Qugy = 1500 and Q 4; = 300).
Figure 2.11a shows a typical resonance curve of a diamond tip and PtSi tip. The
quality factor Q in vacuum for PtSi tip (Quuy = 30000) is much larger than full
diamond tip (Qupv = 1500). This is because of the difference in the spring constants
of the cantilever for different tips.

Once the position of the light beam on the cantilever optimized, the tip can be
brought into contact with the sample. As mentioned before, the contact is estab-
lished with a force of 50 nN so as not to damage the oxide layer and also not to lose
the contact after few measurements. The determination of the contact force is car-
ried out by converting the voltage detected by the four-quadrant detector in newton
(N) during the bending of the cantilever. In order to determine the interaction force
between the tip and the sample as a function of the elongation of the piezoelectric
actuator, approach/retract curves are recorded. An example is shown in figure 2.12.
The stiffness constant of the tip indicated by the supplier is 15 nN/nm. The blue

1
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FIGURE 2.12: Approach / retract curve for an AFM tip. The approach

is shown in blue, when the tip is close enough to the surface, it comes

into contact with the sample. The withdrawal is shown in red. A

greater force must be applied to detach the tip from the surface. This
force curve is taken by using full diamond tip on HOPG.

curve represents the approach of the tip (A). In this approach, the tip-sample contact
is initiated in (B) by a contact jump due to Van der Waals forces acting as an attractive
force between the sample and the AFM tip. Once the contact is established, when
the ceramic reduces the height of the lever, the deflection of the tip and the applied
force increase linearly (C). On removal (D) shown in red, various adhesion forces act
on the tip, so a higher force is needed to remove it from the sample (E).

After the calibration step, it is necessary to check the conductive properties of the
tips used. For this, I-V measurements are performed on a highly conductive sample
of graphite or HOPG (Highly Ordered Pyrolytic Graphite). To be used as upper
electrodes of MIM structures, the tips must have a metallic characteristic, i.e. ohmic
characteristic as shown in figure 2.13a. For a new tip, the ohmic current makes it
possible to record a resistance of the tip of the order of a few hundred Ohms. When
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the tip is used too much, we can see the non-linearity in current as shown in figure
2.13b. This loss of conductive properties may be due to loss of the conductive coating
or contamination of the tip by dust during repeated scans of the sample surface.

| |
O New Full Diamond Tip
Linear Fit

| | |
O Used Full Diamond Tip
Linear Fit

Current (mA)
Current (mA)
o

Voltage (V) Voltage (V)

(4) (B)

FIGURE 2.13: I-V characteristics measured on HOPG sample by us-

ing full diamond tip for (a) new tip (R, ~ 460Q)), (b) tip after using

it for 2 months (R, ~ 460(2). We can see the non-linearity in the I-V
characteristic for used tip

For the reproducibility and the reliability of the electrical measurements that we
will realize, it is necessary to preserve the conductive capacities of the tip through-
out the study. Indeed, the non-linearity behavior of the current observed during the
degradation of the tip can lead to a shift of the voltages actually applied to the sam-
ple?%?l. For reproducibility and reliability of measurements, it will be important to
regularly check the electrical characteristics of the tip on HOPG sample.

2.1.6 Sample Preparation

The samples studied in this thesis work are produced by CEA Leti for resistive
memory layers. These layers are developed on a full wafer of 200mm or 300mm.
Ox-RAM samples consist of two different bottom electrodes. One sample is a Si
sub/(TiN (50nm)/HfO,(5 nm) stack and the other one is a Si sub/TiN (50 nm)/Ti
(10 nm)/HfO,(5 nm) stack. TiN and Ti layers were deposited by physical vapor
deposition (PVD) and the HfO, layers by atomic layer deposition (ALD). For PCM
sample, the sample details are given in chapte 5. The Omicron AFM does not have a
loading chamber for whole wafers, so the first preparation step is to cleave samples
with a size of 1 x 1cm? compatible with the AFM sample holders as shown in figure
2.14. To avoid being subjected to the variations generated during the oxide deposi-
tion, the samples are taken from the central part of the wafer. To ensure electrical
contact, the samples are then fixed on sample holders using silver epoxy glue. This
technique is well suited to the case of high current density electrical measurements.
Also contact on the side of the sample were also confirmed by sticking the epoxy on
the side wall of the sample. The sample holder thus makes it possible to manipulate
the sample within the ultra-vacuum by using the transfer arms present in the AFM
Omicron setup. Finally, to remove any trace of moisture and organic impurities on
the sample, sometime it undergoes degassing at 125°C for 1 hours under a pressure
of 10" Torr.
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FIGURE 2.14: Sample holder where sample is glued to it using silver
epoxy.

2.2 Measurement with AFM

The conductive mode atomic force microscope can be used to perform both topo-
graphic measurements of the sample surface and to perform the electrical character-
izations of the oxide layers. The different types of measurement used in this study
will be discussed in coming section.

2.21 Topography Characterization

In order to characterize the surface of the oxides physically, the thickness variations
are measured by doing surface scans in contact mode. The software used for the im-
age processing (Gwyddion) allows to rebuild the 3D images of the studied surface.
Figure 2.15 shows an example of AFM topography obtained for a 1x1um? scan in
contact mode with a full diamond tip on H fO,(5nm) sample.
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FIGURE 2.15: Topographical image taken by AFM for HfO, sample
using full diamond tip.

The variations in thickness measured in the case of the oxides studied in this
thesis are of the order of one nanometer for micrometric surfaces, which testifies to
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their uniformity. The Gwyddion software is also able to calculate the RMS (Root
Mean Square) value of roughness according to the formula

N
Ry = L Y (Zj— Zn)? (2.6)
N &

In equation 2.6 Z,;, and Z; define the average height of the scanned surface and
the height measured at the point j, N corresponds to the number of points measured.

This value describes the standard deviation of the distribution of measured thick-
nesses. Thus, the lower the RMS value, the more uniform the oxide thickness will
be. Finally, the software makes it possible to obtain a statistical evaluation of the
thicknesses measured over the entire surface in the form of a histogram. It has been
shown that variations in thickness can be reproduced by a normal law [?%].

2.2.2 Electrical Characterization

Contact mode is used to make the electrical measurements. Tip is in contact with
the sample and a constant contact force is applied throughout the measurements. In
our setup the tip stage is fixed so we can only move the sample stage. To make the
contact, the sample stage is first moved towards the tip by using the remote control
manually. The movement can be seen on the screen through the camera which is
attached to the window of the UHV chamber next to AFM setup. The sample move-
ment makes the cantilever vibrate by mechanical coupling which can be seen on the
oscilloscope as variation of the signal of the four-quadrant detector. When the sam-
ple is close to the tip, an automatic approach is started in order not to destroy the
tip. Once the tip is in contact, it is ready to make the electrical measurements. A
Keithley with sub femtometer is connected to the AFM tip and the sample. As soon
as the tip and sample are in contact, voltage is applied by using Keithley and current
is measured by the same Keithley. By using a LabView program the current voltage
characteristic can be stored. Also, LabView program permits to modify different pa-
rameters while measuring like voltage ramp speed, compliance current and also the
applied voltage.

To do electrical measurement a voltage ramp is applied. This ramp can or can-
not have effect on the I-V characteristic of the sample. Voltage ramp speed can be
changed by selecting different step size of voltage. All this can be done in the Lab-
View program. Different voltage step sizes were used like 0.1V which gives a ramp
speed of 0.125V /5. Other than then 0.1V, 0.05V and 0.01V steps were used. We tried
I-V measurement with different ramp speed to see the effect of ramp speed on its
characteristic. Although we did not find any effect of ramp speed on the character-
istic.

AFM is a tool now widely used in microelectronics laboratories. The reliabil-
ity of the oxides at the nanoscopic scale was one of the first subjects to use C-
AFMI?6429] and remains a highly studied subject[2°9?%71. Studies have shown the
effectiveness of AFM in statistical studies and reproducibility with times for elec-
trical breakdown [?*%2%°l. Numerous studies have demonstrated the need to work
under vacuum in order to obtain reliable measurements”’l and to prolong the life
of AFM tips[**’l by avoiding redox reactions.
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FIGURE 2.16: A basic AFM unit inside ultra-high vacuum chamber
connected to Keithley for electrical measurement.

Many studies have focused on the use of C-AFM to study electrical conduction
through oxides. In 1995, a first study on SiO, confirms the presence of Fowler
Nordheim type conduction in I-V characteristics!”’!l. Using this leakage current,
Frammelsberger[*>®! and Olbrich[?”?l shows that it is possible to determine the ox-
ide thickness using the Fowler Nordheim current measured by C-AFM. During this
study, various advanced materials are used and the authors extract the work func-
tions for each type of tip.

Various studies are undergoing for resistive memories also. Studies for resistive
switching in Oxide based random access memory (OxRAM)[?”* and in Phase change
memory (PCM) 274 by using AFM have been done. Various groups have shown the
resistive switching at nanoscale.

The main motivation of using C-AFM is to characterize the oxide layer and phase
change materials at nanoscale, as the AFM tip can be used as nanometric top elec-
trode of MIM structure. Few studies have been done with top electrode in the nano-
metric range!?’5%7°]. Also few similar kind of studies were done by using C-AFM by
some groups [2¢7:273277-280l but most of them are done in ambient conditions

2.3 Scanning Electron Microscope

2.3.1 Introduction and Basic Principle

The scanning electron Microscope (SEM)[?®!l is used to observe the surface of the
samples. When fine electron beam is irradiated on a sample specimen, secondary
electrons are emitted from the specimen surface. A topographical study of the sam-
ple can be done by scanning the electron probe over the surface and acquisition of an
image from the detected secondary electrons. Accelerated electrons in SEM carries
significant kinetic energy and this energy is dissipated in the form of various signals
produced during the electron interaction with the sample when the incident elec-
tron is decelerated in the solid sample. These signals include many different types,
like secondary electrons (used to produce the topographical image), backscattered
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electron, diffracted back scattered electrons (used to determine the crystal structure
and orientation on minerals), photons (characteristic X ray that is used for elemen-
tal analysis), visible light and heat. Mostly secondary electrons and backscattered
electrons are used for topography studies of the sample. A scanning electron mi-

--------------------------- + Electron Source
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----------- » Condenser Lens

Secondary |:| |:| ------ » Scan Coils

Electron

Detect o
€ e;c QT - » Objective Lens

Sample

FIGURE 2.17: Basic unit of a scanning electron microscope.

croscope based on secondary emission of electrons was developed at RCA laborato-
ries in New Jersey by Zwyorkin et al in 1942[?%?l, The SEM is composed of electron
optical system to produce electron beam, a sample stage, a secondary electron detec-
tor to collect the secondary electrons and an image display unit. The electron optical
system consists of an electron gun, condenser lens and objective lens to produce elec-
tron beam, a scanning coil to scan the electron probe and some other components.
Whole system is kept under vacuum.

In our case scanning electron microscope is used to study the AFM tip morphol-
ogy. SEM images were taken for the new tip and after using the tip. Also, to know
the tip diameter after blunting the tip.

20 um
CEA-LETI-MINATEC

FIGURE 2.18: A SEM image of a new full diamond tip.
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24 SEM EDX

24.1 Introduction and Basic Principle

As discussed in the last section, when an electron hits the sample it produces various
signals. X-ray is one of them. The x-ray is generated in two steps in SEM. First when
an electron beams hits the sample surface it transfers its energy to the atom of the
sample and then this energy can be used by the electron of the atoms to jump to a

primary e- beam

chara:tcrissi: X-rays

o1 nucleus Kjo LG M

FIGURE 2.19: Schematic diagram for production of X-Ray.

higher energy shell or can be knocked off from the atom. If this happens the electron
leaves behind a hole and these holes have positive charges. Now in second step this
positive charge hole attracts the negatively charged electron from a higher energy
shells. When an electron from higher energy shell recombines with hole of the lower
energy shell, the energy difference of this transition can be released in the form of
X-Ray. So, this energy of X-Ray is the characteristic of the energy difference between
two shells. It depends on the atomic number, which is a unique property of every
element. So, in this way we can identify the elements that exist in the sample.

3022 . - - - T T T T T

0.01 10.00
keV

FIGURE 2.20: EDX spectrum of multi-element glass (NIST K309) con-
taining O,AL,Si,Ca,Ba and Fe (Goldstein et al: 2003) [283]

X-Ray are electromagnetic radiation just like light and can consist of photons. It
can be detected by a system called silicon drift detectors (SSDs). These kind of de-
tectors are better for better resolution and faster analytical capabilities compared to
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conventional Si(Li) detectors. These detectors are placed much closer to the sample
at an angle and have ability to measure the energy of the incoming photons. These
photons are in the X-ray range. The data generated by the EDX analysis consist of
spectra with peaks corresponding to all the different elements that are presents in
the sample. A typical EDX spectrum is shown in figure 2.20.

We studied many different AFM tips by using the SEM EDX to know the com-
position of a new tip and also to study the change in composition after making the
electrical measurements with AFM tip.

2.5 Conclusion

Atomic force microscopy in conductive mode is widely used these days for elec-
trical characterization at nanoscale. Nowadays Conductive AFM is used to study
resistive memories at nanoscale to understand the switching effect by using the tip
as top electrode. At device level, it is difficult to understand the phenomena oc-
curring inside the layers when the electrical resistance switches because of many
filament formations under the micrometer sized top electrode. So, it is difficult to
know the exact property of the single filament. But with the help of C-AFM it is
possible to get the information about the single filament because of AFM tip size in
nm scale which we used as the top electrode. Also, the filament width size is more
or less similar to tip diameter which means you can have single filament under the
tip where tip is making contact with the sample. Also, different setups of AFM like
for low temperature permits to study the effect of temperature on switching.

On the other hand, the use of such tool requires great attention to all the param-
eters that may affect the measurement results such as contact force between tip and
sample, the physical and electrical characteristics of the tip, etc. In the following,
all the measurements presented were carried out under a pressure of 10~7 to 10~°
Torr, at ambient temperature, using boron doped full diamond tip whose metallic
characteristics were checked regularly on HOPG. Also, a change in pressure value
can affect the electrical measurements because it would lead to a change in the tip-
sample contact area which would impact the current value.

In the next chapters, we will discuss in more details the resistive switching stud-
ies done on different materials by Conductive AFM and suggest a switching mech-
anism. All measurements will be repeated many times to verify the reproducibility
and to obtain statistical descriptions of the events. Also, we will analyse the tip
material composition before and after doing electrical measurements by using SEM
EDX.
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Chapter 3

Impact of Compliance Current on
Resistive Switching in OxRAM

3.1 Introduction

Generally, a simple OXRAM consists of a metal /insulator/ metal (MIM) structure?%4],
and by applying electrical bias, the resistance can be changed as discussed in chapter
1. The mechanism of resistive switching is still under intensive debate, but migra-
tion of oxygen ions under an electrical bias['"! to form a conductive filament is the
widely accepted mechanism. The formation and rupture of this conductive filament
results in a significant change in current flow. H fO,[105143177:231;285-2901 jg the most
attractive material because of its CMOS compatibility and use as a high-k gate insu-
lator for advanced CMOS technology.

The main motivation of using conductive atomic force microscopy (C-AFM) is
to characterize the oxide layer at the nanoscale, as the AFM tip can be used as the
nanometric top electrode for the MIM structure. Few studies have been done with
the top electrode in the nanometric range[??/2%21. Also, few similar kinds of studies
were done by using C-AFM by some groups [143/106:233:285290:2932941 byt most of them
are done in ambient conditions.

In this chapter, a preliminary study about OXRAM switching behavior will be
done. Also, different parameters like SET and RESET voltages as well as on-state
and off-state conductance will be studied. It is nowadays well known that the com-
pliance current Ic fixes the value of the On-state conductance. It has already been
shown that, at least on the OXRAM stacks under study here, the On-state conduc-
tance is proportional to the compliance current during the forming process. For
1T1R devices this relation is given by G,, = Vc_l.lc with V. ~ 0.35V. It is then at-
tempting to explore the validity or the limit of this relation. The C-AFM in UHV is
useful to accomplish this task. This is a motivation to study the switching effect in
HfO, based sample by using the C-AFM from low compliance current (in the range
of nA) to high compliance current (in the range of A). A detailed model will also
be discussed for the low compliance current. Switching model at high compliance
current will be discussed in the next chapter.

3.2 Experimental Observations

3.2.1 Switching Behavior based on polarity

As discussed in the introduction part about the switching in the OxRAM, here we
will do the basic studies to see the switching at a given compliance current. We will
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see if the sample has the OXRAM characteristic or not. Two different AFM tips (PtSi
and full diamond tip, for details see chapter 2) are used as top electrode to study the
sample here. The voltage was applied on the sample and the AFM tip was grounded.
To do these studies, electrical characterization was performed on each sample with
both tips at two different compliance currents. PtSi tip is used at 1004 A compliance
current and full diamond tips at 400p A for forming process.

First of all, the measurements were done to know the behavior of the switching,
because OXRAM switching can be bipolar, unipolar or non-polar. As we can see in
table 3.1, the TiN / H fO, sample with both (PtSi &Full Diamond) is showing bipolar
switching, which means that the SET and RESET are occurring for different polari-
ties. For TiN /Ti/ Hf O, sample, the switching is non-polar. This sample is showing
both bipolar and unipolar characteristic. All the different parameters obtained for
both samples with both tips are presented in table 3.1.

Another study with different forming, SET & RESET procedures in different po-
larities is done to see if there is any effect of the polarity on the switching behavior.
First of all, forming process to form the filament inside the oxide layer was done at
1004 A compliance current in negative bias on TiN/ H f O, sample with PtSi tip, and
positive bias was used to reset the filament. Again, negative bias is used to SET the
filament. In another procedure the Forming and SET were performed in positive
bias and reset was performed in negative bias. For both procedures, the forming,
set and reset voltages are the same. But the On-state conductance is different. It is
lower when the filament is formed with negative bias. The Off-state conductance
is in the same range for both procedures. SET and RESET memory windows (ratio
between and ON and OFF state current in set and reset polarity) are also the same
and the order of magnitude is presented in table 3.1. SET or RESET window is the
difference in the current between on state and off state. There was no difference in
the switching nature with both procedures, it is bipolar in both cases.

Then, the same study was performed with full diamond tip but with 400 A com-
pliance current. Forming voltage is not polarity dependent. Set voltage has a wide
range from 2-6 V when the filament is formed in positive bias. Reset voltage is al-
most the same in both cases. On state conductance and off state conductance are
similar in both different cases as well as the SET and RESET window. Also, there
was no effect on switching nature and the same observations were made with PtSi
tips.

Similar studies were done on the TiN/Ti/H fO, sample with both tips. In the
case of PtSi tip, the forming voltage is lower than with full diamond tips, no matter
in which polarity, the filament is formed. Set voltage and reset voltages are in the
same range with both different tips. The On-state conductance is also similar for
both tips. The only difference is in the off state conductance. The off-state conduc-
tance is lower by several orders of magnitude in the case of PtSi tip and the SET and
RESET windows with PtSi are larger compared to full diamond tip. Those features
will be extensively analyzed in the next chapter. The Overall aspect of the switch-
ing characteristics stays the same whatever the tip nature. This sample shows both
bipolar and unipolar characteristic, which means it is non-polar in nature.
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3.2.2 Low Compliance current effect (in the range of nA)

After having determined the switching nature in both samples with different tips,
the impact of compliance current on switching was studied in the 100nA-400nA
range.

Let us discuss the characteristic for 100nA compliance current on TiN/HfO,
sample with full diamond tip as shown in figure 3.1a. Same compliance current was
fixed for both polarities. The voltage ramp is started from 0V to negative bias. In
tigure 3.1a, arrows and numbers are showing the direction of the ramp. So, we form
the filament in the negative bias. The current increases abruptly around -3 to -5V,
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FIGURE 3.1: I-V characteristics at low compliance for TiN/HfO,
sample with full diamond tip (a) at 100nA, (b) at 200nA, (c) at 300nA
and (d) at 400nA.

until reaching the compliance current (arrow 1 and 2). Once the current reaches the
compliance value, the direction of the voltage ramp is reversed and the current stays
constant up to a voltage of around -2V (arrow 3). When the voltage drops below
-2V, the current decreases exponentially and returns to the initial level around -1 V
in most cases (arrow 4 and 5). The abrupt current rise beyond -3 to -4V corresponds
to the filament formation that is normally used to initialize the memory to the low
resistance state. As the ramp goes in positive bias the resistance stays high until 4V
(arrow 6). Then, there is sudden increase and the current reaches the compliance
value (arrow 7). After it reaches the compliance value the ramp is reversed and
it stays in the low resistance state till around 2.5 V (arrow 8). After this voltage,
the current starts decreasing exponentially and reaches the initial state around 1.5V
(arrow 9). As we can see, for both polarities the same process is happening. The
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current behavior of the second loop is identical. It means there is cycling without
memory effect, in that sense that reversing the polarity changes the conductance
values contrarily to typical OXRAM behavior.

The same measurements were done with 200nA, 300nA and 400nA but there was
still no memory effect. In all the cases the current- voltage (I-V) characteristics are
similar. The compliance current is too low here to form a completely grown filament
inside the oxide layer. So, for absolute voltage values below 1V, the current drops
to almost zero in both polarities as one can see in figure 3.1. With every loop the
breakdown voltage shifts to lower values.

The filament formation at all these compliance currents will be discussed in the
discussion section by comparison with a model.

3.2.3 High Compliance current effect (in the range of yA)

As seen before, there was no memory effect observed at low compliance current (in
the range of nA). So, we will analyze the switching at higher compliance current in
the range of yA to determine the threshold for memory effect. First of all, an I-V
characteristic was done with 300pA compliance current for both polarities in order
to see if there is any memory effect. The corresponding I-V curve are shown in figure
3.2. The arrows and numbers are representing the direction of the ramp in figure 3.2a
& 3.2b.
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FIGURE 3.2: I-V characteristics at high compliance (300p#A) for

TiN/HfO, sample with full diamond tip showing forming, SET and

RESET for different loops. In fig (b) the absolute current is plotted for
both polarities.

The negative voltage ramp is applied to form the filament inside the oxide layer.
As one can in see in figure 3.2a, the current is in pA range until it reaches around
-5 V and then there is sudden increase in the current reaching the compliance value
(arrows 1 and 2). This breakdown in the oxide is due to filament formation. After
current reaches the compliance limit the voltage ramp is reversed (arrow 3). After
-2V the current starts decreasing linearly which means the top electrode (AFM tip)
and bottom electrode are connected through the filament (arrow 4). In figure 3.2b
the absolute value of the current is plotted for both polarities.
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When the voltage ramp in opposite bias was applied, the current starts increas-
ing linearly till 1.8 V and then starts decreasing which means the filament is in the
RESET state discontinuing the contact between the tip and the bottom electrode (ar-
row 5). Once again, when the current reaches the compliance limit the voltage ramp
direction is reversed. As soon as the ramp is reversed the current starts decreasing
non-linearly (arrow 6) and is lower than for increasing voltage (arrow 5), meaning
that we start to see a little memory effect. Again, by applying negative bias, first
the current increases slowly and around -1V it starts increasing rapidly reaching the
compliance limit, meaning that the filament connects the AFM tip and the bottom
electrode completely again (SET), resulting in low resistance state (arrow 7).

So, we found that we start having the memory effect from the #A range on.
Although the memory window is not large enough. Because of the limitation of the
compliance current for the RESET, it is not possible to reset the filament completely.

The current necessary to RESET the filament depends on the forming step. Nor-
mally we need higher current density compared to the compliance current used for
forming. By removing the limitation in compliance current value for positive volt-
ages, we will have enough joule heating in order to reset the filament completely.

I-V characterizations were done at 10 pA, 50uA, 100uA, 200uA, 300uA, 400uA,
500u A & 600u A for both samples. Here we applied the same ramp as in the previous
study (shown in figure 3.2) to begin with the same sweep direction as in literature
as we are applying voltage on the sample with the tip grounded. So, we did the
forming and SET in negative bias and RESET in positive bias.

Once the filament formation is done, positive bias is applied to reset the filament.
Again, negative ramp is applied to Set the filament. Only SET and RESET charac-
teristics are shown in figure 3.3. As can be seen in figure 3.3a, there is small SET
and RESET in the I-V characteristics, which means that still the compliance current
is not high enough to form the complete filament inside the oxide layer. But it was
possible to observe the memory effect at 104 A. Although SET and RESET windows
are smaller.

Again, in same way I-V characteristics were recorded for 50pA, 100pA & 200pA.
As the compliance current is increasing the SET and RESET windows are increasing
too. As can be seen in figure 3.3b, 3.3¢ & 3.3d, the RESET window is almost same
in all the cases. SET voltage is varying from 1V to 2 V in all the three cases. The
RESET voltage is in the range of 1.5V to 2.5V in all cases. This means that in the
range of 50uA to 200uA, there is no effect of compliance current on the switching
characteristics.

As the compliance current for set is increased further from 200uA to 300iA, the
off-state conductance starts increasing. But the on-state conductance still gives non-
linear behavior. Also, at 300uA and 400uA, the SET voltage is higher compared
to the one obtained with the previous compliance current used as can be seen in
figure 3.3e & 3.3f. At 50uA, 100pA & 200pA compliance current, the SET voltage
was around 1V-2V but in the case of 300pA & 400uA, the SET voltage is around
2.5V - 3V. When a negative voltage ramp is applied to SET the filament, the current
starts increasing and at a certain voltage, the current starts decreasing with increas-
ing voltage. And at some voltage suddenly it reaches the compliance current setting
the filament. This behavior will be explained in more detail in the next chapter.
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In figure 3.3g & 3.3h, once the compliance current is increased above 400uA to
500 nA & 600 uA, the on-state conductance becomes linear. It means that the fila-
ment is fully grown and the top electrode is completely connected to bottom elec-
trode through filament. The SET voltage still stays high in the range of 2.5V-3V. The
memory window gets better with increasing the compliance current. Also, at 500
HA & 600 pA the reproducibility of the I-V curve is getting better. All the loops for
single measurement are almost similar.
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FIGURE 3.4: I-V characteristics at compliance current in the range of
uA for TiN /Ti/ Hf O, sample with full diamond tip (a) at 1001 A, (b)
200uA, (c) 300nA, (d) 4001A, (e) 500 A and (f) 600 A.

Same study has been performed for TiN/Ti/HfO, sample as shown in figure
3.4. Low SET and RESET windows were observed at 100pA and 200 pA. The SET
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and RESET voltage are in the range of 1-1.5 V and 1.5-2V respectively. Once the
compliance current is increased from 200uA to 300uA, the I-V characteristic starts
becoming reproducible. The SET voltage is increased to 2.5-3V. At 400uA, 500uA,

and 600uA, the I-V characteristics are reproducible and the SET voltage is almost
similar in all the cases as well the RESET voltage. The on-state conductance is in-
creasing with increasing compliance current and On-state is becoming more and
more linear.

3.2.4 Threshold compliance current for full filament formation

Once the I-V characterizations were done at different compliance values, it is time
to find out above which compliance current the on-state conductance is becoming
linear and reproducible. As can be seen in the previous section that the on state was
non-linear at 400 A and becoming linear at 500xA for TiN/H fO, sample. So, it is
necessary to make some measurement in between 400p A to 500uA. So, to know the
threshold compliance current (compliance current at which the on state is becoming
linear), the I-V characterization was done at 450 A. As one can see in figure 3.5a, the
SET and RESET were observed. The characteristics are similar to the one observed
at 400pA. Still the on-state conductance is showing the non-linear behavior. So, the
compliance current is increased again to 4754 A and this time the characteristics are
different than the one observed for 400 A and 450uA as can be seen in figure 3.5b.
The on state is showing linear behavior and is higher now. I-V characteristics at
5001 A (figure 3.5c) are similar to the one observed for 475uA. The I-V measurements
were done at different positions on the sample to see if the characteristics are similar
at 475uA, and it was observed that the I-V characteristics were reproducible.

On and Off state conductance is plotted in figure 3.6 for both samples. For
TiN/HfO, sample, one can see in figure 3.6a that there is only small difference
in on and off state conductance from 10uA to 400pA. At 450 A the difference be-
tween on and off state is getting higher and at 4754 A the difference became re-
ally huge. For compliance currents higher than 450uA, the on-state conductance is
around 8 x 107*()~! and keeps increasing with increasing the compliance current.
The off-state conductance stays almost similar in all the cases.

For TiN/Ti/HfO,, this transition happens around 300xA. As it can be seen in
figure 3.6b, the off state stays similar for almost all the compliance current values.
The On-state conductance is a bit higher than the off-state conductance in the case of
100pA and 200pA. At 300uA, the difference became larger and on state conductance
keeps increasing with increasing the compliance current.

The off-state current for both samples is almost similar in both cases. At 600uA,
the off-state conductance for TiN / H fO, is around 2 x 10~*Q~! and for TiN/Ti/ Hf O,
around 1 x 107*Q~1. The on state for TiN/HfO, is around 9 x 1074Q~! and for
TiN/Ti/HfO, around 16 X 10~*Q ! which is much larger than for the TiN/HfO,
sample. It means that the presence of the Ti layer in the TiN/Ti/HfO, sample in-
creases the on-state conductance. But there is not much effect of Ti layer on OFF state
conductance. This will be discussed in more detail by comparison with a model in
the next chapter.

In the TiN/Ti/HfO; case, one can see that G,, vs Ic characteristics obtained by
C-AFM and on comparable devices have almost the same slope, whatever the device
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FIGURE 3.5: I-V characteristics for linear on state conductance for
TiN /HfO, sample with full diamond tip (a) at 450pA, (b) 4751 A and
(c) 5001A.



3.3. Discussion for Low Compliance (in nA range) 65

area (nanometer to micrometer scale, if one excludes the 2001 A point). This confirms
the filamentary process and the interest in using UHV C-AFM. Below 100pA the
number of conduction channels (N), involved in the quantum conductance (G,, =
Ng?/h) is very low (N < 2). It means that the thickness of the thinner part of the
filament reaches the atomic size. It is then interesting to examine what happens in
the case of the lower compliance. This will be discussed in the following part.
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FIGURE 3.6: On and off state conductance variation with compliance
current for (a) for TiN/H fO, & (b) for TiN /Ti/ Hf O, and 1;m12 1T1IR
(TiN/Ti/HfO,/Ti) devices %],

3.3 Discussion for Low Compliance (in nA range)

3.3.1 Filament Growth Model

The general overview of the filament model for OXRAM is given in the thesis of
Romain Fossiac*®l. Firstly, filament growth model was given for phase change
memories by Karpov et al. (2961 Here, we will describe the model based on forma-
tion of filament due to ion movement. We considered that the filament is growing
from the bottom electrode side and the rate of the growth depends on the distance
between the apex of the filament and the apex of the tip (as top electrode). Thus, the
time dependence of the length of the filament, I(t), follows the following differential
equation:
dI(t)

Where ki & ky are the growth characteristic ratess, I is the length of the fila-
ment and Ty, is the thickness of the oxide layer. This equation can be seen as one-
dimensional growth equation. Moreover in refl>!, it was shown that the filament
growth mechanism in H fO, was likely due to electric field assisted ionic drift mech-
anism.
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Thus, growth characteristic rates for filament growth k; and for filament decay
k; are given by:

1 Vi —2qa, 7=
1 Vo + 2qao%

Where T, is the characteristic time of atomic vibration in a lattice growth, a, cor-
responds to atomic jump length, V; and V; are the activation energies for the growth
and decay mechanism respectively, g is the charge, V;, is the voltage across the oxide
layer and T, is the thickness of the oxide layer. kg is the Boltzmann constant and T is
the temperature. The value for 4, is considered 1.6A which corresponds to the ionic
radius of the hafnium 7!, And 7, is 10125 which corresponds to the characteristic
time of vibration of atomic network in a solid *%1.
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FIGURE 3.7: Filament growth inside oxide layer. The left figure is
showing the filament in the beginning and right figure is showing the
growth in the filament after reaching the compliance current.

By following the same approach as in reference!>””], the overall current has two
contributions: one between the filament and the AFM tip and another one through
the whole oxide thickness between the AFM tip and the bottom electrode, which
is negligible in our case. As it is sketched in figure 3.7, during the growth, the ox-
ide thickness between AFM tip and filament is reduced, causing the increase in the
electric field at the apex of the filament E,(t), which can be described by:

_ Vox
Ele(t) - Tox — l(t, E) (3.4)
With
Vox =V = Vg (3.5)

Where V is the voltage applied by the external apparatus. As a result, the tunnel
current from the filament increases as the electric field Ef; increases and the oxide
thickness decreases. Thus, the filamentary current component increases with the
growth of the filament. For the sake of simplicity, we will approximate the tunneling
current in order to retrieve the Fowler-Nordheim tunneling when V,, > ¢, (the
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barrier height) and the direct tunneling when V,, < ¢, where ¢, is the barrier height
between filament and AFM tip. The tunnel current is given by (V>0):

I(V) = sz'l&j;%(Efiz)zexp[_Sn?)thg:ff%-(1 — C(Vox) (1 - %) 3>] (3.6)

Where Ef;; is the electric field in between apex of the filament and the tip, C(Voy)
is a function which gives 1 when gV, < ¢, and zero otherwise, m,¢ is the electron
effective mass.

To take into account the external apparatus characteristic, one can consider that
external apparatus is in series with the oxide sample and is behaving like a saturat-
ing transistor. This external apparatus is limiting the current. We propose to express
this current (Ij;,,) in the external apparatus by:

v,
Ly = Lytanh (WZ)) (3.7)

Where I, is the compliance current provided during experimental measurements.
V; is the voltage across the external apparatus and Vj is the parameter to fit the
curve to get Ij.,iy VS Virain transistor like characteristic as shown in figure 3.8.
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FIGURE 3.8: The characteristic of the external apparatus considered
in equation 3.7.

As the external apparatus is in series with the tip and oxide sample, the current
conservation reads,
L = It (3.8)

Thus, the voltage drop over the oxide V,,, can be calculated by solving numerically
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the following relation,

V—V0x>

(3.9)

The numerical resolution of the equations 3.1, 3.5, 3.6 & 3.9 is self-consistent.
Equation 3.6 allows to calculate the tunneling current and equation 3.1 allows to
calculate the filament length inside the oxide layer. The parameter values used to
model are given in table 3.2.

Symbol Quantity Values
Tox Oxide thickness 5nm
T, Characteristic time 10~ 1%s
by Barrier height 26/2.0eV
ao Atomic radius 1A
! Electron mean free path 12.5 nm

1.025 eV (For TOOnA- 275nA
compliance current)
& 0.95 eV For 300nA - 500nA

Vi Energy well of position 1 compliance current)
1.15 eV for all
Vi Energy well of position 2 the compliance current

TABLE 3.2: Different parameters used for simulation to design the
model for low compliance current.

3.3.2 Discussion & Model Comparison with experiments

The I-V characteristic at low compliance in nA range has been shown in section 3.2.2.
One can see that there was no memory effect observed at low compliance in nA.

In figure 3.9 the experimental results are plotted with the simulated data calcu-
lated by using the model described in the previous section. One can see that the
simulated data fits well with the experimental data. The model assumptions, i.e.
that at lower compliance current the filament is not completely grown and the cur-

rent is due to tunneling between the tip and the filament through oxide layer seems
likely.

As explained, H fO, involves the migration of ions and there is reduction of the
filament when the polarization is reversed. We were not able to have the memory
effect at lower compliance current (in nA range) because the filament was not com-
pletely formed.

The simulation fits account well for the effect of compliance on current voltage
characteristics at low compliance. As can be seen in the figure 3.9, the experimental
data is plotted with the fit obtained by using the model discussed earlier. As the
voltage is applied to the sample the filament starts growing and reached the maxi-
mum length of 3.84 nm for 100nA current compliance. With increasing the current
compliance, the filament length is also increased which will be discussed in next
paragraph in detail. But still compliance current in nA range is not enough to have a
completely grown filament. Simulated fits are calculated for two consecutive loops
to see the effect on the filament length.
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FIGURE 3.9: I-V characteristics at low compliance for TINHfO2 sam-

ple with full diamond tip with simulated fits using the model de-

signed for low compliance current (a) at 100nA, (b) at 200nA, (c) at
300nA and (d) at 400nA.

In figure 3.10, a detailed overview of filament growth with tip and voltage ramp
is shown. The voltage ramp as a function of time can be seen in figure 3.10a. The
filament length in the beginning is zero which means the voltage is not high enough
to form a filament. After around 25s the filament starts growing, keeps growing
until around 70s and its length stays the same till 100 s. When the voltage reaches its
negative maximum, the filament decreases little bit. Here, filament growth is shown
for two consecutive loops. Once the filament is formed, there is small variation
of the length with the loop. In figure 3.10b, one can see that the filament length
stays almost zero from 0 V to 2V for first loop and keeps increasing after 2 V until
the voltage reaches the maximum voltage (5V) fixed for ramp. The filament keeps
increasing even after reversing the ramp which means from +4V to +2V and stays
the same from +2V to -4V. The filament starts decreasing after -4 V till it reaches the
maximum limit (-5V) fixed for the voltage ramp. The filament keeps decreasing even
after reversing the ramp from -5V to -4V and stays same till +2 V for the second loop.
Same thing happens for the second loop for filament growth.

The filament growth was studied at different compliance currents as shown in
figure 3.10c. The growth model for all the compliance currents is similar but the fila-
ment length is changing with the compliance current. Filament growth with respect
to compliance current is plotted in figure 3.10d. It can be seen in the figure 3.10d that
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FIGURE 3.10: (a) Filament length evolution inside the oxide layer as

a function of time. (b) Filament growth during voltage ramp. (c)

Filament length evolution at different compliance currents and (d)
Filament length at different compliance currents.

the filament length increases from 100 nA to 225 nA. From 225 nA to 275 nA, the
filament length doesn’t change much and increases slightly. Once the compliance
current is changed from 275 nA to 300 nA, there is sudden increase in the filament
length. And after 300 nA the filament length increases slightly and increases very
slowly with a sigmoidal shape. This shape is due to the value of Vox that is limited
by the effect of the current conservation (equation 3.9). When the filament length be-
comes as large as the oxide thickness one can consider that the capacitor is shunted
which can be translated by a complete forming process.

3.4 From low compliance to high compliance (in ;A range)

The memory effect was not observed at low compliance in nA range but at higher
compliance current in #A range. As one can see in figure 3.11, both for high and low
compliance current, I-V characteristics are plotted on the same log scale. The arrows
and numbers in the figure are showing the direction of the ramp.

It can be clearly seen that for low compliance as the voltage ramp is applied in
negative bias the current stays low till -2V and then starts increasing and reaches the
compliance current. After it reaches the compliance current the ramp is reversed and
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starts decreasing the applied voltage. The current stays in the range of compliance
current and around 1V the current starts decreasing and returns back to almost zero
around OV. Once the polarity is reversed for the voltage ramp, the current stays low
with increase in voltage, and starts increasing after 1V and reaches the compliance
current around 3 V. After it reaches the compliance current, the ramp is reversed.
The current stays constant with decreasing voltage until 1V and then it starts de-
creasing and goes to high resistance state around 0V. The same thing happens with
the upcoming loops. This means there is no memory effect at lower compliance
current.

But at high compliance current, shown in blue in figure 3.11, the current increases
as the voltage increases and at around -2V it reaches the compliance current limit in
order to SET the filament. Which means the high resistance state is switched to low
resistance state. Once the ramp is applied in the opposite polarity the current still
stays high and goes down after around 1.8 V switching the state from low resistance
state to high resistance state by resetting the filament. Which shows a clear memory
effect by setting and resetting the filament.
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FIGURE 3.11: I-V characteristics at low compliance (in red) and at
high compliance (in blue) for TiN/H fO, sample with full diamond
tip in log scale.

According to the former paragraph interpretation at lower compliance current
the filament is not completely formed so, when the voltage is decreased the filament
also starts decreasing after some time because of this, the system returns to high
resistance state.

But in case of high compliance, the filament is fully grown, which means bottom
electrode is in contact with top electrode through filament. The driving mechanism
at low compliance was the filament length as at high compliance it is the width of its
cross section. This aspect will be treated in full details in the next chapter. However,
one can roughly estimate the compliance current for which the transition occurs.
Let’s assume that the filament contains a region of narrowest section that limits the
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current. In the nanometric range the conductance can be expressed via the Sharvin
resistance whose expression is
_ 22 kiSe

I A

(3.10)

In equation 3.10 g is the absolute value of the electron charge, /1 the Plank con-
stant, kr the Fermi wave vector for the filament (one assumes Titanium filament as
it will be discussed in the next chapter) and S, is the area of the narrowest cross
section of the filament. Now following the experimental linear relationship between
the On-state conductance in the high compliance regime and the compliance current
(see figure 3.6b) which reads:

Gon = V.1, (3.11)

With V. = 0.35 V. From equation 3.10 and 3.11 one can obtain a linear relation
between S and I.:

27h (3.12)

Sc=V1!
C c qzk% C

Since kr = 1.51810%% 1 for Titanium, S, ~ 2 x 10~ 1°,. Assuming an atomic radius

ag of 1.5 A the number of atoms N in the narrowest part of the filament (for a circular
cross section: N = S./(7a3)) is N ~ 2.85 x 10*I.. Thus for 351 A one expects that S,
is reduced to the atomic size. At several hundred of nA the contention area is empty
which means S, is zero and the filament is not complete. For the low compliance
experimental conditions of the former part, S, is empty and the filament cross section
area cannot account for the observed phenomenon consistently with the model of
section 3.3.

3.5 Conclusion

In this chapter, C-AFM is used to characterize H fO, samples for OxXRAM to study
the resistive switching behavior. First of all, a preliminary study was performed to
determine if the switching behavior is bipolar, unipolar or non-polar. It was found
that the sample with TiN bottom electrode is showing bipolar resistive switching
behavior and the sample with TiN/Ti bottom electrode is showing non-polar one.
Different tip materials were used to see the impact on switching behavior and values
for SET and RESET voltage as well as other parameters were determined.

After studying the switching behavior for different samples, a study of resistive
switching at low compliance current in the range of nA was performed. I-V char-
acteristics for both samples from 100nA to 400nA were performed by using boron
doped full diamond tips as top electrode. It was found that in this compliance cur-
rent range, the HfO, samples were not showing any memory effect. By comparing
the experimental results with a model, it was found that at the low compliance cur-
rent it was not possible to form a fully-grown filament, so the current was due to
tunneling only.
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To see the filament growth, the I-V characteristics were also performed at higher
compliance current in the range of uA. Both samples were showing the memory ef-
fect. Even though at lower range in pA till 475uA for TiN/HfO, and 430uA for
TiN/Ti/HfO, the On-state characteristics were not linear showing that the current
is still due to tunneling. After forming with this threshold compliance, the on state
current was linear, which means that the filament is completely grown and connect-
ing both electrodes. A detailed study at high compliance current in the range of yA
will be presented in chapter 4 for both H fO, based OXRAM samples.
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Chapter 4

High Compliance Effect on
Switching in OXRAM

4.1 Introduction

Recently the electric-field controlled resistive switching (RS) phenomenon in metal
oxides has drawn tremendous attention for the development of next generation low
power, high speed, high density and nonvolatile resistive random-access memory
(RRAM) devices!!75300301 " Resistive nonvolatile memory has been widely investi-
gated recently due the scaling limitation of conventional flash technology for mem-
ory 3023031 The resistive RAM are generally attributed to the formation and rupture
of filament to change the resistance state. To increase the ratio of high resistance state
and low resistance state is one of the challenges for the RRAM devices. It is reported
in literature that the resistance state of RRAM devices are dependent on the current
compliance®"?3%], During the forming the filament and during the measurements,
a compliance current is required in order not to damage the devices. Larger compli-
ance current gives rise to the possibility of permanent breakdown. The effect of a set
compliance current on the resistance values of two states and their ration should be
considered to further improvement of RRAM performance.

In the last chapter different studies were done to understand the switching mech-
anism. Studies at lower and higher compliance current were performed. It was
found that at low compliance in the range on n A there was no memory effect. In the
range of yA range the samples start showing the memory effect but still the filament
was not completely formed until the compliance current reaches 300y A in the case
of TiN/Ti/HfO, and 475u A in the case of TiN/HfO,.

Many studies were done in literature at higher compliance current. However,
no discussion about different AFM tip materials and the effect of polarity were
found in the literature to our knowledge. So in this chapter, we will study the im-
pact of the AFM tip nature and size, bottom electrode material and polarity of ap-
plied voltage on the switching characteristic as well the effect of compliance current
(6001A) on ON state conductance. Moreover, a comparison with the 1T1R device
will be discussed. In this chapter, we will describe the aforementioned experimen-
tal conditions in order to provide new insight in the resistive switching mechanism.
The experimental data set will be discussed in detail using an existing model. Fi-
nally, we will give an interpretation and discuss the nature of resistive switching
and the validity of above-mentioned ionic mechanism. Two different sample Si —
sub/TiN(20nm)/HfO,(5nm) andSi — sub/TiN(20nm) / Ti(10nm) / Hf O, (5nm) will
be discussed to study the switching in OxRAM.
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4.2 Experimental Observations

4.2.1 Effect of AFM tips
AFM Probe material effect

As discussed before, all the samples are without top electrode, so our AFM tips were
used as a top electrode in MIM structure for OXRAM. Different tip materials had to
tested in order to have similar conditions compared to metallic electrode electrical
conductivity and thermal stability. Different AFM tips like PtSi coated, Pt coated,
diamond coated and full diamond with boron doped will be used. Pt coated and di-
amond coated tips were not able to withstand currents in the range of mA and also
the durability (after 10-15 loops in single measurement the coating was not there
anymore) was not good. Furthermore, the tip resistance of Pt coated and diamond
coated tips were in the order of several hundred k() as discussed in chapter 2, which
was too high for our measurements. All these disadvantages led us to use full dia-
mond and PtSi coated Si tips which have lower tip resistance in order to match the
resistance of the metallic top electrode used in real devices.

The tip resistance of PtSi tip was in the order of 1-5 k), which was the best among
the ones with Si bulk. Also, this tip was able to withstand currents in the m A range,
but its durability was not good. After 3-4 measurements on the OXRAM sample
the PtSi material went away, leading to contact between the Si bulk of the tip and
the sample. Once the bulk Si of the tip comes to contact with the sample, the I-V
characteristics became different because the work function and electrical conductiv-
ity of Si are different than the ones of the PtSi coating. To overcome these problems
a new boron doped full diamond tip developed by IMEC[%53%] was studied. The
tip resistance of this tip on HOPG was measured from around 50002 to 1kQ), which
corresponds to a resistivity similar to metal. As this tip is a full diamond one doped
with high boron concentration to make it conductive, the durability is longer. It can
withstand high current density without melting because of high thermal stability for
diamond. According to these observations, PtSi and Full diamond tips were used to
measure the switching behavior on H fO; OxXRAM sample.
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FIGURE 4.1: I-V characteristics for TiN/HfO, sample with sharp
AFM tips (boron doped full diamond (in red) and PtSi (in blue))



4.2. Experimental Observations 77

In our setup we apply the voltage on the sample with grounded tip, which is
different from studies in the literature. In literature, the voltage is applied to the
top electrode in most cases which is difficult in our case due to complexity of the
setup. So, in this work the voltage will always be applied to bottom electrode. For
the sake of comparison with the most of the published results, we will apply neg-
ative voltage to SET, which would correspond to positive voltage on the tip with
sample grounded, and the positive voltage on the sample to RESET which would
correspond to negative voltage on the tip with sample grounded.

So, in our study the SET will occur for negative bias and RESET will occur for
positive bias. To do the I-V measurement on H fO, sample we first apply a negative
voltage ramp which means negative on the sample and positive on the tip to form
the filament inside the oxide layer. The forming voltage was varying between 4.5V
and 5.5V. After the filament formation is done the positive ramp for RESET is ap-
plied which means positive on the sample and negative on the tip. Again, applying
the negative ramp, we can SET the filament. The switching was observed by using
both tips. All the electrical measurements are done by using a LabView program
designed for these studies by using a Keithley 6430 sub-femtoampere source meter.
Also, the overall I-V characteristics are similar for both tips as shown in figure 4.1.
So, there is no prominent difference on switching characteristic for OxXRAM with
different tip material.

When the tips were new, the I-V characteristic reproducibility was poor, maybe
because the tip was slightly shifting. The memory window which is large for the
first cycle (On state/Off state ratio about 10°) tends to decrease from cycle to cycle
mainly because of an increase in HRS current. The On-state conductance and Off
state conductance is almost similar for both tip states.

AFM tip size effect

In last section the I-V measurements were done by using two different types of tip
(PtSi & Full Diamond). All the measurements were done when the tips were sharp.
After doing measurement with sharp tip the measurement with blunt tips were also
studied to see the effect on switching, which will be discussed in this section. The
main motivation behind using the blunt AFM tip is to enlarge the apex and mimic
the top electrode dimension as for devices which was first presented by Hou et al.(9)
as discussed in CHAPTER 1. The AFM tips (Mainly Full diamond tips) were blunted
by scanning them on the H f O, sample with higher contact force (100-150 nN)) for 30
min to 1 hour on an area of 1um?.

But in the case of PtSi tips, only measurements with a sharp tip were done be-
cause it was impossible to blunt the tip without removing the PtSi coating, leading
to nonlinear I-V behavior on Highly Oriented Pyrolytic Graphite (HOPG). We have

seen that there is no effect of the tip material on I-V characteristics when the tips
were sharp. The I-V characteristics for different tips on the HOPG sample are pre-
sented in figure 4.2. Here, I-V characteristics are shown only for positive bias, but
the same characteristics were found also for the negative bias. The resistance of the
full diamond and PtSi sharp tip is almost the same, around 2500). To obtain the I-V
characteristics of the AFM tip on HOPG, the maximum voltage was fixed to 2V in
order to avoid tip destruction by Joule heating because the high conductivity leads
to 8mA at2V.
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FIGURE 4.2: I-V characteristic for AFM tips on HOPG sample before
and after blunting it on HfO, sample.

Even after making many measurements with the full diamond tip, its resistance
did not change significantly. The resistance is higher for the blunt tip in figure 4.2
compared to the sharp tip because I-V characteristics were not obtained by the same
full diamond tip. For different full diamond tips, resistance can vary in the range of
few hundred ohms. It is almost the same as the one for the sharp tip.

By comparison, we found that the tip conductance is higher than the On state
conductance of the HfO, layer. As it can be seen that the I-V characteristic repro-
ducibility was poor when the tips were sharp, maybe because the tip was slightly
shifting. But after blunting the full diamond tip, as it is shown in figure 4.3, the I-V
switching characteristics were reproducible and SET voltage was also lower (1.5V)
compared to the sharp tip (2.8V) but still higher compared to devices!*l.

Same measurement procedure was adopted to the measurement with blunt tip.
A negative ramp voltage is first applied on the bottom electrode in order to achieve
the forming process. After forming the filament, a voltage ramp is applied towards
the opposite polarity, (positive bias) on the bottom electrode to RESET the filament
to return back to the high resistance state (HRS). After the RESET process, again
negative bias is applied on the bottom electrode to SET the filament in order to get
the low resistance state (LRS).

In figure 4.3a, the forming, RESET and SET for TiN/HfO, are shown as ex-
plained above. Arrows in figure 4.3a are showing the voltage ramp direction. For
the first few cycles, the off state was varying little bit in the case of the blunt tip and
getting constant with cycling. After few cycles, let us say, around 20 cycles, the off
state was almost similar for every cycle, and this means that the tip is conditioning
itself with cycles. However, the memory window is smaller compared to the sharp
tip mainly because the Off-state current is much higher. The Off state current de-
creases with increasing voltage for voltages above 2V (Figure 4.3b), and the possible
reason will be given in Sec. 4.4.

In figure 4.3c SET and RESET characteristic for TiN/Ti/H fO, are given. To get
the characteristic shown in figure 4.3c, the forming step was done by using voltage
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FIGURE 4.3: (a) Forming, SET and RESET steps on TiN/H fO; sam-
ple with blunt full diamond tip, (b) I-V characteristics with blunt full
diamond AFM tip. Experimental data is the superposition of many
loops, (c) I-V characteristics with blunt full diamond AFM tip for
TiN/Ti/H fO;, after forming the filament by using pulses.
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FIGURE 4.4: I-V characteristics for TiN / HfO, sample with (a) sharp
AFM tips, (b) blunt tip.

pulses. A pulse with a duration of 1us and an amplitude of 5V was used to form the
filament inside the oxide layer. The pulse count was 13. After forming the filament,
normal voltage ramp was used to SET and RESET the filament by using Keithley. In
figure 4.3c, more than 20 loops for SET and RESET are shown. The characteristics
were the same as the one obtained after forming a filament by using voltage ramp.
The SET and RESET voltages were also in the same order of range.

The difference in the I-V characteristics with sharp tips (PtSi coated and boron
doped full diamond) and with blunt tip can be clearly seen in the figure 4.4. The
memory window difference can also be seen. Also, the difference in SET and RESET
voltage is clearly visible in the figure 4.4.

4.2.2 SEM-EDX Study

Before and after doing electrical measurement, topographical study was also done
for each sample. Before doing the electrical measurement, we have to scan the sam-
ple on the area of 1 x 1um? area to find the good place to do the measurements.

After installing the sample inside the ultra-high vacuum chamber, the tip and
sample are transferred to the sample and tip stage of the AFM which also inside the
ultra-high vacuum chamber. Once the tip and sample are installed the sample is
approached manually by using remote control towards the tip to make the contact
between tip and sample. Once the sample is in vicinity of the tip an automatic ap-
proach is used in order not to break the AFM tip by putting so much pressure on
cantilever. After making the contact between sample and tip force curve is obtained
to know if the contact force applied on the tip is enough to have good contact. After
these steps a scan over the sample in contact mode is performed. The same scan is
done 3-4 times to stabilize the tip over the sample surface and topographical images
are recorded.

Electrical measurements were recorded for samples by using LabView program.
The topography image before doing the electrical measurement is taken and it shows
a very flat surface. Once the electrical measurements are done, one more topograph-
ical image was taken and hillock formation on the surface of the HfO, sample has
been observed. The topographical images are shown in figure 4.5. The size of the
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FIGURE 4.5: Topographical AFM images of H fO, surface (a) before I-

V measurement with sharp tip, (b) after I-V measurement with sharp

tip, (c) before I-V measurement with blunt tip & (d) after I-V measure-

ments with blunt tip. A hillock like structure was detected after the
I-V measurement.

hillock is around 30-50 nm as seen in figure 4.5b, but in the case of the blunt tip,
it appears larger [Figure 4.5d]. Since the blunt tip is larger in diameter, the hillock
width appears larger too. According to figures 4.5b and 4.5d, the hillock height is
of the same size for both blunt tip and sharp tip cases. Thus, we can speculate that
the hillock size does not depend too much on the tip apex area. This hillock like
structure appears just after the filament formation. SET and RESET processes have
no further impact on the hillock structure. Even after doing 80-100 loops for SET and
RESET, there is no impact on hillock size.

The hillock formation was also studied with different compliance currents. Dif-
ferent compliance currents were fixed for filament formation and then, topographi-
cal images were taken for every current value. But we did not observe any impact
of compliance current on the hillock structure.

In order to know the chemical composition of the hillock either one can use SEM
EDX or TEM on the sample. But using SEM EDX on the sample maybe ineffective
because of charge accumulation on the insulating HfO, layer. TEM analysis can
only be performed after a long sample preparation procedure, but we tried it never-
theless. The results will be discussed in section 4.2.3.
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FIGURE 4.6: (a) & (b) SEM Images of sharp and used blunt full dia-
mond tip, (c) & (d) EDX analysis of full diamond tip before and af-
ter electrical measurements on HfO, sample. The scan was done at
two positions for the sharp tip before the electrical measurements as
shown in the image by red and blue dots corresponding to the color
in graph (c), and in the case of the blunt tip after the electrical mea-
surements, the scan was performed at four different (red, blue, orange
and green) positions corresponding to the color shown in graph (d)

However, one can obtain the chemical information using SEM EDX measure-
ments on our AFM tips before and after electrical stresses.

SEM-EDX analysis of each tip was performed before and after the electrical mea-
surement in order to know the chemical composition of the AFM tips. SEM-EDX
spectra was obtained on a boron doped full diamond tip are shown in figure 4.6. As
one can see in the graph that for the sharp unused tip, only Carbon, Oxygen, Nickel,
and Silicon were found. Nickel is present because the cantilever of the AFM tip is
composed of Ni. Also, some traces of Cu and Al were found. This is because of the
sample stage which is used to hold the tips and SEM-EDX instrument.

But in figures 4.6b and 4.6d, which correspond to the tip used for the electrical
measurement on the H f O, sample, some traces of Ti were found. Spectra at different
positions of the tip were obtained, on the area which was in contact with sample and
away from it. So, the green and yellow dots in figure 4.6b show the places far from
the area which was in contact with sample like red and blue dots.

The spectra taken at the places which were in contact with sample show the pres-
ence of Ti and the places far away show no presence of Ti. In our overall structure
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FIGURE 4.7: (a) Topographical AFM images of HfO, surface with
new tip before blunting (b) Topographical AFM images of HfO, sur-
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Ti is only present in the bottom electrode which is composed of TiN as discussed
in introduction part. Nowhere else in whole system Ti was present, it means that
Ti is coming from the bottom electrode in some way. Thus, we can assume that Ti
migrated through the HfO, layer from the TiN bottom electrode during electrical
measurements.

Another study was done to confirm that presence of Ti on the tip is due to elec-
trical measurements and not due to blunting. To be sure that Ti is not coming from
anywhere else from the surface or because of some contamination at the HfO, sur-
face, the new full diamond tip was blunted on HfO, surface without doing any
electrical characterization. In order to see that tip is not scratching the HfO, layer
and getting into contact with TiN after it was scanned over the surface for 90 min-
utes to blunt it at higher contact force (250 nN) compared to the contact force usually
used for blunting.

In figure 4.7a we can see the topography image of the sample for an area 1 x 1pm?
with new sharp full diamond AFM tip and this area was scanned for 90 minutes
with 250 nN contact force. The topography image of the area where the tip was



84 Chapter 4. High Compliance Effect on Switching in OXRAM

scanned for long time was taken in bigger frame (3 x 3um?) to see if the surface was
scratched or not as shown in figure 4.7b. In figure 4.7c one can see a dark rectangle,
which is the area where the tip was blunted. It seems that it got scratched but when
two topographical profile were taken across the area, there was no difference in the
roughness where the tip was blunted and the area where the tip was not blunted. As
can be seen in figure 4.7c two profile for roughness are plotted and the roughness is
constant over the surface. It means that there was no scratching in the HfO, layer.

After blunting the tip SEM-EDX measurements were performed to see the pres-
ence of Ti on the tip because of blunting the tip on H fO, surface or because of some
contamination. As can be seen in the SEM-EDX spectra taken after blunting the tip
in figure 4.7d, there is no peak recorded for Ti. The spectra after blunting is exactly
the same as we obtained for the new unused tip (figure 4.6a). This proves that the
Ti on the used tip (SEM-EDX spectra in figure 4.6 4.6d) is only coming after electri-
cal characterization. It is not coming during the process of blunting or because of
contamination.

4.2.3 TEM Analysis of Hillocks on TiN/H fO; surface

As already discussed about hillocks in previous section, it is really important to
know the composition of hillocks. To understand the hillock appearance after form-
ing the filament, TEM studies were performed. Although it is very difficult to make
TEM studies to see the filament. There were many problems to solve to do TEM
analysis. First of all, it is too difficult to find the exact localization of the hillock on
the surface of HfO, as the sample is 1 x 1cm? and it is difficult to locate 50 nm size
hillock.

With our setup it is not possible to have the top view of the sample because of the
lack of cameras inside ultra-high vacuum chamber. We can only have the side view
of the sample with the help of camera installed outside ultra-high chamber. This is
why we used another AFM setup (Veeco AFM setup) with the same full diamond
installed in primary vacuum.

As schematized in figure 4.8a the sample is glued on the sample holder and area
on sample is marked with the help of marker. In second step, in selected area a
matrix of 10 x 10 filaments was created, it means that there is an array of 10 x 10
hillocks. The filament formation was done by fixing the compliance current to 1 mA.
After making the array of hillocks, sample was scratched at four places around the
array. These scratch marks of 10 x 10um? were done 40 y m far away from the array.
These scratch marks were done to easily find the array in the SEM to prepare the
lamella for TEM.

We can see the array in the image taken by SEM in figure 4.8b. After locating the
array, a lamella was prepared by using SEM-FIB. First carbon was deposited over
two rows of the hillock and then platinum is deposited. After deposition the rest
was etched and finally a lamella was prepared. There were many steps to form the
lamella, the final lamella is shown in figure 4.8c.

After the lamella was prepared, it was transferred to TEM for analysis. A TEM
image of the whole hillocks area is shown in figure 4.9a. In figure 4.9b, a zoom view
of the single hillock is shown. One can see all the different layers (Si, TiN, HfO,,
and C). In the red circle in figure 4.9b one can see the rupture in HfO; layer. Here
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FIGURE 4.9: (a) TEM image of the lamella, (b) TEM image of the
hillock.

the HfO, layer is 5 nm and to form the filament 1mA compliance current was fixed.
We think that because of such high current the HfO, layer got disrupted. Also, it
is bit difficult to see the filament in 5 nm thick HfO2 layer. A detail study has to be
done in future.

All the studies for TEM was done with the help of Tristan DEWOLF and G. AU-
DOIT. Tristan Dewolf studied switching in OXRAM in more detail by using TEM in
his PhD in the same laboratory. He used C-AFM to form the filament and the pre-
pared the lamella by using FIB and then transferred to TEM for analysis similar to
us. He performed STEM- EELS measurement to know the composition of the fila-
ment. He observed that a Ti-rich region with a conical shape was clearly observed
in the HfO, layer as shown in figure 4.10. This conical filament seems to connect
the top and bottom electrode. With the help of STEM-EELS he showed the presence
of different materials as shown in figure 4.11. So, from the studies done by Tristan
DEWOLF it is clear that the filament is of Ti. We also took the same approach and
considered the filament to be of Ti.
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FIGURE 4.10: (a) Filament formation in H fO, based device by using
C-AFM at 400 A compliance current. (b) STEM image of the memory
biased with C-AFM and (c) STEM-EELS map of extracted Ti signal
after forming. Ti migration can be seen in blue in the area boxed with

dashed line. The figure is taken from reference>"7].

FIGURE 4.11: (a) STEM-HAADF image of the region where it is an-

alyzed by EELS. STEM-EELS map of the polarized memory with a

compliance current of 400 pA (b) for nitrogen, (c) for titanium (d) for

oxygen. Small Ti migration can be seen in figure (c). The figure is
taken from Tristan DEWOLF’s PhD thesis>"].
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4.2.4 Effect of bottom electrode

We have two different HfO, based oxide sample with two different bottom elec-
trodes of Ti and TiN/Ti. The composition and thickness of the layers is given in
section 4.1. I-V measurements were done on both samples by using the same AFM
tip (blunt full diamond) as top electrode in secondary vacuum.

SET and RESET characteristics for both samples are shown in figure 4.12. The
same steps for forming, SET, and RESET were performed as explained in section
4.2.1. For each measurement, 60-80 loops were performed at the same position. Af-
ter 80 loops the tip sample contact was lost. One loop consists of one SET and one
RESET characteristic. The compliance current for forming and SET was set to 600
1A in order to avoid overshoot and permanent breakdown. If we fix a higher com-
pliance current in mA range it will be impossible to RESET the filament because of
permanent breakdown.
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> TIiNTIHfO2 with DF

= o TiNHfO2 with DF
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Voltage (V)

FIGURE 4.12: I-V characteristics and simulations for different bottom

electrodes by using full diamond blunt tip as top electrode in both

cases. Experimental data is the superposition of many (around 10)
loops.

We observed that the memory window is larger with the TiN/Ti bottom elec-
trode sample compared to the TiN bottom electrode sample. The ON state conduc-
tivity is higher, and off state conductivity is lower for the TiN / Ti bottom electrode.
In figure 4.12, I-V characteristics after forming step with different bottom electrodes
are shown. Around 10 loops per sample are shown in the figure.

4.2.5 G,, Variation with compliance

It is an established experiment fact that, on devices, the On-state conductance (Goy,)
increases with the compliance current. The dependence was also shown to be lin-
ear®”l. This dependence was explained by an effect of compliance current on the
width of the filament and thus its electrical conductance. Here we will try to see if
this effect of compliance current on the on-state conductance remains at a nanomet-
ric scale.
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To see this effect the I-V characterization for each sample at different compliance
currents was done. After doing the I-V characterization the mean value for On-state
current conductance is calculated by averaging 20-30 loops. In particular, as it is
shown in figure 4.13 (green stars), the variation of the ON state conductance (Goy) is
proportional to the SET compliance current for devices!?*°l.
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FIGURE 4.13: ON State conductivity (Goy) variation with different
bottom electrodes at different compliance currents. (Red circle half
down filled-Minimum value of G,, for TiN/Ti/HfO,, Red circle
half up filled-Maximum value of G, for TiN/Ti/HfO,, Red circle
full filled -Mean value of Gy, for TiN/Ti/ HfO,, Blue hexagonal half
down filled -Minimum value of G,, for TiN/H fO,, Blue hexagonal
half up filled -Maximum value of G, for TiN/H fO,, Blue hexagonal
full filled -Mean value of G, for TiN/H fO,, Green star unfilled-G,,
for 1TIR devicel3) (The values of G, for TiN/Ti/HfO, is in Red,
the value of G, for TiN/HfO, is in Blue and the values of G, for
1T1R Devices are in Green

We have plotted characteristics obtained by an AFM blunt full diamond tip on
the samples with different bottom electrodes. The highest and lowest value for On-
state conductance are plotted in the graph for each compliance current for each sam-
ple. The compliance current range was 100-600 uA. In the case of the sample with
TiN / Ti bottom electrode the linear behavior for On-state conductance with compli-
ance current was obtained from 300 p A to 600 yA. Below 300 A there is no increase
in conductance current, this is may be because the compliance current was not high
enough to form a complete filament.

We found that G, is larger with TiN /Ti compared to the TiN bottom electrode
and in the same order of magnitude as shown for devices in the literature. For the
TiN/HfO, sample, we observed that below 475 uA compliance current (I.), G,
does not increase linearly with I, and for higher compliance currents, G, increases
linearly with I.. Also, with larger compliance current, the memory window is get-
ting larger. We can see that the On-state conductivity for TiN /Ti/ Hf O, is almost the
same as that for the 1T1R device, and for TiN/HfO,, it is lower compared to that of
the device. It appears that the linear relationship between the On-state conductance
and the compliance current observed on devices remains basically at a nanometric
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scale. The differences in figure 4.13 are explainable by tip position fluctuation and
electrometer overshoot effect for the low compliance values.

4.2.6 Effect of Polarity

Polarity can play a very important role depending on the type of OxRAM (Unipolar
or Bipolar). In Unipolar you can SET and RESET in the same polarity but for bipo-
lar different polarity is used to RESET compared to the one used for SET. Here we
already know that our samples have bipolar behavior so we are using different po-
larities for SET and RESET. The main aim here is to see the effect of polarity on SET
and RESET if we change them. So, we want to see if the characteristic of the sam-
ple for SET obtained in positive bias will be similar to the characteristic obtained by
doing SET in negative polarity. First of all, negative ramp voltage is applied on the
bottom electrode to form a filament inside the oxide layer. After forming, opposite
polarity (positive bias) is applied in order to RESET it. Again, the same polarity as
we applied for the forming step is applied to SET, and many loops were recorded to
study the distribution of SET and RESET voltages.

The same study was done for the opposite polarity. This time forming and SET
are done with positive ramp voltage and RESET is performed in negative bias, and
many loops were recorded. We performed the same experiment for both samples
with different bottom electrodes by using the same blunt full diamond AFM tips
as the top electrode. After doing all the measurements the characteristic for two
different procedures were plotted on the same voltage scale to see the difference in
I-V characteristic. As we can see in figure 4.14, there is no effect of polarity for both
samples with different bottom electrodes. To see the effect of polarity on SET and
RESET processes, all the curves are plotted on the same voltage scale as shown in
figure 4.14c. The whole characteristic remains the same, no matter which polarity is
used.

4.2.7 C-AFM experiments comparison with 1T1R Device

I-V characteristics for TiN/H fO, and TiN/Ti/HfO, samples taken by C-AFM are
also compared with 1T1R device characteristics®!”! in figures 4.15a and 4.15b, re-
spectively. The On state and Off state currents and the memory window are in the
same range of magnitude for the same compliance value in all cases. The On state
current fluctuations are larger for CAFM measurements likely because of the better
control of the compliance for 1T1R devices. It is worth noticing that the same current
values for CAFM measurements and 1pum? devices in figure 4.15 are consistent with
a filamentary conduction mechanism. As we can see in the graph in figure 4.15 the
voltage value for SET and RESET are larger than the values for device. For the de-
vice, SET and RESET voltages are around 0.8V, but for the TiN/H fO, sample, SET
and RESET voltages are around 2V-2.8V and 1.5V-2V, respectively. Those points
will be discussed in section 4.3.2.
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92 Chapter 4. High Compliance Effect on Switching in OXRAM

1E-3 5

1E-4 4

Current (A)
m
()]

1E-6

o2 « TINHfO2 with C-AFM
* <« Device 1T1R experimental data

Voltage (V)

(a)

1E-3 5

1E-4 5

Current (A)
m
(4]

1E-6 5

o «/2 » TINTIHfO2 with C-AFM
* <« Device 1T1R experimental data

3 2 -1 o 1 2 3
Voltage (V)

(B)
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4.2.8 Effect of Series Resistance on switching behavior

We did some measurements by putting a series resistance of 1.1 k() (we wanted to fix
1 kQ) but when the resistance measured with multimeter, it showed 1.1 kQQ) in order
to limit the current overshoot during the forming step. We used the same ramp steps
as explained in previous sections. The compliance current was set to 600 p A for this
experiment. First of all, the measurements with series resistance were done with
TiNHfO, sample. In figure 4.16a, I-V characteristics with series resistance of 1.1 k()
in green are shown. Only SET and RESET are shown in the figure. As we can see in
the figure 4.16a that the memory window is very small for SET and RESET. It likely
means that we are not able to form the filament completely and RESET it completely
because of the series resistance.
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In the same figure in blue it is the same characteristic as shown in green but
we removed the series resistance from the measured characteristic by using divider
bridge equation given below:

Rox
Vox = applied(m) (4.1)

where V4 is total voltage applied, Vo is the voltage across the oxide layer,
Rs is the series resistance and R,y is the resistance of oxide layer.
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FIGURE 4.16: (a) Series resistance effect on I-V characteristic for

TiN/HfO, with a series resistance of 1.1 k(). (b) Comparison be-

tween the characteristic obtained with and without series resistance
on the same sample with same conditions.

As one can see in the blue graph a little jump for setting and resetting exists.
Also, the SET and RESET voltage is lower than the curve with series resistance, it
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is because the voltage for the blue curve corresponds to the voltage droped across
the oxide layer only and for green curve the voltage corresponds to the total voltage
applied.
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FIGURE 4.17: (@) I-V characteristics for TiN/HfO, and

TiN/Ti/HfOy sample with series resistance of 1.1 kQ, (b) I-V

characteristics for TiN/HfO, and TiN/Ti/HfO, sample after
removing the series resistance of 1.1 k(2 by using calculations

We also did measurement without series resistance by using the same tip and
same condition at the same time. In figure 4.16b, we plotted the characteristic with
and without series resistance for the same sample and tip measured in the same
conditions. As we can see the figure 4.16b the On-state current is exactly the same
in both cases. The Off-state current is a bit lower in case of no series resistance and
this is because we were able to achieve high enough current density to have enough
joule heating to RESET the filament.
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FIGURE 4.18: I-V characteristic for TiN/HfO, sample with series

resistance. (a) First 20 loops for SET and RESET, (b) Next 10 loops

with little bit larger memory window, (c) Next 10 loops with even

larger window and becoming constant, (d) SET and RESET loops after

around 40 loops with constant memory window with reproducible I-
V characteristic, (e) Experimental result fitted by simulation.

This is the clear indication that the series resistance is playing the role in order
not to RESET the filament completely. Also, we can see that the SET and RESET
voltages are higher in case of no series resistance. The SET and RESET voltages in
case of no series resistance are around ~ 2.6V and ~ 1.9V respectively. With series
resistance SET and RESET voltages are around ~ 1.5V and ~ 1.3V respectively. This
difference might be coming from a higher overshoot effect without series resistance.

Next step is to see the effect of bottom electrode with series resistance for two
different samples we have for OXRAM. Same experimental procedure was adopted
as mentioned before. The forming step was done by applying a negative ramp in
order to form the filament. In figure 4.17a, the arrows and numbers are showing the
direction of the voltage ramp. A series resistance of 1.1 k() is used in both cases.
The on-state conductance is same for both samples. The off-state conductance is
lower for the TiN/Ti/HfO, sample compared to the other sample. These charac-
teristics are similar to the characteristics obtained without series resistance as shown
in figure 4.12 and discussed in detail. SET voltage for TiN/Ti/HfO; is lower than
TiN/H fO, but the RESET voltage is almost same in both cases. In the figure 4.17b
same characteristics are shown as shown in figure 4.17a after removing the series
resistance by using calculations.
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We also studied the conditioning of the I-V characteristics with series resistance.
After forming the filament in TiN/HfO, with full diamond tip as top electrode,
many SET and RESET loops were recorded. In the beginning, the memory window
(difference between on state and off state conductance) was very small at least for
first 5-10 loops. With increasing number of loops, the memory window was also
increasing. As we can see in figure 4.18a, the memory window is too low for first 20
loops. With increasing the number of loops, the memory window got better as can
be seen in figure 4.18b for next 10 loops. In the coming next 10 loops the window gets
even bigger and started becoming constant as can be seen in figure 4.18c. In figure
4.19a the I-V characteristics became really constant and reproducible after around 40
loops and for next 30 loops rested the same until the contact between AFM tip and
the sample was lost.

In the beginning, after forming the filament was not completely formed and was
unstable. With increasing the loop numbers, the filament started becoming stable
and in the end after around 40 loops the filament is formed completely. Although
the filament was not fully formed because of the high series resistance the current
density was not obtained.

4.3 Discussion

In order to provide a better understanding of the experimental switching character-
istics performed by C-AFM, we will use a phenomenological model that accounts
well for TiN/HfO,/Ti/TiN 1T1R and 1R device switching characteristics in a wide
range of temperatures’®l. In this phenomenological model we considered a fila-
ment and interpret the switching mechanism as a geometrical interpretation of the
filament shape. In the following, we will examine the parameters that have to be
modified to account for C-AFM measured characteristics knowing that the mate-
rials and thicknesses are the same as those of the devices (except the top electrode
which is the C-AFM tip). The values of the fitted parameters will be used to interpret
more thoroughly the experimental characteristics

4.3.1 Model Description

Many different models based on ionic drift diffusion[*!!], electron hopping trans-
port*?l and whole filament enlargement and reduction based on redox reaction*'°l
were considered in literature. Here we have modelled the OxRAM by considering a
conductive filament with a constriction surrounded by insulating oxide layer. In pre-
vious studies, for modelling the switching mechanism based on oxygen vacancies or
ion diffusion from one part to opposite part of the oxide layer[*'*] was considered.
In all the approaches mentioned before, the driving force of filament size variation
is motion of the ions or oxygen vacancies under electric field. This can be under-
stood in insulating layers but it seems difficult to understand in highly conductive
regions. Also, it is difficult to understand the role of the diffusion mechanism in
a reversible process since diffusion is irreversible. To avoid those discrepancies, we
will use a model based on a nanometric conductive filament resulting from the form-
ing process. The physical basis of the model used here is fully described in Ref[**]
and was applied successfully to 1T1R and 1R OXxRAM devices for a wide range of
temperatures?*°l in DC operation as well as in the pulse regime [*"1.
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Here, for the sake of clarity, we will briefly describe this model. In literature, it
was shown that the electromigration force is sufficient to break gold nanowires[*'°l.
Some of the studies have even shown the resistive switching on the gold nanowires
and explained it quantitatively by considering electromigration force*'*). The model
used here assumes that the driving forces of resistive switching are the electromigra-
tion of Ti atoms and the Joule effect in a metallic nanowire.

An expression for electromigration force under an applied bias for gold nanowire
is given by 1] ;

F= ZmeZ Tn (4.2)

In equation 4.2, m is the electron mass, g the electron charge, vr the Fermi velocity,
o an atomic cross section, | the current density and # the transmission factor. From
equation 4.2 we can simply understand that when a current density | passes through
the nanowire, the number of electrons by second transferring their kinetic energy to
an atom in the nanowire is ~ %‘7. Thus, the force acting on the atom is the electron
kinetic momentum movr times %‘T

Considering the electromigration force whose direction is the one of the electron
flux and that the OXRAM element consists of the metallic nanowire with a constric-
tion in the oxide layer, the model is sketched in the figure 4.191?%°]. The constriction
area S(t) is the time variable that describes the state of the OXRAM.

Blunt AFM tip
S 2]
T Ti on blunt tip
Hf02 i HfO2 Jd
Zf
Sc
Zf
TON TOH
e-flux 1SN 3d e- flux
(1-n) ) . (1-n) ]
TiN TiN
© ©
(A) (B)

FIGURE 4.19: Schematic description of the model 1286] for (a) device,

(b) CAFM measurements in the off state and polarized for set with

blunt tip. T,y is the HfO; thickness and S, the constriction cross sec-
tion. The other quantities are defined in the text and in table 4.1.

When the size of the contention is S, it is in On state and if it is 0, it is in off
state. This filament presents a constriction that can be filled or emptied with metal
atoms (Figure 4.19a). As shown in figure 4.19a the atoms can be moved from region
1 to region 2. Region 1 is the contention and region 2 is filament. Let’s consider
the transfer rate of atoms from contention to filament is given by k; and filament to
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contention by ky. Also, let’s assume the contention area S(t) is proportional to the
number of the metallic atoms in the contention. The evolution of contention area
with time can be defined by:

% — ka(se— 5() ~ kiS(0) (4.3)

The state variable of the model is the constriction occupancy probability denoted
by P(t) = S(t)/S. [Figure 4.19a], with S, being the maximal constriction areal?*°],
and is described by a simple balance equation that contains transfer rates

EZTI; =ko(1—P) — ki P (4.4)

Those transfer rates k1 , k; depend on electromigration, Joule heating and electron
phonon coupling in the constriction and are given by:

__htdh

ki = To_le Ky T(Vox P, Ta) (4.5)
_ VytdF

ky = To_le T T(Vox P, Ta) (4.6)

In equation 4.5 and 4.6, T, is the atomic vibration time (10*12 s), ky is the Boltz-
mann constant, Tz is the external temperature (here 300K), V; and V; are the energies
of the atomic potential well in the positions 1 and 2 respectively, d is the distance be-
tween the positions 1 and 2 (Figure 4.19a), F; and F, are the electromigration forces
defined by equation 4.2.

o
Fp= vafah,zﬂm (4.7)

In equation 4.7 the current densities are [ = —J; = —]J and the electron trans-
mission factors 7 = 1 — 11 = 1 — 5 (since it is assumed that the transmission factor
in one direction corresponds to the reflection factor in the opposite direction). vr is
the Fermi velocity, o an atomic cross section m the electron mass and g the electron
charge. The temperature depends on the applied voltage V because of Joule heating.
As explained for the sake of simplicity the shape of filament and contention is con-
sidered as two cylindrical nanowires. The first one (filament) has the cross section
of S; and length of Z¢ (contention location). The second cylindrical nanowire (the
contention) has the cross-section area Sc and a length d = T,y — Z;. Now we can
solve the steady heat equation for the geometry considered. The temperature due to
Joule heating is given by:

_ I(PrVox)2 2 Af 2 I(V)z 20 4f
Ty(P, Vo, Ta, zf) = Ta — Tcsc(zzf -~ Tox)) - (z (=L - 1)))
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In equation 4.8, zy, is the constriction location, T,y the H fO, thickness, «, o the
thermal and electrical conductivities of the filament, I(P, V,y) the current as function
of the applied voltage on OXRAM V. When z increases the Joule heating temper-
ature decreases for the same voltage or equivalently one needs a larger voltage to
reset. However, when the constriction is open (i.e. when P = 0), we consider that

the Joule heating is negligible. In that case the local electronic temperature in the
constriction depends on the voltage with the following expression:

qVoex qVox
Ta coth
2kB ZkB Ta (4.9)

T 1t T+al

T, ( Ta, Tox)

In equation 4.9, a stands for the ratio of characteristic phonon and electron times.
A larger value of « leads to a larger temperature for the same voltage or equivalently
one needs a smaller voltage to set. So, in the intermediate state when the contention
is partially filled according to probability P, we can calculate the temperature in the
contention because of joule heating T; (when P = 1) and local heating T, (When
P = 0). Thus, the total temperature is the interpolation between expressions 4.8 and
4.9:
T(Vox, P) = Tj(Vox, P, T) + Te(Vox, T)(1 — P) (4.10)

The conductance in the mesoscopic system consisting in the constriction in a
nanowire can be computed via Sharvin conductance, see [286] and references therein:

2 1.2 -1
_ 207 kgSeP (1 73T0x> (4.11)

Gp(P) h 4mr 4]

In equation 4.11, h is the Plank constant, kr the Fermi wave vector, [ the electron
mean free path and <y a geometric factor whose value is about 1. When P = 1, or
So =S¢, G(P) = Go:

_ 2¢% k23S, 3T\ 1
Gon = h A <1 4] ) (4.12)
Gy(P) = Gon.P (4.13)

When the constriction is empty (i.e when P = 0) the current is assumed to be due
to tunneling or field assisted tunneling. For sake of simplicity we will approximate
the tunneling current in order to retrieve the Fowler-Nordheim tunneling when V,,
> ¢ (the barrier height) and the direct tunneling when V, < ¢y, ¢}, being the barrier
height between filament and constriction. The tunnel current takes the following
form (for V > 0):

L(V) = CS;;@ (E)zexp[_&r 3Vq2hrgeff¢‘5 .(1 —C(Viy) (1 - ‘7:;;)") g)} (4.14)
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In equation 4.14, E is the electric field in the constriction (V,x/d), d being the
constriction thickness and C (V) a function which gives 1 when gV,x < ¢, and zero
otherwise, m, fF is the electron effective mass. Then, using the similar argument than
the one used to evaluate the temperature in the constriction the current is given by
the following interpolation:

I(P, Vox) = G(P)Vox + (1 — P) I, (4.15)

The coupling with an external serial resistance or a MOSFET is given by:

V= Vox+ Vs (4.16)
1%

I(P,V)=1Is=—-> (4.17)
Rs

In equation 4.16 and 4.17, V is the applied voltage, Rs and Vs are the serial re-
sistance and the corresponding voltage drop. For 1T1R devices Is has to be replaced
by the drain current-drain voltage characteristic of the MOSFET and Vs by the drain
voltage V. The self-consistent numerical resolution of equations 4.4, 4.16 and 4.17 al-
lows to calculate P taking into account equations 4.5 - 4.13 as function of the voltage
Vox. Equation 4.15 allows to calculate in turn the current-voltage switching charac-
teristics for any given time voltage dependence (voltage ramp which is the case here
or voltage pulse for example).

Symbol Quantity Values
Ef Fermi Energy 8.8eV
T, Characteristic time 10~ 125
o(Ti) Density 4500 Kgm 3
K(Ti) Filament thermal conductivity 21 W(Km)~1
o (Ti) Filament conductivity 2.5 x 106(Qm)~!
o Electron phonon couplinng factor ~ MentionedinTable4.2
o Barrier height MentionedinTable4.2
0% Geometric factor in conductance 1
[ Electron mean free path 12.5nm
d Contention thickness MentionedinTable4.2
Vi Energy well of position 1 MentionedinTable4.2
Vo Energy well of position 2 MentionedinTable4.2
o Electromigration force cross section 2.9 x 10~ Pcm?
zy Contention localization MentionedinTable4.2

TABLE 4.1: Parameters values used in the model in order to fit the
experimental data.

4.3.2 Model comparison with experiments

In table 4.2 we have reported the fitted values corresponding to the calculated switch-
ing characteristics reported in figures 4.14, 4.21a, 4.21b, 4.22 and 4.23 together with
the experimental characteristics. The metallic filament parameters (x,0¢,kr) are those
of Titanium[?*°! consistently with recent TEM EDX observations!®””l. For sake of
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consistency, we have fixed the same potential well energy values V; and V; in all
cases since the materials are the same.
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FIGURE 4.20: Schematic description for shifting of AFM tip for (a)
sharp full diamond tip, (b) blunt full diamond tip.

First, we will discuss the tip influence on switching current voltage characteris-
tics, reported in figure 4.21a & 4.21b. For the sharp tips the off-state current is lower
by several orders of magnitude compared to blunt tips. It increases from cycle to
cycle which limits the practical interest. In the case of sharp tips, the fitted values
in table 4.2 correspond to the curves plotted on figure 4.21a. Because of the cycling
variability for sharp tips the values in table 4.1 correspond to the very first cycles
and one can admit that they may fluctuate significantly.

As one can see in table 4.2, the differences between blunt and sharp tips fitted
values are the barrier height and the tunneling distance. According to equation 4.12
this results in a larger tunneling barrier height and thickness for sharp tips than for
blunt tips. It reflects the smaller Off state current observed for sharp tips compared
to blunt tips. The other parameters are almost the same for both tips. In particular
the filament constriction area (S.) is almost the same whatever the tip. Its value
is estimated using On state current value and equation 4.12 & 4.15 with P = 1 at
~ 2.5nm? (i.e. diameter ~ 0.9nm).

In order to understand the fitted barrier height value differences in table I it is
worth comparing them with expected values ® = W — x (W being the metal work
function and x is the electronic affinity, as it is illustrated in figure 4.21e). In the
case of Pt/HfO, interface ¢;=5.3eV- 2.8eV=2.5 eV['7318l and for C/HfO, inter-
face ¢1=5eV-2.8 eV =2.2eV317318l and for Ti/ HfO, ¢p=4.3 eV-2.8 eV =1.5 eV 3173181,
Those values are consistent with the fitted values in table 4.2.

The high barrier height reported for sharp tips remains unclear. We assume that
during the reset, the tip positions may slightly shift. In this situation, illustrated in
figure 4.20a, the tunneling can take place in a pristine tip side/ H f O, interface region
leading to a Ti/ Hf O,/ Tip interface with a larger tunneling distance than the one ex-
isting without tip shift. This may also explain the wide dispersion observed for the
Off-state current with sharp tips. Conversely in the case of blunt tip since the tip di-
ameter is very large compared to the filament constriction diameter, as it is sketched
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Sample | Top Electrode | Vi(ev) | Valev) | 7 [ ¢1/daeV) | d(A) | zf (ev) |
Full diamond
TiN/HfO, (Blunt): Fig4.21b | 2.9 2.3 0.7 0.01 0.2/0.2 2-3 | 4.8-49
PtSi (Sharp)
TiN/HfO, Fig 421a 29 2.3 ~08 | ~0.01 | ~25/13 | ~75 | 2~49
Full diamond
TiN/HfO, (Sharp)Fig 4.21a 29 2.3 ~0.8 | ~0.01 ~22/2 ~11 | 2~4.9
Full diamond
TiN/Ti/HfO, (Blunt) Fig 4.23 2.9 2.3 0.7 0.01 0.2/0.2 3-5 4.6
TiN/HfO; Full diamond
with series resistance | (Blunt)Fig 4.24 2.9 2.3 0.55 | 0.01 0.2 3 4.65
Ti/TIN
TiN/HfO,/IT1R Fig 4.22 2.9 2.3 0.1 0.1 0.2 4.5 4.3

102

TABLE 4.2: Fitting parameters values used to simulate the switching characteristics shown in figures 4.21a & 4.21b, 4.22, 4.23 & 4.24.
The symbol ~ indicates that the fitted values are less accurate because of the large cycling fluctuations observed for sharp tips.
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on figure 4.20b a similar tip shift does not change the barrier nature Ti/TiO,/Ti.
Moreover, if the hillocks observed in section 4.2.2 and sketched in figure 4.20 were
fully composed of Titanium one cannot expect tip effects on off state currents since
the barrier height would be the same whatever the tip.

However, for blunt tips the barrier height is, according to table 4.2, the same as
for devices ¢1 = ¢ = 0.2eV whatever the polarization. Because Ti is present on
the blunt tip after measurements, one can then assume that the constriction’s barrier
is Ti/ MOy /Ti (MOy being an undetermined oxide) for blunt tips and devices. The
barrier height for Ti/ TiO, is ¢p=4.3eV - 3.9 eV =0.4 eV *17318] (see figure 4.21f) which
is very close to the 0.2¢V in table 4.2. Since the electron affinity increases when
the oxide becomes under-stoichiometric*! one may explain the smaller ¢; = ¢ =
0.2eV value for a Ti/ TiO, / Ti barrier for blunt tips and devices. One can then assume
that Ti has diffused in front of the Ti filament. This last barrier height evaluation is
consistent with the EDX observation of section 4.2.2.

In figure 4.21 the difference between sharp tip and blunt tip in term of barrier
height is shown by giving the different model for different tips. In figure 4.21a, the I-
V characteristics with sharp tips are shown and in figure 4.21b the I-V characteristics
with blunt tip are shown. We already discussed the possible reason in the previous
paragraph for differences in the I-V characteristics in both cases. Figure 4.21c shows
the model sketched for sharp tip when there is no Ti present on the tip. So, in this
case we have Ti in the bottom electrode and in the filament and we have HfO; in
the contention. Also, the filament length is shorter than in the case of blunt tip as
mentioned previously.

Figure 4.21e shows the barrier height representation in the case of sharp tip. Here
we have Pt or C for the AFM tip (top electrode), HfO; in the constriction gap and
Ti for the filament. The barrier height for Pt/ H fO, is higher than the barrier height
of Ti/HfO,. Here we considered the off state is due to the tunneling between tip
and the filament. In figure 4.21d the model for blunt tip is presented showing lower
contention size compared to sharp tip case. Also, in figure 4.21f the barrier height for
this model is represented. In the case of blunt tip, we have Ti on the tip as confirmed
by SEM EDX measurements. So, the barrier is composed of Ti/TiO, / Ti.

One can also notice that in the case of measurements with blunt tips the off state
current decreases with increasing voltage for voltages above typically 2V (Figure
4.21b). In order to reproduce this effect, we have introduced an ad-hoc variation
of the barrier height for tunneling current with OxXRAM element voltage (V;x). To
fit the experimental characteristic the empiric law was ¢(Vox) = ¢ + 0.0015(V,y)°.
In the experimental voltage range ¢(V,y) rises from 0.2¢V to ~ 0.3eV. This may
be an indication that for high voltage more Ti atoms can be transferred to the tip
increasing then the stoichiometry in oxygen in the gap, increasing in turn the barrier
height. However, this explanation is somewhat speculative.

The most striking difference between devices characteristics and C-AFM mea-
surement (illustrated in figure 4.22), are the set and reset voltage values that are
much larger in the case of C-AFM (~3V vs ~0.7V for the set voltage). The same
trend was observed but with less extend by Hou et al.['**! for example. The model
accounts for this effect (Figure 4.22) via the a(accounting for the set voltage, eq. 4.9)),
the 77 parameters value (Table 4.2) and z¢ (accounting for the reset voltage, equation
4.8). The electromigration force is proportional to the incident electron flux and to
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FIGURE 4.21: (a) I-V characteristics with (a) sharp AFM tip, (b) I-V
characteristics with blunt full diamond AFM tip. Experimental data
is the superposition of many loops. (c) Schematic description of the
model for sharp tip, (d) Schematic description of the model for blunt
tip, (e) Barrier height model for sharp tip, (f) Barrier height model for
blunt tip.
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the transmission factor. During the set the electron wind is directed from the tip to
the filament and the transmission factor is 1 — 7 (Figure 4.19). According to table 4.2
the transmission factor (1 — 77) from the tip is 0.3 and smaller than the one accounting
for devices characteristic (0.9).
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FIGURE 4.22: (a) AFM I-V characteristic comparison with 1T1R de-

vice characteristic for TiN/HfO, (b) Comparison of C-AFM and

1T1R device I-V characteristic obtained on TiN/Ti/HfO2 sample. Ex-
perimental data is the superposition of many (around 10) loops

As it is schematized on figure 4.19, before the set the electron flux comes from
the bottom electrode for devices (Figure 4.19a) and it comes from the filament for C-
AFM measurements (Figure 4.19b). The modification of # may likely be due to the
geometric form of the filament’s end surface which may be rougher than the contact
with bottom electrode. The lower a (Equation 4.9) value reflects the lower electron-
phonon coupling. This last is also proportional to the electron transmission factor
and inversely proportional to the phonon density of states!*”’l. Thus, the reduction
of 1 — 7 is consistent with the reduction of a.
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Moreover, to maintain the contact during measurement one has to apply a force
of several tens of nano-Newton (501N the most of the time in our experiments). For
a typical contact area of 10 nm? this force corresponds to a pressure of several GPa.
For such a stress the phonon frequency spectra can shift[*>!l and may reduce also the
coupling factor a. When « is larger the voltage necessary for set decreases because
the electron phonon coupling is more efficient, resulting in a lower set voltage which
is the case for 1T1R devices compared to C-AFM measurements.

From table 4.2 one can see that z; is larger for C-AFM measurements than for
devices. According to equation 4.8 when z; increases the Joule heating temper-
ature decreases and a larger voltage is necessary to achieve reset. The z; values
is likely induced by the forming process. In refl?*°l it was speculatively assumed
that the filament constriction location was limited by the power dissipated at break-
down by joule heating. When the constriction area increases the current density (at
the compliance) decreases which decreases in turn the temperature and thus limits
the filament growth. This assumption leads to an approximate analytical expres-
sion[®®! z¢ ~ T, — 4(Tf — T)/Ebd where v is a constant depending on the model
parameters, Ty being the Titanium fusion temperature. For 1 um? devices the break-
down field Ebd mean value is 3.8 MV /cm. For the CAFM experimental values is
Ebd = 11MV /cm. The above-mentioned expression reproduces the z; variation
with Ebd trend. By the way the effect of device surface on Breakdown field is well
known (see for instance®??l). Even if this approach is far too simple it is worth men-
tioning it.
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FIGURE 4.23: I-V characteristics and simulations for different bottom
electrodes by using full diamond blunt tip as top electrode in both
cases.

In the on state, since the filament’s constriction is filled the conduction does not
depend on the location of the constriction. It depends mostly on the area of the con-
striction (equation 4.12 & 4.15 with P = 1) and on the Fermi energy of the metallic
tilament which is assumed to be Ti in all the cases studied here. This is also the
case with the C-AFM measurements and figures 4.22 shows that the On state cur-
rent is similar for C-AFM and devices. The model is thus fully consistent with the
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observation also for the On state. From ref[?*°l it was found experimentally and the-
oretically that the On state conductance depends mainly on the compliance current
I. with linear relation G,, ~ V. — 1.1 where V., ~ 0.35V for devices. This relation
still exists for the C-AFM measurements even if a wide dispersion is observed as it
is shown on figure 4.22. However the effect of overshoot in C-AFM precludes the
observation of this law for the lowest compliance currents*>’l. It seems that the ef-
fect of bottom electrode is only a slight lowering of the off-state conductance and of
the memory window (figure 4.23) which was already observed on devices and may
reflect a slight difference in constriction position and length according to table 4.2.

In figure 4.14 we have reported the effect of polarity. Changing the forming volt-
age polarity followed by the reset in the opposite polarity gives rise to very similar
characteristics. This may indicate that the filament constriction location is not polar-
ity dependent. It is worth noting that this conclusion has already been established
in another context***. Since we observed Ti deposition on the tip after measure-
ments we can infer that during forming Ti atoms migrate from the bottom electrode
whatever is the polarity. This is not possible by electric field induced drift of ionized

1E-3 E| T T T T T

1E-4 4 .

Current (A)
m
(&}
1

1E-6 4 .

TiNHfO2 with DF01
—— Simulated Fit
1E-7 . . . . . . T . T
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FIGURE 4.24: I-V characteristic for TiN/HfO2 sample with series re-
sistance and simulated fit by using model.

Ti atoms or electromigration because those driving forces are polarity dependent.
Thus, the Ti atoms driving force during the forming step could be the Ti atoms con-
centration gradient which is the same whatever the polarity. This is the case for the
Fick law of diffusion which could be the mechanism in question during the forming
step. However, during the forming process the temperature is likely non-uniform
and could be very large in the first filamentary path of breakdown because of Joule
heating. Thus, the diffusion which is a temperature activated process is mostly ef-
fective in this filamentary path and the diffusion takes place in its vicinity leading
to the filament formation. The Ti atoms may migrate during forming from the Ti
rich bottom electrode to the Ti poor top surface in this high temperature region. In
the case of devices, the Ti atoms may diffuse from the Ti top electrodes leading to
a constriction location nearer to the bottom electrode. This assumption seems to be
consistent with all our observations. It is worth noting that the approach developed
here may also explain the switching characteristics observed on Pt sputtered top
electrodes on 1R devices*” which share the same behavior as our measurement
with sharp C-AFM tips.
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The effect of adding a serial resistance on the fitting parameters of the model
(whose result is plotted in figure 4.24 together with experiment data) is summarized
in table 4.2. The effect of series resistance (Rs) is to reduce slightly the factor # or
to enhance the factor « compared to the same experimental condition without Rs.
More precisely to fit the SET voltage one needs to increase the electron flux (1 — #)
or to increase the electron-phonon coupling («). Both enhance the temperature at
the same voltage favoring the SET. In other words, changing only Rs in the model
is not sufficient to reproduce the SET voltage value. The values used to fit the Rg is
effective in the forming step. It results in a better control of the compliance, which
in turn affects the shape of the constriction.

4.4 Conclusion

In this chapter, we presented the resistive switching characteristics of HfO; based
OxRAM by using C-AFM in vacuum environment in the context of high compli-
ance regime. Samples with different bottom electrodes were studied by using AFM
tips (Full diamond & PtSi) as top electrode for MIM structure. The results were an-
alyzed using a phenomenological model assuming that the current is limited by a
constriction in a conductive filament in the On-state after forming. In the Off state
the constriction is open giving rise to a gap whose length and barrier height limit the
tunneling current. The effect of different tip materials and size on switching charac-
teristics was particularly studied. There was not much effect of tip material on the
I-V switching characteristics although there was a strong effect of tip shape (sharp
and blunt). With sharp tips one observed lower Off state currents and larger SET
and RESET voltages which present large fluctuations with cycling.

With blunt tip the I-V characteristics presented higher Off state current com-
parable to devices and reproducible switching characteristics. SEM-EDX measure-
ments on full diamond AFM tip have shown the presence of Ti on the blunt tips
only after electrical measurements. Those facts consistently with the model-based
analysis conducted us to assume that the differences between blunt and sharp tips
may be explainable if the metallic filament constriction is located near the top elec-
trode tip contact. For sharp tips the Off state tunneling current barrier is consis-
tent with a (PtorCtip)/HfO,/Ti(filament) interface as for blunt tip and devices
with Ti/TiOy/Ti interface. The difference in tunneling barrier characteristic was
explained by the effect of slight tip shift effect.

For devices this constriction was assumed in the vicinity of the bottom electrode.
This geometrical difference leads to variations of the electron flux transmission fac-
tor that accounts well for larger set voltages in the case of AFM tips compared to
devices. The larger reset voltages observed for C-AFM were explained by the shal-
lower filament constriction position and assumed to be linked to the higher break-
down electric field. Finally, we did not observe any significant effect of polarity on
switching characteristics, including forming with C-AFM. Since Ti was present only
in bottom electrodes the Titanium concentration gradient is likely the driving force
in the forming process. Ti migration during forming from high Ti concentration
electrodes to low Ti concentration in a preexisting hot breakdown percolation path
might explain the differences in geometrical position and geometry of the filament
constriction.
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Chapter 5

Switching in Phase Change
Materials

5.1 Introduction

The phase change memories (PCM) or phase change-Random access memory (PCRAM)
is an emerging nonvolatile resistive memory technology which is based on the ther-
mally induced phase transition of a thin film of chalcogenide material[19%201:326:327],
The PCM was introduced many decades ago but became more known in last 10-15
years becoming the most promising candidate for the next generation of nonvolatile
memory ***l. The phase change materials belong to the chalcogenides. The phase
can be changed by current induced joule heating of the phase change material from
amorphous to crystalline. By changing the phase of the chalcogenide material one
can change the resistance of the layer because in amorphous state the resistivity is
higher compared to the crystalline state. GeoSby Tes (GST-225) is the commonly used
chalcogenide material for phase change memory these days!230:242244;326329-332]

One can see in the figure 5.1, when the material is in amorphous state, the resis-
tance of the layer is very high. When a voltage pulse is applied to the chalcogenide
material, the resistivity of the amorphous phase decreases (threshold switching) and
the current induced joule heating allows to crystallize the amorphous phase. Since
the crystalline phase resistance is much lower, the PCM switches from high resis-
tance state to low resistance state[***=%1. Again, a shorter pulse with higher ampli-
tude is applied to melt the crystalline phase which becomes amorphous by quench-
ing from the melted phase. This step changes the state from low resistance state to
high resistance state.

set
”%?; ; = e f ;
% =

. i) = Tx \ %ﬂ)
time time

amorphous | crystalline i amorphous

; L .

Vv, v Vv

T

FIGURE 5.1: Schematic representation of phase Chan%e in phase
change material for phase change memory '],

In figure 5.2, the I-V characteristic for a phase change material (GST225) is shown.
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In the amorphous state, when the voltage reaches the threshold voltage value V[,

it increases the conduction by an electronic process before the crystallization itself,
which arises at the region denoted SET in the figure. The melting temperature corre-
sponds to the region denoted RESET in the figure. Once in the crystalline phase and
after the reset (where the material is in the liquid phase), a quick quench at room
temperature allows the material to return in the amorphous state. This describes
roughly the PCM operation. However, the crystallization temperature of GST, about
150°C precludes operation for automotive applications which are the industrial pur-
pose of this work. To increase the crystallization temperature a germanium enrich-
ment of GST was introduced. The optimized composition of this Ge-rich GST will be
called GST# in the following and crystallize at about 350°C. For the same purpose, a
nitrogen doping had also been introduced.

As it was mentioned in chapter 1 in section 1.5, CAFM has already been used to
study GST 225 layers. Our main aim here is to study different materials for phase
change memories i.e. stoichiometric GST as GST6. Also, we will study the effect of
voltage ramp speed and effect of capping layer. Capping layer prevents the oxida-
tion of GST layer. An attempt to give interpretations for our results will be given
using simple conduction models and finite elements-based models which include
growth simplified description.

1.5 T T T T

-
RESET 7

Current [mA]
=
I

o
I3
1

O-0 Amorphous
B Crystalline

0.0 . 1.0 1.5
Voltage [V]

FIGURE 5.2: Typical current-voltage characteristic of GST-225 phase
change material ['°].

5.1.1 GST samples and experimental methods

Here we are going to study two different compositions of GST material. For each
GST composition, we compare samples with and without capping layer. All the
sample details are given in table 5.1. One composition is simply Ge,SbyTes (GST-
225). The other one is germanium rich GST-225, called GSTheta (GST0). Phase tran-
sition for all the materials will be discussed in the coming section. The experimental
setup is similar to the one used for OXRAM measurement. AFM tip (Boron doped
full diamond) is used as top electrode as we don’t have any top electrode deposited
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on the sample. AFM tip is grounded and voltage is applied on the sample. Here
we will apply positive voltage on the sample for all the measurements as shown in
figure 5.3.

Bottom Electrode ! nase .Change .
Sample Substrate nm Material (nm) Capping Layer(nm)
1 Si Sub TiN(20nm) GST-225 (10nm) -
2 Si Sub TiN(20nm) GST-225 (10nm) GeN (3nm)
3 Si Sub TiN(20nm) GST6 (10nm) -
4 Si Sub TiN(20nm) GST6 (10nm) GeN (3nm)

TABLE 5.1: Phase change material sample description used to study
the characteristic in this chapter.

PCM

FIGURE 5.3: Schematic diagram representing the measurement setup
with conductive atomic force microscope (C-AFM) for phase change
memory

In figure 5.4, I-V characteristic of GST-225 is shown. As one can see in the be-
ginning, the resistance of the GST is very high. The voltage ramp is applied and
the voltage starts increasing. Once it reached the threshold voltage (Vth) which is
around 0.8 V in the case of figure 5.4, the resistance starts decreasing. For voltages
below threshold voltage, the conductance is higher than the conductance for volt-
ages below the threshold voltage. Once the current reaches the compliance current
value, the ramp is reversed and current starts decreasing with decreasing the voltage
but the phase change material stays in On-state. It is difficult to RESET the PCM by
using ramp because to RESET we need a pulse with higher amplitude and shorter
duration to melt the material and then quench it very quickly to reverse the phase
from crystalline to amorphous. Here we will only study the phase transition from
amorphous to crystalline.
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FIGURE 5.4: (a) I-V characteristic for GepSby Tes (GST-225) sample by
having full diamond AFM tip as top electrode. (b) Zoom in of (a) near
the phase transition.
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FIGURE 5.5: I-V characteristic for GepSbyTes (GST-225) sample by

having full diamond AFM tip as top electrode at different ramp speed

for different voltage step size. (a) at 0.1V, (b) at 0.05V, (c) at 0.01 V
and (d) comparison of I-V characteristic at all the voltage step.
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5.2 Experimental Observations

5.2.1 Ramp Speed effect

To know the effect of different ramp speeds on PCM I-V characteristics, different
voltage step sizes were taken. 0.1V, 0.05V and 0.01V voltage sizes are used here to
see the effect of ramp speed. For example, with 0.1V voltage step size the ramp speed
was 0.125 V/sec. I-V characteristics for GST-225 for different voltage step sizes are
shown in figure 5.5. In figure 5.5a the characteristic is shown for 0.1 V voltage step,
in figure 5.5b the voltage step size is 0.05 V and in figure 5.5¢ the voltage step size
is 0.01 V. The lower the voltage step size the lower the voltage ramp speed. With
decreasing the step size one can have more points for the same characteristic.

In figure 5.5d, I-V characteristics for different voltage sizes are compared. One
can see clearly that there is no effect of ramp speed in the I-V characteristic of GST-
225. It can be seen that for all the voltage step size the threshold voltage is around 0.8
V. On state and off state conductance are also similar in both cases. We can conclude
from the graph that there is no effect of ramp speed on the I-V characteristic of PCM
material.

5.2.2 Capping Layer effect

As all the measurements were done by having AFM tip as top electrode, there was no
top electrode deposited on top of the GST layer as can be seen in sample description
in table 5.1. Because of the lack of top electrode deposition, it is possible to oxidize
the sample and this is why all the measurements were done in ultra-high vacuum.
Following the work of Tanaka et al.[?**l a 3nm GeN capping layer is used to cover
the GST layer in order to prevent the oxidation of the sample. So, measurements
with and without capping layer for GST-225 and GST6 were done to see its effect on
I-V characteristic and phase transition.

I-V characteristics of GST-225 without capping layer are shown in figure 5.6a.
The 1st loop represents the phase transition from amorphous to crystalline with a
threshold voltage of 0.8 V. 2nd and 3rd loop represent the crystalline phase. Without
capping layer, the current starts increasing slowly with increasing voltage until it
reaches the threshold voltage of 0.8V. As soon as the voltage reaches the threshold
voltage, there is a sudden increase of the current implying the phase transition from
amorphous to crystalline. Once the phase changed, the current increases linearly
with voltage and when the ramp is reversed, the current decreases in the same way
almost linearly with decreasing voltage. Still the current is not completely linear
with voltage after changing the phase, a possible reason can be because the phase
change is not complete in all the volume below the tip.

In figure 5.6b the I-V characteristic with capping layer is shown. The 1st loop
represents the change in the phase from amorphous to crystalline. The current stays
almost zero as the voltage is increased and once it reaches around 1.75 V there is a
breakdown and current increases abruptly and then starts increasing linearly. One
can expect that this apparent threshold voltage increase is due to the capping layer.
It is worth noting that the threshold values observed with CAFM by Bashkaran et
al.?*?l and Yang et al.[?*°] are also much larger than the expected values for similar
reason. The apparent threshold voltage enhancement observed is likely due to the
dielectric breakdown of the insulating capping layer. It is difficult to see the thresh-
old voltage here because threshold voltage is around 0.8 V for this sample. When
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the breakdown in capping layer happens, the breakdown voltage for capping layer
is larger than the threshold voltage and this is why the threshold voltage is not ob-
servable. In figure 5.6¢, both with and without capping layer sample’s characteristics
are compared. After the breakdown or the threshold, the current-voltage behavior
is the same for both samples between 0 V and 1.75 V. For sample without capping
layer, the current keeps increasing linearly with voltage but in the case of capping
layer, the current increases more rapidly after its breakdown.
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FIGURE 5.6: I-V characteristic of GeSbyTes (GST-225) with full dia-

mond AFM tip as top electrode. (a) without capping layer of GeN,

(b) with capping layer of GeN and (c) comparison between both sam-
ples.

Same study was done for GST# sample with and without capping layer of GeN.
A voltage ramp is applied to the sample in order to change the phase. I-V charac-
teristic for sample without capping layer is given in figure 5.7a. One can see that
the current stays almost negligible until 0.85 V. Then, there is a sudden increase
followed by a continuous increase with increasing voltage. The threshold voltage
(Vi) for GSTO is around 0.85 V, which is almost similar to GST-225. Once the phase
is changed, it stays crystalline for 2nd and 3rd loop. The current is not increasing
linearly and one observes a large dispersion in successive current voltage character-
istics compared to stoichiometric GST.

In figure 5.7b, one can see the I-V characteristic with capping layer. Again, there
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is a breakdown in the capping layer around 1.5 V which is similar to the breakdown
voltage in the case of GST-225 with capping layer. It seems there is two steps break-
down of the capping layer in the case of GST6. I-V characteristic for GST6 with and
without capping layer are compared in figure 5.7c.
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FIGURE 5.7: I-V characteristic for GeSbTe-Theta (GST8) sample by

having full diamond AFM tip as top electrode. (a) Without GeN cap-

ping layer, (b) with GeN capping layer and (c) comparison between
both samples.

5.2.3 Topographical study for different PCM samples

Topographical study was also done for the sample with and without capping layer
to see the effect on the surface of GST. It can be seen in figure 5.8a, that before the
electrical characterization, the GST-225 surface is flat. But after doing electrical char-
acterization, holes can be seen on the GST-225 surface as shown in figure 5.8b. I-V
measurements for GST-225 were done at five different locations and the black spots
in figure 5.8b represent the position of each measurement. Figure 5.8c shows the cor-
responding 3-D view. Same topographical study was done on the sample with GeN
capping layer as shown in figure 5.9. The spots are wider than in the case without
capping layer. As can be seen in the 3-D illustration, a pit kind structure is formed
after electrical characterization in the GST layer. Because of the high contact force
(50nN), the tip can penetrate the GST layer.
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FIGURE 5.8: AFM topographical images of GST-225 without cap-

ping layer (a) before performing the electrical characterization, (b) af-

ter electrical characterizations, the white line represents the z-profile

plotted in figure (d) and arrow represents the direction of the profile

taken, (c) three-dimensional view of the image shown in figure (b),

(d) the z-profile of the pit structures along the white line shown in
figure (b).
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FIGURE 5.9: AFM topographical images of GST-225 with capping

layer GeN (a) before performing the electrical characterization, (b) af-

ter electrical characterizations, the white line represents the z-profile

plotted in figure (d) and arrow represents the direction of the profile

taken, (c) three-dimensional view of the image shown in figure (b),

(d) the z-profiles of the pit structures along the white line shown in
figure (b).
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FIGURE 5.10: AFM topographical images of GST0 without capping

layer (a) before performing the electrical characterization, (b) after

electrical characterizations, the white line represents the z-profile

plotted in figure (d) and arrow represents the direction of the pro-

file taken, (c) three-dimensional view of the image shown in figure

(b), (d) the z-profile of the pit structures along the white line shown
in figure (b).

Topographical images were taken for GST8 with and without GeN capping layer
before and after the electrical characterization as shown in figure 5.10 & 5.11 respec-
tively. A pit structure can be seen for both samples. A possible reason for these pit
structures will be discussed later.

5.2.4 GST 225 vs GST6O

After comparing samples with and without capping layer, the GST-225 and GST0
samples are compared. Let’s start with the sample without capping layer. I-V char-
acteristic for G5T-225 and GST6 are plotted on the same graph in figure 5.12a.

For the 1st loop, the current increases slowly with increasing voltage for GST-225
until it reaches the threshold voltage but in the case of GST6 the current stays almost
in pA range until it reaches the threshold voltage. The threshold voltage in the case
of GST-225 is around 0.8 V and in the case of GST6 is around 0.85V. The threshold
voltage is not that different in both cases.
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FIGURE 5.11: AFM topographical images of GST0 with GeN cap-

ping layer (a) before performing the electrical characterization, (b) af-

ter electrical characterizations the white line represents the z-profile

plotted in figure (d) and arrow represents the direction of the profile

taken, (c) three-dimensional view of the image shown in figure (b),

(d) the z-profile of the pit structures along the white line shown in
figure (b).
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FIGURE 5.12: Comparison for the I-V characteristic between GST-225
and GST0 samples (a) without capping layer and (b) with capping
layer.

The current in the case of GST-225 increases almost linearly with the voltage
ramp implying that the phase is almost changed into crystalline and stays same for
2nd and 3rd loop also. But in the case of GST0, the current increases non-linearly
with higher dispersion. Now GST6 is a non-stoichiometric compound, implying
that the material can crystallize in two crystalline phases i.e. roughly: Ge and GST
225. Thus, the conduction is likely the one of the compounds which is different
from the GST 225 one alone. The conductance is higher in the case of GST-225 in
crystalline state compared to the GST6.

I-V characteristic for the samples with capping layer is shown in the figure 5.12b.
As can be seen, for the first loop the current stays almost zero in both cases. The
breakdown for capping layer in the case of GST-225 happened around 1.75 V and
1.5V in the case of GST6. Once the breakdown occurred in capping layer, the voltage
was enough to have a phase transition from amorphous to crystalline in both cases.
2nd loop in both cases is showing the I-V characteristic after changing the phase to
crystalline. It can be seen from the figure 5.12b that the conductance stays same in
the range of 0 V to 1.6 V for both samples. After 1.6 V, the conductance is lower in
the case of GST8 compared to GST-225. A discussion of phase transition for both
samples will be given with the help of model in the discussion part.

5.3 Modeling

5.3.1 Analytic models for amorphous layers

To explain the experimental data two different models at device level were taken.
Each model corresponds to different resistance states. For OFF state conductance a
model was taken into account which is given by D. lelmini et al.!'”!l. The model
for ON state is taken from G. Navarro’s thesis!'*’l. The model of each state will be
discussed in brief here but can be found in more detail in respective references (ref).
These models have been developed for the devices but we will take into account the
same model for C-AFM measurements.
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Off-state conductance model

Telmini et al presented a model in their paper!'** based on the analysis of the Poole

Frenkel mechanism. A simple one-dimensional analytical model was considered.
They started the analysis by referring to the electron current at a specific trap energy
Er.

The electron velocity can be given by the average distance between two traps Az
divided by their average transfer time under the applied field. The transfer time in
the same direction as the electrostatic force can be given by:

Ec—ET—qV4 (ZATZ,J)
T, = Ty€ kpT (5.1)

where 1, is the characteristic escape time for a trapped electron, V, is the applied
voltage, g is the elementary charge, u, is the amorphous chalcogenide thickness and
kgT is thermal energy. The forward current is in the same direction as the electro-
static force and can be given by:

dlﬂ = qAnT(ET)fidET (5.2&)
—

[EC—ET—qVA (ZATZH)}

dI‘) = qAnT(ET)gef kpT dET (52b)
0

where A is the area of the contact and ny(Er)dE7 is the concentration of the
electron in traps between Et and Et + dET. The reverse current is given similarly to
equation 5.2 as

[EC*ETHVA (ZATZH)}

A
Il = qAnT(ET)T—Ze R5T dET (5.3)
0

where the barrier lowering —qV4 ()2%) is replaced by a barrier increase, by the
same amount but opposite sign. The net current obtained from equation 5.2 and 5.3
is given by:

Az — [z ] qVa Az
— =24 kgT i
dI = gAnt(E7) - e "T sinh KT 201, dET (54)
where the concentration of trapped electrons nt has been replaced by
_ (ET—Ef)
nt(Er) = Nr(Er)e 7 (5.5)

which is the concentration of the traps Nr(E7) at energy level Er multiplied by
Maxwell-Boltzmann approximation of the Fermi distribution function at E7.

From equation 5.4, the current can be obtained by integrating over the entire
distribution of electron traps i.e., above Er, leading to

Az _Ecte) . [gVs Az
[ =29A — kpT h|l —= .
GANT 1ot - e 8T sin (kBT 2ua> (5.6)
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where Nt ;o is the integral of the trap distribution in the gap above Fermi level.
The real trap distribution in chalcogenide material is unknown. The inaccuracies of
equation 5.4 are neglected for Et close to Er and to Ec and will treat N1, as an
effective trap concentration.

On-state conductance model

G. Navarro in his thesis!'*’ explained about the On-state model for PCM at device
level in detail but here a brief overview is presented. On-state electrical conductiv-
ity with the classical temperature activated equation for semiconductor materials is
given by
_ Eo
UOH(EI T) = Op—on (E, T)E kpT (5.7)

where E, is the activation energy of the conduction of the crystalline phase. o,
describes the conductivity at higher fields and higher current densities as given be-
low:

e
UD*OV[(EI T) — Ucﬁ (5.8)

1 _ ei kgT
where o; is a constant, g is the elementary charge, A is the percolation distance

and W,, is the activation energy of the On-state. When the temperature increases by
joule heating in the material, the temperature can be estimated by

T=0y].E 4T, (5.9)

where T,is the ambient temperature and ay, the efficiency term (x 1/ky,). With
temperature rise, the o, becomes:

ok —
Oon = T2 (T E +T) (5.10)
on

By using Ohm’s law from equation 5.10 we can say that:

T = ‘;;kB (anJ.E+T)E (5.11)

on

And the current can be given in terms of ¢, with series resistance R;.

1%

d
Rs + ;vms

I(V,T) = (5.12)

5.3.2 Finite Elements Method (FEM) Approach

The physical mechanism for phase change for GST by using C-AFM involves the
electrical, thermal and phase transformation process. A model for phase change in
phase change material by using C-AFM was given by Wang et al.[**]. Here, also the
same model is adopted by using COMSOL Multiphysics(©) as proposed by Wang et
al and is described briefly. We consider that GST material is a semiconductor with
traps in the gap®¥’! and its electrical conductivity is modeled through a field and
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temperature dependent function. In addition, this model relies on a phase depen-
dent electrical conductivity for the GST using the variable f, which is the crystalline
phase fraction:

OGST = Uam(l — fx) + Ucrystfx (5.13)
The electric conductivity of the crystalline GST is given by

1E ) <i)
e kgT e kgT
Ocryst = Uc—wom (5.14)
1—e k8T
where 0. is a constant and E. is activation energy for crystallization. The electric
conductivity of the amorphous GST (v,m) is given by considering the Poole-Frenkel

Mechanism 5381
-1
. ZkBT EA E]PAZ
Oam = (qjoAzexp<kBT>CSh<2kBT>> (5.15)

where F is the electric field, Az is the average distance between localized state, E 4
is the activation energy for Poole Frankel conduction, kg is Boltzmann’s constant, g
is electron charge, j, is the integral of the trap distribution in the gap above the fermi
level and T is the temperature.

The classical heat transfer equation is taken into account for the temperature
distribution inside GST. The resolution of the Laplace equation coupled to the heat
equation gives the electric field distribution inside GST that can be used to calculate
the joule heating source for the heat transfer equation. The classical heat transfer
equation is taken into account for the temperature distribution inside GST. The ther-
mal conductivity of GST exhibits the temperature dependence for crystalline GST.
Wang et all gave thermal conductivity for crystalline GST by using power law:

T
Kerygst = 5 % 10 exp(mo) 104 (5.16)

where Ky is the thermal conductivity of the crystalline GST in W/(m.K). The
generated temperature distribution is then used in the phase transforming using
a phase change model. Wang et al gave a rate equation for evaluating the phase
change process which enables the calculation of crystal fraction of GST medium (fy)
and given by
dfx

o = (1= fa)ks (5.17)

where k, is the thermally activated kinetic constant and can be given by

-1
ky = ( xlexp<k T> + txzexp(kE T>> (5.18)

where t,; and t,, are the preexponential factors and E,; and E,, the activation
energies. The thermal conductivity K¢ is considered phase dependent

KGST == Kum(l - fx) + Kcrystfx (519)
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where K, is the thermal conductivity of amorphous GST considered constant.
This model is implemented in COMSOL. A ramp voltage is considered similar to
the one used for experiments. The AFM tip was grounded and voltage was applied
on the sample. The values used for the COMSOL model for all the parameters men-

tioned above are given in table 5.2.

Parameter Value
Az 33x10%m
Jo 1 x 102 A/m?
Ea 0.2eV
Ec 0.15eV
o; 2x10°S/m
A 05x107m

Won 05eV

ta 15x107%s
tyo 1x10 %5
En 29eV
En 1.1eV
Kam 0.2 W/(m.K)

TABLE 5.2: Different parameter values used for the GST-225 FEM

model.
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FIGURE 5.13: Schematic used for geometric modelling in the FEM
approach for GST-225.

In figure 5.13, a typical C-AFM setup for phase change material designed by
using COMSOL is shown. After designing the setup, the theoretical model explained
above is applied. Different values for different parameters given in table 5.2 are used

to run the simulations
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5.4 Discussion

In this part we will use the above described models to interpret our measurements.
In figure 5.14a for GST225, it can be seen that the experimental data is fairly well
fitted by the analytical models for On-state and Off-state. The current in off state is
calculated by using equation 5.6 given by lelmini et al. And the current for On-state
is calculated by using the equation 5.12 for the model given by G. Navarro. As we
can see, the models with the parameter values of tables 5.3 and 5.4 fit correctly the
experimental characteristics. The values in table 5.3 are completely similar to the
values used for the devices. The tip- GST contact area radius in the calculations is
100nm (table 5.3) which is reasonable for blunt tips. Thus, the CAFM measurement
at least for set experiment in voltage ramp regime is valid. The aforementioned
models do not deal with the threshold field. The value measured here is 0.8V for
10nm thick layer of GST i.e. 0.8 MV /cm (figure 5.14a). Krebs et al. 13391 measured it
on devices with 1000 nm? area at 0.56 MV /cm which is really comparable. Finally,
the On-state ohmic behavior is explained by the enhancement of On-state conduc-
tance with temperature that turns to limit the total current by the serial resistance R;
(equation 5.12).

Parameter Value
Contact Surface Area(A) 3x 10 ¥ m?
3
Nr 471(AZ3)
2.9 x 10~7 m for GST-225
Az 0.8 x 10~? m for GSTO
T 1x10 s
Uy 10x 107 m
EC - Ep 0.3eV

TABLE 5.3: Different parameters used for Ielmini et al model to model
the OFF state of phase change materials.

Parameter Value
e 2x10°S/m
A 05x10 % m
Wy, 0.5eV
d 10x 107 m
S 7 x 10718 m?
R; 5.16 x 10°> O

TABLE 5.4: Different parameters used for Navarro et al. model to
model the ON state of phase change materials.

In figure 5.14b for GST6, one can see that the experimental characteristics are only
matching with the Ielmini et al model explaining that the amorphous phase was
not completely changed into crystalline phase. Different values used for different
parameters for ON state and OFF state simulation are given in table 5.3 and 5.4. As
can it be seen in the table 5.3, the only difference for GST-225 and GST0 for off state is
the Az value. For GST-225 it is 2.9 nm and for GST0 it is 0.8 nm. This difference in the
Az is just a way to adapt the Ielmini model for GST®. It is difficult to really correlate
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FIGURE 5.14: (a) I-V characteristic for phase change material with
simulated fit obtained by different models for On-state and OFF state
(a) for GepSby Tes (GST-225), (b) GST6.

the composition change with the Az value. The model has to be reconsidered by
implementing a multi-phase material with Ge and GST-225 conductivity mixing in
an effective medium model for example, which is out of scope for this work.

Moreover, in figure 5.12a, a comparison between the I-V characteristic of GST-225
and GST# is also presented. It can be seen that the on-state conductance is higher for
GST-225 compared to GST6. This is also observed for Off state amorphous phase.
This behavior is consistent with the observation of Sousa et al.[**!l reported in figure
5.15 which represent the resistance of GST layer as a function of temperature. The
resistance is recorded first from low to high temperature. When the temperature
increases the high resistance characteristic suddenly decreases which corresponds
to the phase transition from amorphous to crystalline phase. The lower part of the
curves corresponds to the cooling down in the crystalline phase. It can be seen in this
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figure that the resistivity is higher for Ge enriched phases compared to stoichiomet-
ric GST-225. Moreover, one can see the enhancement of the transition temperature
with Ge content in GST. Once the crystallization is achieved the resistance decreases
with temperature for Ge rich samples (~semiconducting behavior) conversely to
GST 225 (~metallic behavior). This is consistent with formation of separate Ge and
GST 225 phases after Ge rich GST crystallization. This was confirmed **"! with the
help of X-ray diffraction technique that the crystallization for Ge rich GST corre-
sponds to the formation of Ge and GST-225 cubic phase which maybe the reason for
difference in resistivity. This can be the reason for higher conductivity in GST-225
compared to GST6 for the study presented in this thesis.

— —— GST
GST+Ge30%
GST+Ge35%

—— GST+Ge40%

—— GST+Ge45%

—— GST+Ge Opt.

RESISTIVITY [Q cm]

10° — :
0 100 200 300 400
TEMPERATURE [°C]

FIGURE 5.15: Resistivity versus temperature for GST-225 and Ge-
rich GST (GST¥) thin films, showing the increase of the crystallization
temperature with increasing Ge content(taken from reference**']).

We observed hillocks in the case of OXRAM as discussed in chapter 4 but in
the case of GST material we observed pit like structures as shown in figure 5.7, 5.8,
5.10 & 5.11. The reason behind this may be that the HfO, layer for OXRAM has
a higher hardness and young’s modulus compared to GST for PCRAM. In litera-
ture, the young’s modulus for HfO, is found around 153+13 GPa and hardness is
around 8.44+04 GPal**!1. On the other hand, for GST, the value of young’s modulus
is found around 27.8+6.49 GPa for amorphous phase and 48.6+4.73 GPa for crys-
talline phase in literature***l. And the value of hardness in literature for amorphous
GST is found ~1.5-2 GPa and for crystalline GST, it is ~3-3.5 GPal**3l. Considering
the radius of the tip ~100nm a force of 50 nN gives rise to pressure in the order
of magnitude of a few MPa. Thus, whatever the above-mentioned material Young
modulus values, the deformation should be negligible. D’Arrigo et al.[**! studied
the mechanical properties of as deposited GST-225 and presented the penetration
depth as a function of the load force in indentation experiments. According to their
work, a force of 50 nN would lead to a penetration depth of about 1 nm for a tip
contact area of 50 nm? which is low compared to our case (~ 10* nm? for blunt tips).
Kim et al.[**?] for nanolithography purpose also observed indented structures with
C-AFM for high voltages (6-10 V) on as deposited GST-225, which can be seen in
figure 5.16. This figure confirms that the effect is not purely mechanical, as no de-
formation on the surface was observed for low voltages. Thus, one may assume that
the effect of phase change during the current voltage measurements and penetration
of the tip when melting may be responsible for the observed pits.

The value of R; is in the order of few k() as given in table 5.4. The high value of
this serial resistance might be linked to the pit formation on the surface of the GST
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FIGURE 5.16: (a) AFM conductance image, (b) Topography image of

crystallized wire-array on a-GST film. Wires 1, 2, 3, 4, 5, and 6 were

fabricated with bias voltages, -1, -2, -4, -6, -8, and -10 V, respectively,

(c) and (d) show line profiles along the solid lines of wire 5 in (a) and
(b), respectively (taken from reference [342]),

during the electrical measurements.

Nevertheless, according to figure 5.14a it is not completely sure to observe any
phase transition for GST0. However, as it was mentioned in the beginning of this
chapter the crystallization temperature of GST6 is about 350°C. Thus, we plot equa-
tion 5.9 in figure 5.17, to evaluate the temperature due to Joule heating. The crys-
tallization temperature (°K) for GST-225 is plotted in green and the crystallization
temperature for GST6 is plotted in blue in figure 5.17. It can be seen that temper-
ature calculated from equation 5.9 was lower than the crystallization temperature
of GST6 and this let us believe that the phase change is not observed in this case.
However, a Multiphysics finite element approach taking into account the geometry
of the problem may lead to a different conclusion.

In figure 5.18, FEM simulation for GST-225 crystallization are shown. For a ramp
voltage applied between the AFM tip and the bottom electrode with a speed of 0.125
V/s. The color scale in figures 5.18 ranges from blue for the amorphous phase to
dark red color for the crystalline phase for GST-225. Figure 5.18a is shown at 2 sec
which corresponds to a mean voltage of 0.25 V. The following figures 5.18b-5.18f and
5.19a-5.19c are a zoom corresponding to the black box shown in figure 5.18a. So, fig-
ure 5.18b shows the zoomed area at 2s. It can be seen that there is no crystal fraction
at 2s. Once it reaches 5s which means 0.625V, the phase starts changing from amor-
phous to crystalline and crystal fraction can be seen in figure 5.18c. Which means
that 0.625V is the threshold voltage at which the phase starts changing. Also, the
temperature distribution in GST layer at different voltages is shown in figure 5.19.
At 2 sec when the voltage is 0.25V, the temperature is reaching around 300°K (see
figure 5.19a) where the tip is in contact with the GST layer. With increasing time, the
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FIGURE 5.17: Temperature variation in the phase change material be-

cause of the joule heating is shown in red. In green the crystallization

temperature of GST-225 and in blue the crystallization temperature of
GST0 are given.

joule heating increases due to increasing voltage and electric field. Because of this,
increase in joule heating increases the temperature where tip is in contact with GST
layer and is reaching around 900°K as can be seen in figure 5.19b. When the tem-
perature is high, the crystalline fraction keeps growing with time and temperature.
One can see in figure 5.19¢ that the temperature is still increasing with increasing
the crystal fraction at 10 sec reaching around 1100°K. Now the melting temperature
is 875°K (600°C). Thus, from FEM the temperature is high enough to melt a part
of GST-225. From figure 5.18c to figure 5.18f, crystalline phase growth can be seen.
It is much more difficult to implement such a simplified model for Ge rich material
because of multiple phase crystallization. This is then out of scope for this work
as the pit formation mechanism simulation, but deserve future numerical investi-
gations. One can see that conversely to the unidimensional model (figure 5.17) the
temperature is sufficient to crystallize even GST0.

5.5 Conclusion

In this chapter, we presented a C-AFM study of the electrical characteristics of phase
change materials at nanoscale. The electrical measurements were recorded on GST-
225 and GST6 samples by using blunt full diamond tip. For GST-225 sample, the
electronic threshold field is around 0.8 MV /cm which is comparable to values mea-
sured in devices. This is a progress compared to previous measurements done in
literature that exhibit larger values. The current voltage characteristics in the set
state are satisfactorily reproduced with classical models with the same parameters
as for devices. This validates our method. Once the phase is changed from amor-
phous to crystalline it stayed in the same state for coming loops as it is difficult to
switch back to amorphous by using voltage ramp by C-AFM. In fact, the reset pro-
cess needs to follow the fusion by quenching and needs then a very short current
pulse. This will be the object of forthcoming work. Other two samples with a cap-
ping layer of GeN were also studied. Because of the capping layer, it was difficult to
see the threshold voltage because its breakdown voltage was around -1.5V - 1.75 V
for both samples. This breakdown voltage is high enough to change the phase from
amorphous to crystalline. For GST8, the threshold voltage is found around 0.85V.
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FIGURE 5.18: Simulation for GST-225 by using COMSOL
Multiphysics@© considering the model given by Wang et al
The model is showing the phase transition from amorphous to
crystalline. Blue color for GST layer is showing amorphous phase
and dark red color is showing crystalline phase. (a) Simulation for
GST with voltage ramp speed of 0.125V /s is given at 2s, for showing
the whole system. Simulation for GST at different times is shown (b)
at 2s, (c) 5s, (d), 10s, (e) 20s, (f) 30s.

Topographic AFM images reveals important pits after measurements whatever
the studied samples, which might be attributed to phase transform and melting com-
bined with the tip pressure. A comparison between GST-225 and GST®# is also pre-
sented. After changing the phase from amorphous to crystalline, the conductivity of
on state is larger for GST-225 compared to GST6 consistently with previous observa-
tions for the samples without capping layer and the GST6 characteristic might likely
be explained by a Ge & GST-225 phase separation after crystallization.

Finite element simulation were performed by using an approximate model given
by Wang et al21. It was able to reproduce the switch of the phase from amorphous
to crystalline and to show that although the tip narrowing the temperature reached
in the GST layer is sufficient for crystallizing and even melt the PCM material. The
reset step that needs short current pulses will be the object of further work.
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Conclusion & Perspective

This manuscript addresses resistive switching mechanisms occurring in OxXRAM
and PCRAM memories. Both types of non-volatile memories were characterized by
conductive atomic force microscopy (C-AFM) in ultra-high vacuum to avoid elec-
trochemical reactions. As explained in the chapter 1, the switching mechanism in
OxRAM is a debatable topic and many studies are ongoing to understand the nature
and composition of the filament. In this work, we analyze the resistive switching
and filament growth mechanism inside the oxide layer for OXRAM.

The OXRAM memory is based on conductive filament creation and disruption.
The diameter of a filament is in the order of nm and it is necessary to study the
characteristic of a single filament in the oxide layer in order to understand its nature.
Normally in devices, the electrodes are much larger than the filament dimension, as
it is difficult to go to few nm in size with the limitation of lithography. C-AFM is a
very useful tool to overcome this problem, as a conductive AFM tip in nm range can
be used as top electrode to study the switching mechanism of a single filament at
nanoscale. Two different AFM tips (PtSi and boron doped full diamond tips) were
used.

For OxRAM, two different H fO, based samples with different bottom electrodes
(TiN and TiN/Ti) were studied by I-V characterization. First of all, a study of the
switching behavior in OXRAM was performed. It was found that the TiN/HfO,
sample is showing bipolar behavior with both AFM tips and the TiN /Ti/ H f O, sam-
ple is showing non-polar switching behavior (both Unipolar and Bipolar).

Once the switching behavior is known for both samples, the effect of compliance
current was studied in detail for both samples. First of all, I-V characteristics were
performed in nA range and it was found that there was no memory effect but cycling
between two reversible states was observed. The nonlinearity of the current and
absence of memory effect at low compliance (nA) were discussed by comparison
with a filament growth model. It was found that for this low compliance current it
was not possible to form a fully-grown filament. The current cycling was assumed to
be due to tunneling between the end of the filament and the CAFM tips. According
to polarity, the filament height in the films evolves between to values that in turn
fix the tunneling length, explaining quantitatively the cycling. In uA range, it was
found that the on-state current is becoming linear with voltages if the compliance
current is higher than a threshold current necessary for memory effect. The on-state
conductance of TiN /Ti/ H f O, stacks is found almost similar to 1T1R devices.

After comparing the resistive switching in low and high compliance current
regime, a more detailed study was performed in high compliance current regime.
First of all, the effect of different tips was studied on both samples. I-V characteris-
tics were taken by using both sharp PtSi and boron doped full diamond tips. It was
found that the ON state and OFF state do not depend on the tip material and that
the I-V characteristics were not reproducible with the sharp tips. Then a blunt full
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diamond tip was used to mimic the dimension of the electrodes in devices. It was
found that the I-V characteristics were more reproducible than with a sharp tip.

After performing the electrical characterization, topographical images of HfO,
surface were taken and hillock like structures were found at the place where elec-
trical measurement was done. To understand the chemical composition of these
hillocks, tip contamination after electrical measurements was analyzed by SEM-
EDX. It was found that Ti was present on the tip, which could only come from the
bottom electrode, meaning that the filament is formed by Ti migration through the
oxide layer.

A model was adapted by considering a Ti filament inside the oxide layer and the
simulated results were in good agreement with the experimental ones. The model
was discussed for both sharp tip and blunt tips. For sharp tips, the Off-state tunnel-
ing current barrier is consistent with a (Pt or C tip) /H O,/ Ti(filament) interface
and for blunt tips and devices, it is consistent with a Ti/TiO, / Ti interface, due to
the migration of Ti from the bottom electrode to the tip, confirming that the filament
is composed of Ti in our case. There was no effect of polarity on the resistive switch-
ing characteristics, meaning that Ti migrates through the layer in the vicinity of the
dielectric breakdown path, where the temperature is very high, by diffusion rather
than by drift.

The results obtained by C-AFM were compared to 1T1R devices and the on-state
conductance was found almost similar for both. By modeling, we concluded that
in Off-state, there is a difference in the geometry of the disrupted filament in both
cases. This geometrical difference leads to variations of the electron flux transmis-
sion factor that accounts well for larger set voltages in the case of AFM tips com-
pared to devices. The larger reset voltages observed for C-AFM were explained by a
shallower filament constriction position and assumed to be linked to a higher break-
down electric field.

So, the final conclusion for OXRAM is that it is possible to scale it down and to
have resistive switching at nanoscale by using C-AFM. Also, the switching is based
on the formation and disruption of a Ti filament inside the oxide layer.

For PCRAM, two different compositions of GeSbTe material were used. One is
GepSby Tes (GST-225) and the other one is Ge rich GeSbTe(GST6H) whi ch is suitable
for automotive application thanks to its higher crystallization temperature. Both
materials were studied with and without GeN capping layer. I-V characteristics were
performed using the same setup and procedure as for OxXRAM characterization. A
threshold voltage for both samples was observed. For GST-225 it was found 0.8 V
and for GST# it was found 0.85V for 10 nm thick samples which is very near to the
observations on devices.

By comparison with analytical models for on state and off state in literature, the
experimental results were discussed. We found out that in the case of GST-225 the
current voltage characteristics are comparable to the observed one on standard de-
vices. In particular, the amorphous Off-state conduction can be modelled with the
same material parameters than the devices. The ratio between Off and On state re-
sistances is more than one decade showing that the memory works at this scale. In
the case of GST6, we were not able to model the state likely because of the phase sep-
aration between Ge and GST-225 during the crystallization which requires a proper
approach even if we measure the threshold and observe the two resistive states. For
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the samples with capping layer, it was difficult to see the threshold voltage because
its breakdown voltage was in the range of -1.5V and - 1.75 V for both samples. This
breakdown voltage is high enough to change the phase from amorphous to crys-
talline. Also, finite element method approach was considered by using COMSOL
Multiphysics and phase transition in GST-225 was shown. Finally, topographical
images after current voltage measurements revealed important pits whatever the
material and capping layer. Those pits may be attributed to the combined effect of
phase transform, melting and mechanical force of the CAFM tip.

For the perspective, it is necessary to study the PCRAM in detail. Here in this
work the phase transition was studied by using a voltage ramp. Because the reset
necessitates a melting and quenching step the use of short pulse is mandatory. A
detailed study by using pulse with C-AFM setup is necessary and will be the object
of future work. Also, a study related to different phase change materials at nanoscale
is desirable. Different OTS materials for PCRAM and materials for interfacial phase
change memory (iPCM) also need to be studied.
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170 Abstract

Resistive non-volatile memories characterization by conductive atomic force
microscopy (C-AFM) in ultra-high vacuum environment

The ongoing research in the field of non-volatile memories aims to overcome
the limitation of flash memories in terms of scalability. Several emerging memory
technologies especially OxRAMs and PCRAMs are being explored as potential suc-
cessors due to many advantages like good scalability, long data retention time, fast
read & write speed and low power consumption. In MIM structures for OxXRAM,
forming and disruption of the nanometer sized conductive filament is commonly
accepted as the physical phenomenon for the switching, but still a debate is going
on to understand the nature and characteristics of the conductive filament. Hence,
in this thesis work we studied mechanisms related to the conductive filament based
resistive switching at nanoscale. To do the electrical characterization, a new tech-
nique using conductive atomic force microscopy (C-AFM) in ultra-high vacuum is
proposed. It is found that in the case of HfO2 based OxRAM, the filament is formed
by Ti diffusion from the bottom electrode through the oxide layer. Also, phase tran-
sition in phase change materials for PCRAM is investigated for GST-225 and Ge rich
GST. It was found that the phase transition from amorphous to crystalline is possible
at nanoscale. Finally, the threshold for GST-225 is observed at values nearer to those
observed on devices than former observations with standard C-AFM.

Keywords: Non-Volatile Memories, OxXRAM, PCRAM, Conductive atomic force mi-
croscopy (C-AFM), Nanoelectronics, Microelectronics, Ultra-high vacuum, Electrical char-
acterization, Filament, Simulation.

Caractérisation des mémoires non volatiles résistives par microscopie a
force atomique en mode conduction (C-AFM) sous ultravide

Les recherches en cours dans le domaine des mémoires non-volatiles visent a dé-
passer la limitation des mémoires flash en termes d’évolutivité. Plusieurs technolo-
gies de mémoires émergentes, en particulier les mémoires OXRAM et les mémoires
PCRAM sont a 1’étude en tant que successeurs potentiels en raison de leurs nom-
breux avantages, tels qu'une bonne évolutivité, une longue durée de conservation
des données, une vitesse de lecture et d’écriture rapide et une faible consommation
d’énergie. Dans les structures MIM pour OxRAM, la formation et la rupture d’'un
filament conducteur de taille nanométrique sont communément acceptées comme
étant le phénomene physique de la commutation, mais un débat est toujours en
cours pour comprendre la nature et les caractéristiques du filament conducteur. Par
conséquent, dans cette these, nous étudions les mécanismes liés a la commutation
résistive a base de filaments conducteurs a I’échelle nanométrique. Pour effectuer
la caractérisation électrique, une nouvelle technique utilisant la microscopie a force
atomique en mode conduction (C-AFM) sous ultravide est proposée. Il s’avere que
dans les mémoires OXRAM a base de HfO2, le filament est créé par diffusion de
Ti de I'électrode inférieure a travers 'oxyde. En outre, la transition de phase dans
les matériaux pour PCRAM est étudiée pour le GST riche en Ge et le GST-225. 1l a
été constaté que la transition de phase dans les matériaux a changement de phase
est possible a I’échelle nanométrique. Enfin, la tension de seuil observée dans le
cas du GST-225 est bien plus proche des valeurs mesurées sur dispositifs que celles
obtenues avec un CAFM standard.

Mots-clés: Mémoires non volatiles, OxXRAM, PCRAM, Microscopie a force atomique
conductrice (C-AFM), nanoélectronique, microélectronique, ultravide, caractérisation élec-
trique, filament, simulation.
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