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Abstract

Since the dawn of the information age, all developments that provided a significant
improvement in information processing and data transmission have been considered akey
technologies The impact of ever new data processing innovations on the economy and almost
all areas of our daily lives is unprecedented and a departure from this trend is unimaginable in
the near future. Even though the end of Moore's Law has been predicted all too often, thesteady
exponential growth of computing capacity remains unaffected to this day, due to tremendous
commercial pressure. While the minimum physical size of the transistor architecture is a serious
constraint, the steady evolution of computing effectivenessis not limited in the predictable
future. However, the focus of development will have to expand more strongly to other
technological aspects of information processing. For example, the development of new
computer paradigms which mark a departure from the digitally dominated van Neumann
architecture will play an increasingly significant role. The category of sacalled next-generation
non-volatile memory technologies, based on various physical principles such as phase
transformation, magnetic or ferroelectric properties or ion diffusion, could play a central role
here. These memory technologies promise in part strongly pronounced multibit properties up
to quasi-analog switching behavior. These attributes are of fundamental importance especially
for new promising concepts of information processing like in-memory computing and
neuromorphic processing. In addition, many next-generation non-volatile memory
technologies already show advantages over conventional media such as lash memory. For
example, their application promises significantly reduced energy consumption and their write
and especially read speeds are in some cases far superior to conventional technology and could
therefore already contribute significant technological improvements to the existing memory
hierarchy. However, these alternative concepts are currently still limited in terms of their
statistical reliability, among other things. Even though phase change memory in the form of the
3D XPoint, for example, has already been commercialized, the deviepments have not yet been
able to compete due to the enormous commercial pressurein Flash memory research
Nevertheless, the further development of alternative concepts for the next and beyond memory
generations is essential and the indepth research on next-generation non-volatile memory
technologies is therefore a hot and extremely important scientific topic.

This work focuses on hafnium oxide, a key material in next-generation non-volatile memory
research. Hafnium oxide is very well known in the semiconductor industry, as it generated a
lot of attention in the course of high -k research due to its excellent delectric properties and
established CMOS compatibility. However, since the growing interest in secalled memristive
memory, research efforts hawe primarily focused on the value of hafnium oxide in the form of
resistive random-access memory (RRAM) and, with the discovery of ferroelectricity in HfO,,
ferroelectric resistive random-access memory (FeRAM). RRAM is a nexgjeneration non-volatile
memory technology that features a simple metatinsulator-metal (MIM) structure, excellent
scalability, and potential 3D integration. In particular, the aforementioned gradual to quasi -
continuous switching behavior has been demonstrated on a variety of RRAM systes A
significant change of the switching properties is achievable, for example, by the choice of top
and bottom electrodes, the introduction of doping elements, or by designated oxygen
deficiency. In particular, the last point is based on the basic physicd principle of the hafnium
oxide-based RRAM mechanism, in which local oxygen ions are stimulated to diffuse by applying
an electrical potential, and a so-called conducting filament is formed by the remaining
vacancies, which electrically connects the two éectrode sides. The process is characterized by
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the reversibility of the conducting filament which can be dissolved by a suitable -V
programming (e.g., reversal of the voltage direction).

In the literature there are some predictions of sub-stoichiometric hafnium oxide phases, such
as Hf;Os, HfO or Hf 6O, which could be considered as conducting filament phases, but therds a
lack of conclusive experimental results. While there are studies that assign supposed structures
in oxygen-deficient hafnium oxide th in films, these assignments are mostly based on references
from various stoichiometric hafnium oxide high -temperature phases such as tetragonat-HfO,
(P42/ nm¢) or cubic ¢-HfO, (Fm3m), or high-pressure phases such as orthorhombim-HfO,
(Pbca.

Furthermore, the structural identification of such thin films proves to be difficult, as they are
susceptible to arbitrary texturing and reflection broadening in X-ray diffraction. In addition,
such thin films are usually synthesized as phase mixtures with monoclinc hafnium oxide. A
further challenge in property determination is given by their usual arrangement in MIM
configuration, which is determined by the quality of top and bottom electrodes and their
interfaces to the active material. It is therefore a non-trivial task to draw conclusions on
individual material properties such as electrical conductivity in such (e.g., oxygen-deficient)
RRAM devices.

To answer these open questions, this work is primarily devoted to material properties of oxygen
deficient hafnium oxide phases. Therefore, in the first comprehensive study of this work,
Molecular-Beam Epitaxy (MBE) was used to synthesize hafnium oxide phases over a wide
oxidation range from monoclinic to hexagonal hafnium oxide. The hafnium oxide films were
deposited on c-cut sapphire to achieve effective phase selection and identification by epitaxial
growth, taking into account the position of relative lattice planes. In addition, the choice of a
substrate with a high band gap and optical transparency enabled the drect investigation of both
optical and electrical properties by means of UV/Vis transmission spectroscopy and Hall effect
measurements. With additional measurements via Xray diffraction (XRD), X -ray reflectometry
(XRR), X-ray photoelectron spectroscopy KPS) and highresolution transmission electron
microscopy (HRTEM), the oxygen contentdependent changes in crystal as well as band
structure could be correlated with electrical properties. Based on the® results, a comprehensive
band structure model over the entire oxidation range from insulating HfO » to metallic Hf was
established, highlighting the discovered intermediate key structures of rhombohedral r-HfO, 7
and hexagonal hcp-HfOq .

In the second topic of this work, the phase transition from stoichiometric monoclinic to oxygen-
deficient rhombohedral hafnium oxide was complemented by DFT calculations in collaboration
with the theory group of Prof. Valenti (Frankfurt am Main). A detailed comparison between
experimental results and DFT calculations confirms previously assumed mechanisms for phase
stabilization. In addition, the comparison shows a remarkable agreement between experimental
and theoretical results on the crystal and band stucture. The calculations allowed to predict
the positions of oxygen ions in oxygen-deficient hafnium oxide as well as the associated space
group. Also, the investigations provide information on the thermodynamic stability of the
corresponding phases. Finally, the orbitatresolved hybridization of valence states influenced by
oxygen vacancies is discussed.

Another experimental study deals with the reproduction and investigation, of the
aforementioned substoichiometric hafnium oxide phases inMIM configuration which is typical
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for RRAM devices. Special attention wasgiven to the influence of surface oxidation effects.
Here, it was found that the oxygen-deficient phasesr-HfO1.7 and hcp-HfOo 7 exhibit high ohmic
conductivity as expected, but stable bipolar switching behavior as a result of oxidation in air.
Here, the mechanism d this behavior was discussed and the role of ther-HfO; 7 and hcp-HfOo 7
phases as novel electrode materials in hafnium oxidebased RRAM in particular.

In collaboration with the electron microscopy group of Prof. Molina Luna, the studied phases,
which have been characterized by rather macroscopic techniques so far, have been analyzed by
wide-ranging TEM methodology. The strong oxygen deficiency in combination with the verified
electrical conductivity of r-HfO17 and hcp-HfOo.7 shows the importance of the identification of
these phases on the nanoscale. Such abilities are essential for the planned characterization of
the "conducting-filament" mechanism. Here, the ability to distinguish m-HfO,, r-HfO.7, and
hcp-HfOo7 using high-resolution transmission eledron microscopy (HRTEM), Automated
Crystal Orientation and Phase Mapping (ACOM), and Electron Energy Loss Spectroscopy
(EELS), is demonstrated and the necessity of combined measurements for reliable phase
identification was discussed.

Finally, a series ofmonoclinic to rhombohedral hafnium oxide was investigated in a cooperative
study with FZ Jilich using scanning probe microscopy. Since recent studies in particular
highlight the significance of the microstructure in stoichiometric hafnium oxide -based RRAM
the topological microstructure in the region of the phase transition to strongly oxygen deficient
rhombohedral hafnium oxide was investigated. Special attention was given to the correlation
of microstructure and conductivity. In particular, the influence s of grain boundaries on
electrical properties were discussed.

In summary, this work provides comprehensive insights into the nature and properties of sub
stoichiometric hafnium oxide phases and their implications on the research of hafnium oxide-
based RRA technology. Taking into account a wide range of scientific perspectives, both, the
validity of obtained results and the wide range of their application is demonstrated. Thus, this
dissertation provides a detailed scientific baseto the understanding of hafnium oxide-based
electronics.
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Zusammenfassung

Seit dem Beginn desInformationszeitalters sind alle entwickelten Technologien, welche eine
signifikante  Verbesserung der Informationsverarbeitung und  Datenlbertragung
gewahrleisteten, als zentrales techmologisches Frtschrittselement anzusehen. Die
Auswirkungen immer neuer DatenverarbeitungsInnovationen auf die Wirtschaft und nahezu
alle Bereiche unseres taglichen Lebens sindeispiellos und eine Abkehr von diesem Trend ist
in naher Zukunft unvorstellbar. Auch wenn das Endedes Mooreschen Gesetzeschonallzu oft
vorhergesagt wurde, ist das stetige exponentielle Wachstum der Rechenkapazitaten bis zum
heutigen Zeitpunkt - sicherlich aufgrund des enormen kommerziellen Drucks- unbeeinflusst.
Wahrend die minimale physikalische Grol3e derTransistor-Architektur ein ernstzunehmendes
Hindernis darstellt, ist die stetige Weiterentwicklung der Computer-Effektivitat in absehbarer
Zeit nicht limitiert. Der Fokus der Entwicklung wird sich jedoch starker auf andere
technologische Aspekte der Informationsverarbeitung ausweiten mussen. DieEntwicklung
neuer Computerparadigmen welche eine Abkehr von der digital dominierten Von-Neumann
Architektur verzeichnen, werden beispielsweiseeine immer bedeutsamere Rolle einnehmen
Eine zentrale Bedaitung konnte hier der Kategorie der sogenannten NextGeneration non-
volatile Memory Technologien, basierend auf verschiedenen physikalischen Prinzipien, wie
PhasenrUmwandlung, magnetischen oder ferroelektrischen Eigenschaften oder lonendffusion
zukommen. Diese Speicherechnologien versprechen zum Teil ausgepragte MultiBit
Eigenschaften bis hin zu quasi-analogem Schaltverhalten. Diese Attribute sind insbesondere fir
neue vielversprechendeKonzepte der Informationsverarbeitung wie In-Memory Computing und
neuromorphe Systemevon elementarer Bedeutung Zusatzlich weisen viele Next-Generation
non-volatile Memory Technologien, eine Vielzahl an Vorziigen gegentuber konventionellen
Speichemedien wie FLASH auf So verspricht deren Anwendung einenwesentlich reduzierten
Energieverbrauch und auch deren Shreib- und besonders Lesegeschwindigkeit sind der
konventionellen Technologie teils stark Uberlegen und kénnten so bereits in der bestehenden
Speicherhirachie signifikante technologische Verbesserungn bewirken. Jedoch sind diese
alternativen Konzepte zurzeit noch unter anderem in ihrer statistischen Zuverlassigkeit
limitiert. Auch wenn es zwischenzeitlich schon zur Vermarktung von beispielsweise
Phasenwechselspeicher (engl. Phase Change Memory) in Ifm des 3D XPoint kam, kann sich
die Entwicklungen aufgrund des enormen kommerziellen Drucks in der FLASH Forschung noch
nicht durchsetzen. Nichtsdestotrotz ist die Weiterentwicklung alternativer Konzepte fir die
nachsten und Ubernéchsten Speichergeneratioan unabdingbar und die vertiefende Forschung
an Next-Generation non-volatile Memory Technologien ist daher ein aktuelles und extrem
bedeutendes wissenschaftliches Thema.

Diese Arbeit fokussiert sich hierbei mit Hafniumoxid auf ein zentrales Material der Next-
Generation non-volatile Memory Forschung.  Hafniumoxid ist sehr bekannt in der
Halbleiterindustrie, d a es durch seine exzellenten delektrischen Eigenschaften und etablierten
CMOS Kompatibilitat im Zuge der high-k Forschung viel Aufmerksamkeit generiete. Seit dem
wachsenden Interesse an sogenannten memristiven Speichermedien haben sich die
Forschungsbemuihungen jedoch primar auf den Nutzen von Hafniumoxid in Form von Resistive
Random-Access Memory (RRAM) und mit der Entdeckung von Ferroelektrizitat in HfO, auf
Ferroelectric Resistive RandormAccess Memory (FeERAM) konzentriert. RRAM ist eineNext-
Generation non-volatile Memory Technologie, welche durch ihre simple Metalinsulator-Metal
(MIM) Struktur, exzellente Skalierbarkeit und potenzielle 3D Integrati on besticht. Insbesondere
ist an einer Vielzahl von RRAM Systemen das zuvor erwéhnte graduelle, bis hin zu quasi
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kontinuierlichem Schaltverhalten nachgewiesen. Eine signifikante Verdnderung der
Schalteigenschaften ist beispielsweise durch die Wahl der obean und unteren Elektroden, das
Einbringen von Dotierungselementen, oder durch gezielte Sauerstoffiefizienz mdglich.
Insbesondere der letztere Punkt setzt am physikalischen Grundprinzip des Hafniumoxid
basierten RRAM Mechanismus an, bei dem durch das Anlegeeines elektrischen Potenzials
lokale Sauerstofflonen zur Diffusion angeregt werden, und durch zurtickbleibende Vakanzen
ein sogenanntes “Conducting Filament§ entsteht, welches die beiden Elektrodenseiten
elektrisch verbindet. Der Prozess ist durch die Reersibilitdit des Filaments gekennzeichnet,
welches sich durch die Anwendung einer geeigneten iV Programmierung (z.B. Umkehr der
Spannungsrichtung) wieder (teilweise) auflésen lasst.

In der Literatur gibt es einige Vorhersagen zu substéchometrischen Hafniumoxid Phasen, wie
beispielsweise H{Os;, HFO oder HfgM* ucjafc _jg ~“Amlbsargl e
kommen kdnnten, jedoch sind die Ergebnisse nicht durch experimentelle Ergebnisse bestatigt.
Es gibt zwar Studien, welche die vermeintlichen Strukturen von sauerstoff-defizienten
Hafniumoxid Dunnschichten zuordnen, jedoch basieren diese Zuweisungen meist auf
Referenzen von verschiedenen stéchiometrische Hafniumoxid Hochtemperaturphasen wie
tetragonalem t-HfO, (P42/ nm¢) oder kubischemc-HfO, (Fm-3m) oder auf Hochdruckphasen wie
orthorombischem o-HfO, (Pbcg. Zudem erweist sich die strukturelle Identifikation dinner
Schichten als schwierig, da diese anfallig fur willkirliche Texturierung und Reflex-
Verbreiterung z.B. bei der RoOntgenbeugung sind. Zusatzlich liegen entsprechende
Diunnschichten meist als Phasengemisch mit monoklinem Hafniumoxid vor. Eine weitere
Herausforderung bei der Eigenschaftsbestimmung ist durch ihre Ubliche Anordnung in MIM
Konfiguration gegeben, welche durch die Qualitat der Elektroden und deren Grenzflachen zum
aktiven Material bestimmt ist. Es ist daher kein triviales Unterfangen in solchen (z.B.
sauerstoffdefizienten) RRAMBauelementen Ruckschlisse auf individuelle
Materialeigenschaften wie die elektrische Leitfahigkeit zu schliel3en.

Um diese offenen Fragen zu beantworten, beschaftigt sich diese Arbeit primar mit
Materialeigenschaften von sauerstoffdefizienten Hafniumoxid Phasen. Zur ersten
umfangreichen Studie dieser Arbeit wurden daher mithilfe von Molekularstrahl Epitaxie,
Hafniumoxid Phasen Uber einen breiten Oxidationsbereich von monoklinem hin zu
hexagonalem Hafniumoxid synthetisiert. Die Hafniumoxid Schichten wurden dabei auf
einkristallinen Saphirsubstraten abgeschieden, um mittels epitaktischem Wachstum eine
effektive PhasenAuswahl und Identifikation unter Beriicksichtigung der Position relativer
Netzebenenabstande zu erreichen. Zudem wurde durch die Wahl eines Substrates mit hoher
Bandliicke und optischer Transparenz die direkte Untersuchung sowohl optischer als auch
elektrischer Eigenschaften mittels UV/VisTransmissionsspektroskopie und HaHEffekt
Messungen ermoglicht Mit weiteren Messungen via Rontgenbeugung (XRD),
Rontgenreflektometrie  (XRR),  Rdntgen-Photoelektronenspektroskopie  (XPS)  und
hochauflosende  Transmissionseleitconenmikroskopie  (HRTEM), konnten die vom
Sauerstoffgehalt abhangigen Veradnderungen an Kristal, als auch Bandstruktur mit den
elektrischen Eigenschaften korreliert werden. Basierend ati diesen Ergebnissen wurde ein
umfangreiches Bandstrukturmodell tGber den gesamten Oxidationsbereich von isolierendem
HfO2 hin zu metallischem Hf erstellt, welches besondersdie entdeckten dazwischenliegenden
Schlusselstrukturen von rhomboedrischemr-HfO1.7 und hexagonalen hcp-HfOo 7 beschreibt
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Im zweiten Themen-Komplex dieser Arbeit wurde im Speziellen der Phasenibergang von
stoéchiometrisch monoklinem zu saustoff-defizientem rhomboedrischem Hafniumoxid durch
DFT Berechnungen in Zusammenarbeit mit der TheorieGruppe von Prof. Valenti (Frankfurt am
Main) ergénzt. Ein detaillierter Vergleich zwischen experimentellen Ergebnissen und DFT
Berechnungen, bestatigt hierbei zuvor angenommene Mechanismen zur Phasenstabilisierung.
Zudem zeichnet sich die Gegeniiberstellung durch eine bemerkenswerte Ubereinstimmung der
experimentellen und theoretischen Ergebnisse zur Kristall als auch der Bandstruktur aus. Die
Berechnungen erlauben Rickschlisse auf die Positionen der Sauerstoffionen in Sauersteff
Defizienten Hafniumoxid und der damit verbundenen Raumgruppe. Auch liefern die
Untersuchungen Hinweise auf die thermodynamische Stabilitdt der entsprechenden Phasen.
Schlief3lich wird die durch Sauerstoff-Vakanzen beeinflusste Orbitataufgeldste Hybridisierung
der Valenzzustande diskutiert.

Eine weitere experimentelle Studie beschéftigt sich mitder Reproduktion und Untersuchung,

der zuvor genannten substéchiometrischen Hafniumoxid Phasen in fir RRAM typischeMIM

Konfiguration. Besonderes Augenmerk liegt hierbei auf dem Einfluss von Effekten der
Oberflachenoxidation. Hierbei zeigt sich, dass diesauerstoffdefizienten Phasenr-HfO,7; und

hcp-HfOq.7wie erwartet eine hohe ohmische Leitfahigkeit aufweisen, jedoch durch die Oxidation
an Luft stabiles bipolares Schaltverhalten entwickeln. Hierbei werden die Ursachen dieses
Verhaltens und insbesondere die Rolle der Phasen r-HfO.7 und hcpHfOo7 als neuartige
Elektrodenmaterialien in Hafniumoxid -basiertem RRAM diskutiert.

In Zusammenarbeit mit der Elektronenmikroskopie-Gruppe von Prof. Molina Luna wurden die
entsprechend synthetisierten und charakteriserten Phasen mittels weitrechender TEM
Methodik analysiert. Die ausgepragte Sauerstoffdefizienz im Zusammenspiel mit der
nachgewiesenen elektrischen Leitfahigkeit vonr-HfO17 und hcp-HfOq7 zeigt wie wichtig die
Identifikation dieser Phasen im nanoskaligen Bereich bei einer geplanten Charakterisierung des

"Aml bs@gijgllecl rg8 Kcaf_lggksg qcagl i Allcl,
Unterscheidbarkeit von m-HfOz, r-HfO17 und hcp-HfOo7 mittels hochauflosende
Transmissionselektronenmikroskopie automatisierter Kristallorientierung und

Phasenzuordnung (ACOM) und Elektronenenergieverlustspektroskopie (EELS) demonstriert
und die Notwendigkeit kombinierter Messungen fir eine zuverlassige Phasenidentifikation
diskutiert.

Letztendlich wird eine Serie von monoklinem zu rhomboedrischen Hafniumoxid in einer
kooperativen Studie mit dem Forschungszentrum Jilich mittels Rastersondenmikroskopie
untersucht. Da insbesondere kurzlich Studien die Signifikanz der Mikrostruktur in
stdchiometrischem Hafniumoxid basiertem RRAM hervorheben, wurde hier die topologische
Mikrostruktur im Bereich des Phasenlbergangs zu stark &iersoff-defizientem
rhomboedrischen Hafniumoxid untersucht. Besonderes Augenmerk galt hierbei der Korréation
von Mikrostruktur und elektrischer Leitfahigkeit. Hierbei wurden insbesondere die Einflisse
der Korngrenzen auf die elektrischen Eigenschaften diskutiert.

Zusammenfassend liefert diese Arbeit umfassende Einblicke in die Beschaffenheit und die
Eigenschaften substtchiometrischer Hafniumoxid Phasen sowie eren Implikationen fur die
Forschung an Hafniumoxid-basierten RRAM Technologie. Unter Beriicksichtigung zahlreicher
wissenschatftlicher Perspektiven zeigt sich hierbei sowohl die Belastbarkeit als auch der breite
Anwendungsraum der gewonnenen Erkenntnisse. [@mit liefert diese Dissertation eine
grundlagenwissenschaftliche Basis zum Verstandnis Hafniumoxiebasierender Elektronik.

Fgcp ¢
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Abbreviations

i Chemical potential

A Ampere

ABF Annular Bright Field

ACOM Automated Crystal Orientation Mapping
ADF Annular Dark Field

AFM Atomic Force Microscopy

ALD Atomic Layer Deposition

B3LYP Becke, 3parameter, Lee Yang Parr hybrid functional
BF Bright Field

BRS Bipolar Resistive Switching

c-AFM Conducting Atomic Force Microscopy
CBM Conduction Band Minima

CF Conducting filament

Cf8 Counter-figure-eight (wise switching)

CTF Contrast transfer function

DFT Density Functional Theory

dhii Lattice plane spacing corresponding to Miller indices
DOS Density of States

DOSs Density of States (plural)

DRAM Dynamic Random Access Memory

EDX Energy Dispersive Xray spectroscopy
EELS Electron Energy Loss Spectroscopy

Er Fermi-Level

EM Electron Microscopy

eV Electron Volts

F8 Figure-eight (wise switching)

FeRAM Ferroelectric Random Access Memory
FIB Focused lon B2am

Go Conductance Quantum

GGA General Gradient Approximation

HAADF High Angle Annular Dark Field

HRS High Resistance State

HRTEM High Resolution Transmission Electron Microscopy
HSEO06 Heyd, Scuseria and Ernzerhof hybrid functional
HzO Hafnium-Zirconium Oxide

I Current

lc Compliance current

lleakage LeakageCurrent

-V Current-Voltage

LDA Local Density Approximation

LRS Low Resistance State

MBE Molecular-Beam Epitaxy

MIM Metal-Insulator-Metal

MRAM Magnetic Resistive Memory

n-type electron-type conduction

NVM Non-volutile memory

OTF Optical transfer function

OxXRAM Metal Oxide Resistive Memory

PBEO Perdew Burke-Ernzerhof hybrid functional
PBEsol Perdew, Burke and Ernzerhof General Gradient Approximation
PCM Phase Change Memory
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PDF
PLD
p-type
PVD
QC
QCM
R
RHEED
RMS
RRAM
RT
SCCm
SCLD
SPM
SRAM
STEM
STT-MRAM
t

TEM
U
URS
V

VB
VBM
VCM
VF
VH
VReset
VSet
XPS
XRD
XRR
M

Powder Diffraction File

Pulsed Laser Deposition

hole-type conduction

Physical Vapor Deposition

Quantized Conductance

Quartz Crystal Microbalance
roughness

Reflection High-Energy Electron Diffraction
Root-mean-squareroughness
Resistive Random Access Memory
Room temperature

Standard cubic centimeters per minute
Space Charge Limited Conduction
Scanning Probe Microscopy

Static Random Access Memory
Scanning Transmission Electron Micoscopy
Spin Transfer Torque Magnetic Resistive Memory
thickness

Transmission Electron Microscopy
Voltage

Unipolar Resistive Switching

Volt

ValenceBand

ValenceBand Maxima

Valence Change Memory

Forming Voltage

Hall Voltage

ResetVoltage

SetVoltage

X-ray Photoelectron Spectroscopy
X-ray diffraction

X-ray Reflectometry

electrical resistivity or density
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1. Introduction

Modern computing systems featureseveral kinds of different memory classes As the speed of
the memory is directly connected to its cost, the memory technologies are orderedwith fastest
read and write times and smallestmemory size close to thecentral processing unit (CPU). This
arrangement is called memory hierarchy and displayed inFigure 1.

CPU
Registers

Cache
(SRAM)

Main Memory
(DRAM)

Storage Memory
(FLASH)

Storage Memory (HDD; Tape)

Figure 1: Classicamemory hierarchy with fastest memories close to the CPUThe corresponding approximate speed
and storage capacities are indicated on the sides of the pyramid and run in opposite diretions. Note that the high
speed memory types (Registers, Cache and Main Memorywhich are shown in blue are allvolatile while the storage
memory (shown in orange) are the only non-volatile memory types.

The fastest types of memory are the registers which need to directly hold up with the CPU
speed therefore providing response in the order of one processing cyte. Following are the
Cacheconsisting of static random-access memory SRAM and main memory which is made up
from dynamic random-access memory DRAM). Both SRAM and DRAM are established as an
essential part of the memory hierarchy for over 30 years by now.[1, 2] While DRAM is
significantly more compact, the SRAM architecture allows for one order of magnitude lower
latency. Only after DRAM the first non-volatile memory (NVM) technologies are used.
Therefore, up until DRAM all stored information is volatile and is effectively lost after the system
is shut from the power supply. In case of DRAM the memory state een needs tobe refreshed,
which means it needs to be read andrewritten permanently. The non -volatile memory on the
other hand which is also referred to as sbrage savesinformation independent of continuous
power supply, and is therefore much better suited for permanent data storage. It is striking that
in the realm of digital storage, we relied more than half a century on the magnetic Hard Disc
Drive, a mechanically operated system with a head moving over a spinning disc for data
manipulation. Also, magndic tape storage- while extremely slow - is still used as acost effective
medium for data archiving.[3] Memory technology based on moving parts however (HDD ad
especially tape) suffer obviously from extremely limited latency times. The invention of non-
volatile NAND FLASH storage in 1984 paved the way for its suggestive developmentand
became an important milestone in the attempt to lower the performance gap between the
volatile main memory (DRAM) and storage in the memory hierarchy. From FLASHs commercial
success starting from 1989 the technology was continuously upgraded and miniaturized
surpassing the 20 nm node and therefore becoming more and more economicallyfeasible.[4]
Later due to physical miniaturization limitations the development of 3D integration was
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established[5] In the context of the data hierarchy, the development of FLASH promotes the
next technological steps towards more aggressive niniaturization the one hand and further
closing the performance gap between storage and memonpon the other hand. Severalconcepts
have been proposed to overcome these limitationsand many of them rely on the change of the
resistance between two electrodesin a sandwich-type structure. Strikingly, t hose concepts,
often summarized under the term 8ext generation non-volatilie memoryu rely on various
physical phenomena like magnetism, ferroelectricity, phasetransitions, electronic effects or the
diffusion of anion or cation species.Another important feature of those concepts in the context
of the memory hierarchy is their non-volatile nature. First, energy expensive refresh cycles (as
necessary for DRAM)are avoided, second it allows for faster or even instartaneous boot up
times as nonvolatile information can be fed faster into the main memory or even directly into
the cache (or the registers). In the next chapter the most important next generation nonvolatile
memory conceptsand their fundamental working pr inciples are explained.

1.1. Next generation nonvolatile memory

As already implied in the previous chapter, there are many concepts whichallow for non-

volatile resistive switching and are seen as potential successorf®r current memory technologies

like FLASH.Md r c | rfmgc rcafl mjmegcq _pc gskk _pgxchb sl b
volatile k ¢ k mp \Were are Rnany ways on how to categorize those concepts, which partially

leads to contradicting statements in literature. One of the most useful descriptions however is

by their basic physical principle as shown in Figure 2.
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Figure 2: Categorization of next generation nonvolatile memory by their basic physical principles.Content reprinted
from reference [6] https://doi.org/10.1088/1361 -6528/ab2084 © IOP Publishing. Reproduced with permission. All
rights reserved

As evident from the figure, there are resistive switching principles based m ionic movements
like oxygen ions (e.g. Metal Oxide Resistive Memoryor OXRAM) or cations (e.g. conducting
bridge memory or CBRAM), from which the majority is filament based.[6-8] This means that a
conducting filament is induced on the basis of ion migration in an otherwise insulating layer.
Such technologies which rely on the migration of anion or cation speciesare often summarized
under the term Resistive Random Access Memory (ReRAM or RRAMY] Phae Change
Memory (PCRAM) is another famous technology which is based on the change of the resistance
of a layer via amorphization and (re)crystallization. [9-11] Further there is MRAM or Magnetic
ResistiveMemory which relies on mechanisms such as thenegnetoresistive effect[12] Amongst
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the most prominent MRAM concepts the Spin transfer torque (STT) mechanismis utilized,
where the orientation of a magnetic layer (e.g. in a tunnel junction) may be changed via spin
polarized current.[13] As the last example inFigure 2, ferroelectric effects are mentioned giving
rise to Ferroelectric Random Access Memory (FeERAM) where for example the effect of
ferroelectric tunneling is exploited. [14, 15] This concept works straight forward via the change
of the polarization of the ferroelectric layer which in turn modifies the tunnel barrier in a
device[16]

Figure 3 shows how the fundamental architectures of selected memory technologies are
designed. Sarting from a) a SRAM circuit is shown, highlighting the complexity and size of one

element, consisting of multiple ( typically six) capacitors{17] Figure 3b) shows the working

principle of a DRAM cell only yielding one capacitor with volatile c apacitance in a metal oxide

semiconductor (MOS) configuration.[17] Compared to SRAM the device sizefor DRAM is

reduced by a factor of about 10. Figure 3c) shows the principle of FLASH memory where a
floatin g gate is implemented as a vital component to store charge, and therefore the state of
the device in a non-volatile manner.[18, 19]

While all of the above mentioned memory types a-c) are already implemented in state of the
art computing systems, the remaning devices di) belong to the next generation non-volatile
memory category. Note that all of those architectures consist mainly of a simple sandwich
structure, which allow s for significantly reduced feature sizes

b) c)
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Phase change material [ X )

Soft magnet sy ',:_f, 2 s tetatetetete Meta\ Cbo Solid 0.0\
€ = N AL AL LN ety oxide Oxygen ion electrolyte 0o Metal
_— Oxide \ q\_ atoms

isolation Filament OO
Tunnel barrier (oxide) Switching - / O‘/
. (®) ygen ) o 3
region (@) % vacancy Filament & Qy

=z

off-state on-state top electrode = top electrode

YIXX "’-
Tl - 3 ¥

i

E bottom electrode
+ o2
tal 2 . . .
metal 1 [GHORIGEHE metal 2 metal 1 [ERREEE - @ oxygen deficient region

® oxygen ion

energy barrier

Figure 3: Memory technologies and their fundamental architectures with a) SRAM, b) DRAM, c) FLASH, d) STT
MRAM, e) PCRAM, f) Filament based OxRAM, e) CBRAM, h) FeRAM and i) Interface based OxRAGbntent a) - g)
reprinted from reference [1] https://doi.org/10.1038/nnano.2015.29 with permission of Springer Nature BV. © 2015
Macmillan Publishers Limited. All rights reserved Content h) & i) is reprinted from reference [16]
https://doi.org/10.1088/1361 -6528/ab2084 © IOP Publishing. Reproduced with permission. All rights reseed.
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Figure 3d) shows a STFMRAM design consisting of a pinned magnet and a soft magnet.
Depending on weather the spin of the soft magnet is aligned with the pinned magnet, there is
a magnetoresistance across the unnel barrier (opposite spin direction) or not (same spin
direction). This two nonvolatile states can be switched if a suitable current is driventhrough
the device[12, 13] As in this type of memory no change in the material (but only in magnetic
domains) is induced, MRAM gives rise to significant endurance.

Figure 3e) shows aPCRAM cell consisting of a phase change material, separating the electrodes.
Note that the bottom electrode is laterally defined, allowing to control the location of the
switching region. By passing a high currant in a short time through the device, th e material is
locally amorphisized. By passing a smaller current over a longer time, the material recrystallizes
again. This type of phase change mechanism is usually utilized by the use othalcogenides like
(most commonly) GeSh;Tes (GST) or GeTe Switching between these two nonvolatile states
translates to high (amorphous) and low electrical resistance (crystalline) .[9-11]

Figure 3f) shows a OXRAM device, where an insulating material is simply sandwichedbetween
two inert electrodes. For this purpose, mostly transition metal oxides are used. Prominent
examples are TaOs, HfO, or Al;Os. By applying a suitable current, a conducting filament is
formed via the migration of oxygen ions which leave oxygen vacancies behind This conducting
filament can be locally ruptured again by e.g. applying a current in the opposite direction. In
this way the device can be set to a high resistance or low resistancetate.

Figure 3g) shows a CBRAM device which works similar to an OXxRAM device, by the creation of
a conducting filament between two electrodes. In case ofCBRAM however, the movement of a
cation speciesis induced from an active dectrode side (often Cu or Ag is used) which results in
a metallic filament penetrating the insulating layer. Also this type of conducting filament can
be ruptured again allowing to switch the device. The unique feature of filament based memories
is, that the switching properties are (theoretically) independent of the device feature size, down
to the size of the nm-sized filament.

Figure 3h) shows an FeRAM tunnel junction. Similarly, to the STT-MRAM device, the material

is not affected during the switching and only the orientation of (in this case) ferroelectric

domains is changed. As can be seen from the figure, by changing the polarization of the

ferroelectric layer, the energetic barrier can be reduced from an insulating barrier to a

conducting tunnel barrier and vice versa[16] So far, an obstacle for FeRAM was the utilization

of complex perovskite structures. The discovery of ferroelectricity in hafnia promoted the

research interestinthetechnologvn _q f dl g_%g AKMQ amkn_rg gjgrw ]
integration.

Figure 3i) shows an RRAM device working on the principle of homogeneous oxygen ion
movement (also often referred to as interface-type switching). While similarly to the filament
based OxRAM, the mechanism depends on the movement of oxygeions, in this case, the effect
is not localized but happens across the whole device interface area. By moving oxygeions, the
interface is transformed in an insulation region by filling up oxygen vacancy sites. The other
way around, if oxygen ions are moved from the insulating region, vacancy sites emerge again,
allowing for electrical conduction. Interface type against filament type switching in RRAM
devices can be partizlarly hard to differentiate as both switching mechanisms can be inherent
to transition metal oxides. Also the electric I-V behavior can be very similar.A typical approach
would be to check if the switching behavior is effected by the device area. As menbned before,
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in filament based devices, no significant difference is expectedin dependence of the device
area, while there is an area dependent influence on the low resistance state in case of
homogeneous(interfacial) switching.

1.2. Next Generation NVM as Storage Class Memory and Beyond

The previous chapter gave an overview with an attempt to categorize selectedtechnologies in
next generation non-volatile memory. It is important to mention that there are many different
variations of those architectures induding different choices for the active switching materials

as well as the type of electrodes that are used7, 20] Therefore, it is not an easy task to pinpoint
the specific performances of individual technologies However, there are various review articles
which make an attempt to highlight trends and unique features of certain types of memory
categories[20, 21] As already mentioned in chapter 1.1, there is an significant performance
gap between state of the art FLASH memory and the Main Memory (DRAM).For technologies

to bridge this performancee _n r f ¢ r cp k 8§ QnpiBCM bas e¢n estadplished k
as displayed inFigure 4.

Figure 4: Next generation nonvolatile memories and their possible implementation in the memory hierarchy.
Reprinted from reference [20] https://doi.org/10.3390/app112311254 which is published under a Creative
Commons Attribution 4.0 International License. © 2021 by the authors. Licensee MDPI, BaseBwitzerland.

Considering the speed all relevant candidates of next generation non-volatile have drastically
reduced latency times with ~ 1 -1000 ns as compared to FLASH (~ 100us). However, the
requirements regarding endurance and read/write times are becaning more and more
demanding, the closer the memory application gets to the CPU. Therefore, at the moment
MRAM and specifically Spin Orbit Torque SOT-MRAM seems especially suitable for compeng
for applications in the Cache (currently SRAM) region with endurances up to~ 10*®and latency
times of ~ 10 ns to even >1 ns. [20, 21] Also FeRAM shows exce#int latency of <20 ns and
endurance ~10 ' and can therefore be considered for applications in the Main Memory
(currently DRAM). [20] For both RRAM and PCRAM theendurance in only in the regime of
~10 "however, both technologies are suitable for 3d integration[22, 23] and are therefore ideal
candidates for storage class memory applicationgo bridge the gap between storage and main
memory. [20]
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1.3. Emerging Memory Technologies Connected to Next G eneration NVM

A major limitation of state of the art computing is the van Neumann bottleneck. The vast
majority of computing systems today use the van Neumann architecture, of which the key
advantage is to follow a strict deterministic approach of single instruction, single operation
(SISO). While this architecture allows for easy programmability, all of the data transfer between
memory and processing unit is conducted over a shared bus systenBy this strict separation of
the memory and the computing unit significant time and energy is spent.This is called the van
Neumann bottleneck. [20, 23] To overcome this problem emerging memory technologies such
as In- or Near Memory Computing as well as neuromorphic processig attract more and more
attention. Both emerging technologies are especially promoted throughthe potential which is
seen in next generation nonvolatile memory. This is highlighted in the web of science search
results for RRAM as displayed inFigure 5. Note the steady increase in interest for both emerging
fields within the research topic of RRAM. For in-memory computing high endurance and
remarkably quick read and write cycles areideal. While e.g. also RRAM andPCRAM are seen
as competitors for specific in-memory computing tasks MRAM seems especially suitablefor
main computing by offering highestendurance andlowest latencies(compare chapter1.2).[20]
For this purpose however MRAM needs to improve upon its scalability[24] Here PCRAM and
RRAM show advantages due to their 3d integratability. [22, 23]

900 T T T T T T 200 T T T T T T
t Overall 1 Fraction
800  RRAM or ReRAM or . | neuromorphic or synapse or brain
I "Resistive Random Access Memory"
700 - B
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D ]
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Figure 5: Search results for papers published in the web oBciencecore collection with keywords on RRAM in general

(left) and fractions of those publications using keywords r e

pr oc e ssd nigednmornaComputingd (right). Note the steady increase in interest for both emerging fields within
the research topic of RRAM.
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memory technology. Those techrologies can be considered as a form of ifmemory computing.

The future potential of such computing systems becomes obvious by comparing the power
needed to run a human brain against the power needed for computing systems which run top
level Al algorithms today. The program of AlphaGo for example was running on 1202 CPUs and
172 GPUs to compete against human$25] Assuming about 100 W per CPU and 200 W per
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GPU, AlphaGo required about 154 kW to beat Lee Salol - his brain can be assumed to be
running at a human average of about 20 W[26, 27] - in a match of Go.

For some neuromorphic approaches even simple binary NVM are sufficient (even MRAM),
however for many applications synaptic weighting is required.[28] For this purpose, more

continuous switching mechanisms are fundamental perquisites. In filamentary switching

(OXRAM & CBRAM) the state can in principle be continuously controlled via the diameter of

the conducting filament (often mainly in the reset direction). In OxRAM many systems have
been demonstrated to show gradual behavior (also partially in the set direction), which can for

example be controlled via doping or oxygen deficiency (via scavenging layer or homogeneous
oxygen deficient deposition).[28 -30] Also in PCRAM gradual switching is possible, but only in
the set direction by gradually crystallizing the material via pulses, as high currents are required

to amorphize the material again.[28]

1.4. Switching in filament based OxRAM

While the switching mechanism in OXRAM devices isfundamentally based on the formation

and rupture of a g m a _cpnducting fifamentp & hildugh the movement of oxygen ions,

different switching m odes can be observed in such deviceBefore the devices can be switched
an initial forming step is necessary
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Figure 6: Switching modes of in HfO2x based RRAM with all switching modes known for OXRAM with a) counter
figure eight bipolar switching b) & c¢) unipolar and threshold switching for stochiometric HfO 2. In oxygen deficient
HfO1.5 the author could show combined counter figure eight + figure eight switching, €) complementary switching
as well as f) figure eight switching. Reprinted after reference [31] https://doi.org/10.1002/adfm.201700432 with
permission from John Wiley & Sond Books. Copyright © 2017 WILEYWCH Verlag GmbH & Co. KGaA, Weinheim.

In this initial forming step, the oxygen ions are diffusing locally away f rom a local filamentary
region, in which the bandstucture is subsequently changed into an electrically conducting state,
connecting both, the top and the bottom electrode. This process is partially reversibleand can
be repeated through switching by suitable I-V programming. During the formation of the
conducting filament (but also during switching) it is necessaryto limit the current (current
compliance) to limit the size of the created filament, which would otherwise lead to an
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irreversible hard breakdown of the device. Fundamentally OXxRAM devicescan be operated in
bipolar and unipolar resistive switching as shown in Figure 6 a) & b).

While bipolar resistive switching requires an asymmetry in the device structure (like two
different electrodes the unipolar switching mode is also possible in symmetric devices (with
same electrode material). The bipolar resistive switching is usually referred to avalencechange
mechanism (VCM) in which the ionic movement is believed to be mostly driven by the electric
field.[32, 33] In one voltage direction, the conducting filament is formed, while it is ruptured
in the other direction. In contrary the unipolar switching happens in only one direction and is
usually referred to the therochemical mechanism (TCM) which is believed to be governed
mainly by competing concentration driven Fick diffusion and temperature dependent Soret
effect.[32, 33] By applying a sufficiently high voltage an initial current is induced, which will
lead to local joule heating inside the device. The local region with higher temperature promotes
the diffusion of oxygen out of this region by the Soret effect and therefore a conducting filament
is formed. By applying a current at lower voltages, the Fick diffusion is promoted, which leads
to the recombination of vacancies and ox/gen ions, rupturing the filament again. As can be seen
in Figure 6 b) & c) threshold switching can coexist with unipolar switching. For this mechanism,
after the formation of the filament a certain threshold voltage V required to maintain the on-
state. Therefore, this switching mechanism is nonvolatile. One explanation for this is improper
heat dissipation which prevents the stable formation of a filament after the current is
reduced[34] Itis referred to as a purely thermal effect.[35] Figure 6 d) shows the combined
counter figure eight (cf8) and figure eight (f8) switching which also indicates a filament
formation in the reset regime and gives rise to competing locations of filament formation and
rupture for example at opposing eledrode interfaces. The complementary switching as shown
in Figure 6 e) shows another nonvolatile switching mechanism which is symmetric in both
polarities. Also this mechanism can be explained by competing regionsn which the filament is
formed and ruptured. By applying a suitable voltage, a conducting filament is formed, which is
ruptured again e.g. at the opposite electrode side if the voltage is further increased and via
versa in the opposite voltage direction[31, 36] Figure 6 f) shows a bipolar switching
mechanism in the figure eight (f8) direction. In this case it is reasonable to assume an inverse
mechanism to the cf8 switching, where both the filament formation and rupture happen at the
opposite electrode interface as for the cf8 switching[31, 36]

An important characteristic in bipolar resistive switching in OXRAM is the rather abrupt set, in
which the conducting filament is formed, while the reset shows some gradual reduction in the
reset. The gradual reset can be understood in terms of a gradual reduction of the conducting
filament diameter. This gradual behavior especially qualifies RRAM for neuromorphic
applications and is responsible for the recent research interest in RRAM for brain inspired
computing.[16] It was shown that the controlled introduction of oxygen vacancies via e.g.
Molecular-Beam Epitaxy allows to promote the gradual behavior in transition metal oxides in
the reset but even in the set direction[29, 30]

All of the above mentioned mechanisms highlight the complexity of filamentary formation and

runr spc, ?jrfmsef gl rfc j_qr wc_p%g qgelgdga_ITr

filamentary switching in RRAM, the precise processes, potential phase formations and the
atomistic behavior during filamentary formation and switching remain a cen tral matter of
debate. A brief review on published nanoscale investigations on hafnia based RRAM is given at
the introduction of chapter 4.4.
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1.5. High Pressure and High Temperature HfO2 polymorphs

Hafnium oxide is a polymorph material which shows several crystaline structures depending
on temperature and pressure.lt is noteworthy that the system of hafnium oxide behavesvery
similar to zirconium oxide, by showing very similar high pressure and high temperature
structures. The ambient pressure, room temperature phase ofstoichiometric hafnium oxide is
of a monoclinic structure (P2:/¢). Via heating, the structure transforms into a tetragonal
(P4,/ nmg) structure at around 1700 °C.[37] This monoclinic-tetragonal phase transformation
does not occur at a specific point but gradually over a temperature range (from 0% - 100%
phase transformation) and is fully reversible after cooling down. For both hafnium oxide and
zirconium oxide it is known that th ese structures cannot be quenched.[38] Upon further
heating, another phase transformation to a cubic (Fm-3m) structure takes placeat around
2600 °C[38, 39] Further annealing finally leads to the solid-liquid phase transformation which
is observed around 2800 °C.All mentioned temperature dependent transformations are
summarized in the following line after [38]
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It is noteworthy that the coordination of hafnium to oxygen changes from the monoclinic to the
cubic structure. While in monoclinic hafnium oxide the coordination of hafnium is seven fold,

the coordination of oxygen is either three or four fold, resulting in an overall composition of

HfO.. For the case of stoichiometric cubic hafnium oxide hafnium oxide is eight fold coordinated
to solely four fold coordinated oxygen (in a fluorite type arrangement), also resulting in the

stoichiometric composition of HfO-.[38, 40]
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Figure 7: Experimentally verified polymorphism in stoichiometric HfO; showing five distinct phases with the
monoclinic structure (P2Z/c) as the ambient pressure/temperature phase, the tetragonal (P4/nmc) and cubic
(Fm-3m) structures as high temperature phases and the orthorhombicl (Pbcg and orthorhombic Il ( Pmnb phase.
Content reprinted from reference [39] https://doi.org/10.1111/j.1151 -2916.2001.tb00843.xwith permission of John
Wiley & Sons- Books Copyright © 2004 The American Ceramic Society, all rightseserved

Additionally, to temperature studies, there is a vast number of investigations in the high
pressure regime where two prominent orthorhombic structures could be identified. The first
transformation occurs at about 14.5 GPa to the orthorhombic| structure (Pbcg and appears as
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a modification of the monoclinic structure, yielding seven-fold hafnium coordination. At even
higher pressures of around 30 GPa a further transformation to a cottunite type structure (Pmnb)
with nine -fold coordinated hafnium occurs. Those pressure inducedtransformations are
summarized in the following line after [39]
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Interestingly for even higher pressures up to 50 GPa a further transformation to another
tetragonal phase was reported.[41]

Figure 7 gives a rough phase diagram of the most relevant polymorphs of stoichiometric
hafnium oxide as reported in literature. The phase boundaries noted in this figure are
estimated from the results of multiple authors as mentioned in reference. [39]

Itis important to mention that the phases of monoclinic, orthorhombic | and tetragonal
hafnium oxide can be seen as distortions from the fluorite type cubic structure. In this sense
all those phases are strongly interrelated. Especially the structures of cubic, tetragonal and
orthorhombic | hafnium oxide show high similarities which can complicate definite phase
allocations.

1.6. Ferroelectric Hafnium Oxide

The discovery of ferrodectricity in hafnium oxide promises a comparably easy to use
ferroelectric material for the semiconductor industry. This is first and foremost due to its
established CMOS compatibility[42] Hafnium oxide is in contrast to the majority of known
ferroelectric materials an easy binary compound and does not require high temperatures to be
synthesized.[42] Therefore, in the recent years a great number ofpublications emerged on the
topic of hafnia based ferroelectricity. With the discovery of ferroelectric behavior in hafnium
oxide the scientific community proposed the existence of a polar orthorhombic phase.[43-46]
Most commonly ferroelectricity was found in doped ( Si, Zr, Y, Al, or Gd) [47] but also undoped
hafnium oxide.[48, 49] As can be seen fronFigure 8, the most prominent structures of hafnium
oxide (compare chapter 1.5) including the high temperature structures of cubic and tetragonal
hafnium oxide as well asthe high pressure orthorhombic structures show non-polar symmetries,
which disqualifies all of those structures for ferroelectricity.

In Figure 8 various hypothetical polar phases of hahium oxide are proposed in decreasing
symmetry order. The author proposesthe two polar structures yielding the highest symmetry,
namely orthorhombic Pca2, and Pmn2; as the most likely structures following a total energy
argument.[47] Especially the orthorhombic Pca2 (equivalent to Pbc2) is proposed as
ferroelectric phase by many publications.[43-46] While many authors find features similar to
known hafnium oxide polymorphs in ferroelectric thin films, so far there is no clear picture of
the exact crystal structures and lattice parameters of ferroelectric phases in hafnium oxide. This
can be accounted to the high similarities of known and proposed crystal structures. Further, it
is difficult to archive p hase purity and often thin films are only synthesized as phase mixtures
which complicates the assignment of individual reflexes. [43-48] Finally it is important to
mention that polar behavior was identified in a (non-orthorhombic) rhombohedral structure of
hafnium-zircon oxide (HZO).[50-52] For such rhombohedral structures polar space groups such
as the R3 or R3M are discussed[50-52] Generally, (as previously mentioned) a ferroelectric
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phase needs to be of a polar structure. A list of all available polar space groups is given in
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Figure 8: Known and hypothetical hafnium oxide symmetries as proposed by[47]. All verified phases of HfQ appear
non-polar, while the proposed polar phases yielding the lowest total energy are of orthorhombic symmetry, including
the most suggested symmetry Pca2 for ferroelectric hafnia. Content reprinted from reference [47]
https://doi.org/10.1103/physrevb.90.064111 with permission of the American Physical Society©2014 American
Physicd Society

1.7. Oxygen Deficient Phases of Hafnium Oxide

Oxygen deficiency in transition metal oxides is known to introduce defects which reduce the
electrical resistance and can finally lead to a transition from an insulating to a conducting
regime. Some of the first publications on the influence of oxygen defects in hafnium oxide
investigate the electrical resistivity of polycrystalline specimensas a function of temperature
and oxygen partial pressure[54, 55] However, for those cases no structural investigation was
included. On the other hand, there are several publications on hafnium oxide thin films grown
under reducing conditions, including structural measurements (but without considering
electrical properties). The structural features for such deficient hafnium oxide thin films are
mostly indexed via the high temperature or high pressure phases of hafnium oxide (typically
cubic Fm-3m, tetragonal P4,/ nmcand orthorhombic | Pbca compare chapter 1.5). [49, 56 -60]
However, as such oxygen deficient structures are almost exclusively synthesized in form of thin
films, the measurements are susceptible to peak broadening and arbitrary texture. Furthermore,
such thin films are typically obtained in form of phase mixtures (mostly together with a
monoclinic phase fraction). All of the above mentioned issues together with the strongly
interrelated nature of hafnium oxide polymorphs complicate a definite structural identification
of the observed phases. One of the mostrigorous investigations in the regime of oxygen
deficient hafnium oxide was performed by E. Hildebrandt et al. by growing thi n films over a
broad range of oxidation conditions. [61-63] By applying a growth temperature of ~ 700 °C
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utilizing Molecular-Beam Epitaxythe author was able to show that the monoclinic structure can
be maintained even after significant oxygen vacancy inducedchanges to the band structure as
highlighted by the appearance of electrical conduction and the visual change from transparent
to an apparent golden shine[61-63] Another important finding in the Hf-O regime is the
identification of hcpHf (the phase of metallic hafnium) with oxygen interstitials close to a
composition of HfsO by Hiradiyashi at al. The authors found that the oxygen interstitials occupy
the octahedral posdtions in the hcp Hf lattice in an ordered fashion. [64, 65] By heating above
430 °C an orderdisorder transition for the interstitial positions could be identified. [64, 65]

HF,0 HL,0,
Hf,0 HEL,O  HE0 o HE,0, HfO,
02 — T T T —
%
.. g
i P42/mmc — ¢ i
015 . ;,ana
i : =4
2 | ‘ \ %
g \\ Y Llam2
= ol -
L \
\
o:g P6322 °
i s //Fmim
0.05 Cm =
&3 . L4 +1~P4,/nmc
P6./mmc [ \ i e «~Pca2
: -
\0 la (. S (NS DY (N NN SN N (N [~ Pbca
0 0.1 0.2 03 0.4 0.5 0.6 ha P2 /c
Hf Composition ratio O/(Hf+O) HfO,

Figure 9: Fitness plot of hafniumoxide structures with different oxygen content predicted via evolutionary algorithm.
At low oxygen contents oxygen is found to occupy octahedral positionsin the (previously metallic) hexagonal lattice
(blue line), the dashed green line shows an crossover of hexagonal and fluorite type structures while the red line
indicates fluorite type structures and the doted red line, fluorite type structures with one dimensional vacancy chains
[66, 67]. Content reprinted from reference [67] https://doi.org/10.1039/C8FDO0104A with permission of the Royal
Society of Chemistry © The Royal Society of Chemistry 2019

So far only experimental findings have been discussed however there are many relevant
theoretical publications on oxygen deficient hafnium oxide. One of the first rigorous DFT
investigations of oxygen vacanciesand interstitials in hafnium oxide was performed by Foster
et al.[68] In addition, many more publications followed providing total energy, a nd defect
energy level estimations on isolated oxygen defects in hafnium oxides. [69-73] Those
publications, considering mostly insulated vacancieshave been promoted through the discovery
of hafnium oxide as an attractive high k solution for semiconductor applications. Later, with
increasing research interestin RRAM, higher levels of oxygen deficiency have been considered
and substoichiometric hafnium oxide phases like HtOs;, HfO or Hf¢O have been proposed as
possible phases in theformation of the conducting filament in RRAM. [66, 67, 74-77] A famous
example is the prediction of a semimetallic tetragonal phase of Hf.O3 by Xue et al[76] Other
interesting theoretical publications propose varioussub-oxide phases over the whole oxidaton
range from HfO, to Hf. An important example is the work from Rushchanskiiet al. [66, 67]
who predicted via evolutionary algorithm various structures. As can be seen fromFigure 9,
phases at low oxygen concentrations are connected with a blue line, assigning them to
modifications of the hcp-Hf lattice, where oxygen interstitials occupy octahedral positions.
Similar results have been obtained from other authors[74, 77, 78] In a more recent work from
Schmidt et al. where hafnium oxide nanoislands where deposited by PLDRushchanskiishowed
ggksj _r ¢fmO.(C) cludters§m =3to 10;n =3t022) p wugrf

gk _jjcp
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numbers than stoichiometric bulk hafnia.[79] In a publication from McKenna et al., it was even
concluded that oxygen deficient hafnia should separate into m-HfO, and h-HfQq.[74]
Rushchanskiipredicted HfOx phaseswith monoclinic structure 1 <x < 1.25 and fluorite -like
structures for 1.5 <x < 1.75. [74, 78] More recently Li L.-H., Xue K-H. et al presented a study
covering structure models from hafnia to hafnium, including monoclinic HfOx cells roughly from
2 to -1.5, tetragonal cells from ~ 1.5 to 1.0 followed (in accordance with the previous
publications) by hexagonal structures for the most aygen deficient conditions.[77] As
mentioned, many of such publications directly motivated with the perspective of finding
candidate phases for the conducting filament in hafnium oxide based RRAM.[66, 67, 74-77]

1.8. Conduction M echanisms in Resistive Memories

Conduction mechanisms are generally divided intointerface dominated versus bulk dominated
mechanisms[80] Interface limited conduction mechanisms such as Schottkyemission, Fowler
Northeim tunneling, thermionic emission and direct tunneling depend e.g. on the interface
barrier height and the type of charge carriers. Such interface Imited conduction (attributed to
electrode/dielectric interface) often shows rectifying behavior, meaning that the -V
dependence shows an asymmetry in the negative as compared to the positive direction of
polarity. On the other hand, symmetric |-V behaviar is expected for bulk limited conduction
mechanisms such as Poolerenkel emission, Chmic conduction, Space charge limited
conduction (SCLC), ionic conduction, nearest neighbor- & variable range hopping conduction,
trap assisted tunneling and grain-boundary-limited conduction.[80] In contrast to interface
related mechanisms, lulk limited conduction is determined by properties of the (dielectric)
material itself, such as the carrier mobility, density of states, trap density and the trap energy
levels.[32] To identify a certain conduction mechanism, fitting to known mathematical
expressionsof the corresponding electric field or temperature dependence are the most popular
approaches (SeeTable 1). Further, as previously mentioned many articles also investigate the
symmetry of the corresponding |-V curves to separate e.g. bulk limited from interface limited
conduction (like Poole-Frenkel emission from Schottky conduction).

For resistive switching memories there is no broal agreement on dominant conduction
mechanisms in these devices. However, amongst often observed mechanisms are Podteenkel
emission, Schottky emission, SCLCtrap assistant tunneling and hopping conduction.[32] Also,
between the high resistance stde and the low resistance state, the conduction mechanism often
(but not always) changes. In many cases the low resistance state corresponds to ohmic
conduction. This non-uniform appearance of conduction mechanisms is even given for devices
which are made from the same material, which highlights the complexity of these systems which
are potentially susceptible to thickness, electrode materials (and therefore different interfaces)
and fabrication process (therefore different material qualities). Also differe nt conduction
mechanisms may be dominant at different temperatures and/or contributing simultaneously to
the total current.

For hafnium oxide based devices the following conduction mechanisms have been reported:
Poole-Frenkel emission[81] , Schottky emission [82, 83] , SCLC[84], Trap assisted tunneling
[85, 86] , hopping conduction [87] and ohmic conduction (often in the LRS) [31] .
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Table 1: Survey of relevant conduction mechanisms with corresponding current density expression and electric field

and temperature dependency. Adopted after reference [32] https://do i.org/10.3390/electronics4030586 which is
published under Attribution 4.0 International (CC BY 4.0) License.

Electric Field and
Conduction Mechanism Current Density Expression
Temperature Dependency ?
angm’ (kT)* | —q(ds —/qE/4me) VE
Schottky Emission Jse = X! exp T Jsg < T?exp| A - B
2 =
q —8m./2gm —A
Fowler-Nordheim (F-N) Tunneling Jen =g . E’exp ( 3hE o5°"? Jen & E?exp (?)
—8m,/2q .
Direct Tunneling Jor ¥ exp {T (m*g) 2 - tox,eq} Jor < exp(—A " Ktoyeq)
—q(¢r —/qE/mE) VE
Poole-Frenkel (P-F) Emission Jpr = quUNcEexp kT Jpr X E-exp(A T~ B
9 v?
Space-charge-limited Conduction (SCLC) Jscic = 3G ue el Jscic < E?
E  (—AG* E —A
Ionic Conduction Jionic * T exp 5T Jionic * TEXP (?)
- R _{EC - Ep) —A
Ohmic Conduction Jonmic = OF = quNcEexp |——-—— Jonmic < E - exp|{——
f (7) e Joan < - exp ()
i i =ggexp|l—|- cexp | —
Nearest Neighbor Hopping (NNH) NNH o €Xp VRH P\
1 1
_ _ —To\* —A\2
Variable-range Hopping (VRH) Jven = Og €Xp (T) E Jvry & E - exp (?)
—8m,/2qm” 3/, —A
Trap-assisted Tunneling (TAT) Jrar = Aexp T 3R Or Jrar * exp (?)

* High field only, low field follows Ohm’s Law; ° A & B are constants.

Pagel4


https://doi.org/10.3390/electronics4030586

2. Methods

2.1. X+ay Investigations with a Universal Goniometer

X-ray analysis provides a nondestructive tool for the characterization of solid matt er. With a
four-circle goniometer it is possible to apply a wide range of measurement techniques which
are mostly characterized by the relative angles between the Xray source (Incident beam), the
sample and the detector. Figure 10 shows the according arrangement of the goniometer setup
with the relevant angles * £ . IZy R In .the following chapters, different measurement
techniques and physical principles which are relevant to this goniometer arrangement will be
discussed.

Sample plate |

Figure 10: Four cycle with all associated degrees of freedonin* =~ n! ¥ R

2.1.1. Xray Reflectometry

X-ray reflectometry (XRR) is a characterization method that was developed ~ 1985 primarily
for thin film analysis. The method is characterized by a monochromatic X-ray beam (e.g. Cu
Ka) which is directed under low angles of typically 0 ° - 5 ° on the samples surfacd88] The X-
ray signal, which is consequently reflected, is then detected at the opposing side under the same
angle as the angle of incidence (specular reflectivity). Due to the simple geometry sharing
basically the same degrees of freedom necessary for basic 2. X-ray diffraction analysis, the
measurement can be performed by most diffractometers and evolved into a standard method
for thin film analysis.

XRR analysis allows extracting manyproperties inherent to thin films or in case of multilayer
structures layer and interface properties. One of the most prominent characteristics being the
thin film thickness, which can be obtained in the range of typically 3 - 300nm with sub-nm
precision.

Figure 11 gives a comprehensive overview of the different features of a typical XRR graph and
the corresponding properties. First, one can see the critical angle— which determines, up to
which angle the incident beam is completely reflected from the surface (assuming the ideal case
with no absorption). [88, 89] By passing the critical argle, the X-ray beam will be transmitted
through the thin film layer, leading to a drastic decline in reflectivity. The critical angle is
directly associated with the electron density, indicating the total density ” of the thin film
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material. Therefore, this value can be useful to e.g. verify stoichiometric or indicate defective
compounds provided that the corresponding density is significantly affected[90]

Critical angle @, : Density p \/
Surfaceroughness; ol

* I : Density, p | Film thickness, d1
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Figure 11: Typical XRR graph in which different features are correlated with various thin film properties Content
reprinted from reference [89].
By transmitting into the layer, a part of the X-ray signal is always reflected. This effect takes
place at every interface, at least the air/thin-film and the thin -film/substrate interface. [88] The
superposition of both reflected signals results in angle dependent oscillating interference fringes
from which the thin film thickness can be deduced. Parratt [91] and Blanton [92] showed direct
relations between the positions of interference maxima and the corresponding film thickness.

Further characteristics are the density contrast, which is assoiated with the amplitude, the
initial intensity decay rate at higher angles, which correlates with the surface roughness and
the oscillation decay rate at higher angles corresponding to both surface roughness and
interface roughness.[89]

While the thin film thickness of a one-layer system can conveniatly be extracted by simple
equations [92] , more information is usually extracted by the use of XRR simulation software
which even allows to analyze multilayer systems and estimate individual layer thicknesses,
densities and interface roughness[93]

2.1.2.Bragg-Diffraction & Rocking Qurve

One of the most prominent relations in the context of X-ray diffraction analysis is the famous
Bragg law which was derived in 1912 by William Lawrence Bragg. The formula is based on the
phenomena that an incident beam of wavelength _ which is diffracted of a crystalline sample
leads to angle dependent constructive or destructive interference correlated to available lattice
planes. Constructive interference is achieved, when the phase shift of the diffracted beam
components is zero. The phase shift in turn is always zero if the path difference of beam
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fractions being diffracted of two lattice planes equals an integer value ¢ of the wavelength _.
The total path difference is derived from simple geometric relations (see Figure 12) and
dependent on both, the incidence angle—as well as the lattice plane spacingQ

The full mathematical expression is then given by:
€ ¢RI Q&8 o

Alternatively by applying crystallographic f ormalism, the integer value ¢ can mathematically be
included by the use of Laue indices (hkl).

_ ¢ J Q& T
Rory, Detector
/6/6 ADC =nA
0 =</ ABD
ing = —
sin =5
d,, = BD
n
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2dhkl

Figure 12: Bragg-Law and its geometric relations between Qx,;_ and i "Q&-. Content reprinted from reference [88]
with permission of Springer.

Important tools to identify a certain phase are databases of powder diffraction files. The most
important databases for crystallographic data are maintained by the International Centre for
Diffraction Data (ICCD, PDF products),FIZ Karlsruhe (Inorganic Crystal Structure Database-
ICSD) in cooperation with the National Institute of Standards and Technology (NIST); and the
freely available Crystallography Open Database(COD). Every phase features a specific set of
'Q values, which translate (as previously discussed) in certain 2—positions.

The relative intensities depend on the atomic form factors and the superordinate structure
factor which describe the scattering of isolated atoms and the whole crystal s$ructure,
respectively.

Standard database entries are given by sealled powder diffraction files ( PDF which are
obtained from powder measurements or calculated. In any case the relative 2—positions and
intensities are listed as they would appear from apowder measurement. In the most ideal case
all 2—positions and relative intensities match with a database entry of an expected compound.

However, in case of thin films, the reflections are often subject to peak broadening (due to
limited grain sizes and overall thickness), and epitaxial relations which can lead to preferred
crystal orientations. Especially due to the texturization it is in many cases not possible to capture
all relevant reflections in a single 2—scan. This is discussed in further detds in chapter 2.1.3
(seeFigure 15). Also relative intensities in thin films cannot be translated into PDF data, as the
ksjrgnjgagrw md | _rr gac dractlyatghslatéddntogriented crystalu b c p @
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structures. The intensities are then determined by the nature of epitaxy, potential multi-domain
orientations and thin film geometry.

Nonetheless, PDF data remains an important point of reference. As already disgssed in the
npctgmsqg af _nrcp%g f _dl gsk mvgbc ggqg 15 lprapdml ej w
1.7). Figure 13 shows XRD patterns from PDFs of relevant hafnium oxide phases. This
comparison shows that the patterns of cubic (Fm3m), tetragonal (P42/nmc) and
orthorhombic | (Pbcg are similar and share a strong reflection around 30° in 2— Further

around 35° in 2—one can see symmetry dependent peak splitting, showing the strong
interrelation of those phases. As evident from the diffraction patterns, the monoclinic ambient

pressure phase and the high pressure orthorhombic phase can beisterned much more easily.
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Figure 13: XRD patterns as obtained from powder diffraction files for relevant hafnium oxide and hafnium structures
(Compare chapter 1.5). Note that especially the structures of cubic (Fm3m), tetragonal (A2/nmc) and
orthorhombic | (Pbcg show similar patterns where all structures share an intense reflection at about 30° in 2-with
peak splitting occurring in dependence of symmetry at about 35° 2— This highlights how the tetragonal and the
orthorhombic phase are distorted from the cubic, fluorite type Fm3m structure. In contrast, the ambient phase of
monoclinic hafnia as well as the highpressure orthorhombic Il phase can be easily discerned. Further, the hexagonal
phase of metallic hafnium shows significant differences to all hafnium oxides.

Further, the phase of metallic hexagonal hafnium shows definitely a distinct pattern from all
displayed hafnium oxides.
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As mentioned previously, thin films, which show an epitaxial relation, are often highly oriented.
One method to probe the quality of the orientation of a thin film is to do a rocking -curve
measurement. Figure 14 shows the basic principle of such a measurement. First the 2-angle is
set to the value of plane ' Q . Then the . angle is tilted in positive and negative direction
relative to the alignment position (compare Figure 10). Figure 14 shows exemplary how a
typical thin film measurement looks like in relation to its substrate. In most cases, the thin film
shows a more significant peak broadening than the single crystalline substrate. This fullwidth
half maximum (FWHM) of the obtained peak is a measure of the relative spread of crystal
planes which is called mosaicity. If a rocking-curve peak is observed a strong texture can be
assumed in any case. If there is an additional background under theactual peak, this can serve
as an indication of interfacial defects, like misfit dislocations which are often induced as a
consequence of epitaxial strain[94]

(@) (b)

o
wn
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Normalised Intensity

14
=]
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Figure 14: a) Basic Rockingcurve principle with the 2—angle being set to a defined lattice plane reflection while the

S angle is scanned in a positive and negative direction with respect to the aligned starting pogion. b) Shows how
the highly oriented substrate (as shown in a) shows a significantly reduced FWHM as compared to the less oriented
thin film. Content reprinted from reference [95] htt ps://doi.org/10.1007/s10832 -021-00263-6 with permission of
Springer Nature BV.© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of
Springer Nature 2021.
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2.1.3.Pole Figures &Geometric Relations in Single Crystals

Pole figure measurements are characterized by scannin§ and 3 angles while maintaining the
2—angle (compare Figure 15).

(100) \
(111) A
/A A\

Figure 15: Exemplary pole figure dome showing on an cubic single crystal at whicl§ and 3 angles the specific lattice
planes (100), (110) and (111) show up. For a measurement the 2-angle is set to a defined value which matches a
feature (e.g. the (111) lattice plane) while ¢ and 3 angles are mapped (covering the displayed dome). The obtained
intensity distribution is projected on a 2D plane, showing at which positions the mapped feature shows up. Content
reprinted from reference [95] https://doi.org/10.1007/s10832 021-002636 with permission of Springer Nature BV.
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021.

In this way one can detect at which geometrical positions a certain lattice plane is arranged.
Therefore, this kind of measurement is relevantfor samples where preferential crystallographic

orientations are expected like in forged or rolled metals, single crystals or thin films where

epitaxy to the substrate often enables strongly textured growth. By choosing a measurement
range of 0- 90 °in ¢ and 0-360J  Erksultg in a typical complete hemispherical scan around
the sample.

An practical example of a pole figure data-set of thin films in given in Figure 16. While those
images are a result of Electron scattering viaElectron Backscatterd Diffraction (EBSD) the
information is complementary to pole figures obtained via X-ray scattering. The figure shows at
which angles the (10-11) lattice planes are oriented. Interestingly, in dependence of the growth
temperature different orientations of the graphite layer with respect to the substrate can be
identified. Note that the different multi -domain characteristics (as indicated by red and yellow
dotted lines) can be easily distinguished from such a pole figure dataset.

To verify a certain crystallographic structure in a strongly textured system, it can be useful to
evaluate the geometrical angles between lattice planes.

The equations for a triclinic system include all possible degrees of freedom for the lattice
parameters &y @& Gas well as| ,T ,[ . Here the angle between two lattice planes is given as a
general solution via:

- . Q N «
Al O - D v
w
with
0 i Q0 i Q0 i aa i Qa TQa i aQ aQ i Q0 M0
and
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Here'QQa and 'QQa as well asQ andQ are the Miller indices and the lattice plane
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The unit cell volume @ can be deduced from the following relation:
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By applying such calculations, it is easy to determine e.g. a certairf angle for a 3 measurement
with respect to the out of plane lattice parameter. Further ¢ and 3 dependent2‘ variations can
be verified.

Figure 16: Exemplary EBSD pole figures tracking the (1Q1) lattice plane of graphite on (a) Ni substrate and (b)-(e)
after transfer to SiO2/Si showing varying alignment with respect to the substrate in dependence of their growth
temperature. Especially the different multi-domain characteristics (yellow and red dotted lines) can easily be
identified by the pole figure analysis. (f) Further analysis of the (0001) plane shows its perpndicular alignment to
the substrate. Content reprinted from reference [96] https://doi.org/10.1039/C9CEQ1515A with permission of the
Royal Society of Chemistry© The Royal Society of Chemistry 2020
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2.2. Transmission Electron Microscopy

Transmission electron microcopy (TEM) is a technique in which a thin specimen is exposed to
an electron beam and transmitted electrons are detected in order to achieve a magnified image.
In its basic TEM mode, many processes in an electron microscope work analog to an optical
microscope, the terminologies are very similar. The electron beam is generatd in an electron
gun with high acceleration voltages of a few 10 to several 100 kV[97] Consequently the beam
is directed through a series of apertures and lenses as well as the specimen and projected onto
a screen or recorded via different detectors. Two distinct setupsare presented in Figure 17
showing a) a transmission electron microscope setup (TEM) and b) a scanning transmission
electron microscopy configuration (STEM).

a) TEM b) STEM
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Figure 17: Simplified beam path and fundamental working principle of a) transmission electron microscopy (TEM)
and b) scanning transmission electron microscopy (STEM). Note that for the TEM sketch the incident beam is
parallelized before hitting the specimen, while for the STEM confguration a convergent beam is locally directed onto
the sample. This convergent beam is consequently scanned across the sample surface. After interaction with the
sample, the beam may be recorded by different detectors like the bright field (BF), annulardark field (ADF) or high
angle annular dark field detector (HAADF) detector. Alternatively, to BF imaging the beam may be analyzed by
electron energy loss spectroscopy (EELS).

In case of the TEM setup the electron beam is first parallelized, before being tansmitted
through the specimen. When passing through the sample, the electrons interact with the
specimen and a number of different interaction types can be used to form an image.Typical
modes for TEM are the diffraction mode, in which crystallographic diffraction patterns are
captured, or the bright field mode in which both, amplitude and phase contrast can play a role.
The final image is then recorded by a CCD screen.

A given optical system can be described including its optical properties in thecontrast transfer
function (CTPH shown in Figure 18 a), which shows the relative contrast which is delivered for

Page22



each spatial frequency at a given afocus. In TEM the CTF is especially important for high

resolution imaging. As can be seen, the function follows a sinusoidalike dependence oscillating
around zero. Those frequencies close to zero are therefore not delivered and lost in the final
image. Also, the phase contrast is oscillating between positive and negative vimes which can
complicate the interpretation of the measured image. Therefore, for many caseqespecially in

materials science)the Scherzer focus as displayed irFigure 18 a) as the blue line is considered
the optimal focus, as it allows to image abroad band of special frequencies overa comparable
uniform phase contrast conditions.[98] However, if larger features need to be imaged(e.qg. in

the field of biology), it can be beneficial to choose a higher defocus (see green line inFigure

18 a), in order to shift the total value of the phase contrast to lower special frequencies,

sacrificing resolution but allowing to image larger features with stronger contrast.
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Figure 18: a) Simulated contrast transfer function (CTF) for TEM in Scherzer focus (blue), covering a broad spectrum
of spatial frequencies with rather unifo rm contrast. The green line shows the CTF at a high defocus value, allowing
better contrast for bigger feature sizes, but sacrificing resolution. The more transparent lines show the corresponding
CTFs assuming an ideally coherent electron source, while thdampened functions represent CTFs assuming a real
electron source. b) Shows simulated optical transfer functions (OTF) which are relevant for STEM. The red line
corresponds to the Scherzer focus, offering good contrast at high resolution. The orange linecorresponds to a smaller
beam convergence, which sacrifices resolution for enhanced depth of focus. Content reprinted fromreference [99]
https:/ /doi.org/10.1557/mrs.2016.136 with permission of Springer. Copyright © Materials Research Society 2016

While in a typical TEM setup the beam passes through the sample in a parallelized fashion
(Figure 17 a), in STEM (Figure 17 b) the electron beam is converged to probe a local area on
the specimen und consequently scanned across the samples surface. In this way each signal
which is captured from the transmitted electron beam can be directly assigned to a specific
location on the sample. For a typical STEM setup,there is a variety of different detectors to
capture different signals of the transmitted electron beam. First, there is the bright field (BF)
detector, which allows to capture images similar to (BF) TEM. Other detectors are the annular
dark field detector, which captures electrons which have been scatered at a larger angle. In
contrast to conventional dark field TEM the scattered electrons do not need to pass though an
objective aperture. Therefore, by collecting all scattered electrons with an ADF angle with an
annular ring detector, one can achieve much higher count rates.For STEM it is also common
to have the possibility to detect high angle annular dark field (HAADF) images with a
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corresponding annular detector. The advantage of this technique is its Zcontrast sensitivity
which allows to obtain an element weight specific contrast which can be e.g. beneficial to
monitor interfaces of heterostructures in materials science.

In STEM the contrast transfer function does not apply. Instead the optical transfer function

(OTF) as shown in Figure 18 b) needs to be considered which is especially important for high
resolution imaging. Other than the CTF, the OTF is not oscillating. In Figure 18 b) simulated

OFTs are shown where the red line corresponds to the Scherzer focus (optimal resolution)
while the line in orange shows a function for a smaller beam convergence, allowing for an
increased depth of focus, but sacrificing resolution.

A further advantage of the STEM setup is the possibility to use either the bright field detector
or an electron energy loss spectroscopy (EELS) unit whiledoing dark field imaging to capture
signals simultaneously.

While the methods discussed so far are not energy dispersive (relying on elastically scattered
signals), the previously mentioned technique of EELS allows to detect inelastically scattered
electrons in dependence of their kinetic energy[100] The detected electronenergiestherefore
allow to identify specific elements in the sample, but can also provide information about the
chemical environment of the investigated species(core spectra). Further, in the low loss region
(<50 eV) it is possible to extract features of the valence band region. Therefore, EELS shows
similarities to X-ray photoelectron spectroscopy which is discussed irchapter 2.3.

Another important method is called 4D-STEM. For this technique a pixelated detector is used,
which allows to generate a 2D image for every 2D raster position on the samples surface
(therefore being referred to as 4D). One method associated with 4DSTEM is automated crystal
orientation mapping (ACOM). For ACOM, for every electron beam rasterposition an 2D
diffraction pattern is obtained. Those diffraction patterns are then processed by an algorithm
to assign a phase and crystal orientation for every pixel of the 2D sample surface. This technique
is especially useful to identify e.g. the orientation of different domains in a sample or to
discriminate between different phases in a phase mixture.
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2.3. X—ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a surface sensitive, nondestructive analysis technique
which uses the photoelectric effect to investigate the chemical properties ofa material from a
qualitative and quantitative perspective.
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Figure 19: Energy scheme ér emission and detection in Xray Photoelectron spectroscopy Modified after
https://de.wikipedia.org/wiki/Datei:XPS__- Energy levels %28schematic%29_ DE.sv¢2023) which is published
under Attribution -ShareAlike 3.0 Unported (CC BYSA 3.0)Creative-CommonsLicense

The analysis technique works by irradating a sample by an X-ray source (for example Al KU).
By the incident photons electronsare excited from the valenceband and core states. The process
is illustrated in Figure 19. In order to escape to the vacuum level the electrons needs to
overcometheir orbital -specific binding energy’O with respect to the fermi level as well as the
material specific work function of the sample %.. After subtracting both contributions, the
remaining energy that was transferred by the photonQ is carried by the excited electron via
kinetic energy O  after the following relation

0O QO % O Y

The binding energy O (with respectto ‘O =0) is the quantity over which XPS spectra are
typically plotted. It is obtained as follows:

O QO % 0O w

By grounding both the sample and spectrometer, their fermi levels are aligned and acontact
potential %o %o is formed (Compare Figure 19). As a consequence,by entering the

spectrometer, the kinetic energy ismodified by the energy difference of the contact potential
after

(6] 0O %0 %0 pT

By combining equation 9 and equation 10 one obtains:
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As obvious from the relation the work function of the sample %o cancels out and only the
spectrometer potential %o remains relevant. The spectrometer work function is then

calibrated for the specific XPS instrument. This is typically achieved by recording reference
spectra of common metals like gold, silver or copper. For such calibration measurements usually
highly intense and well defined features are selected like thed 6t"Qy emission line in case of
gold.

As clear from the discussion above, the calibrationcan only be achievedif both, the sample and

spectrometer are electrically grounded, so that their fermi levels can align. Nonetheless
sometimesgrounding might not be possible. This isthe caseif a sample or thin film substrate

shows insulating properties. Then the electrons which are excited from the material cannot be
properly compensated and consequently charging effectscan have severe influence on the
measurement like (charging) time dependent shifts of the binding energy or peak
broadening.[101, 102]

To overcome such distorting effects, it is possible to apply charge compensation measures like
low energy electron beam and/or ion charge neutralization. By applying charge neutralization
time dependent energy shifts can be avoided and the overall shape of the spectra will be
conserved, nonetheless the calibration via metalstandardsis still not applicable. [103]

Alternatively, the C 1s signal is @mmonly used as a reference signahs it is also typically found
as acontamination by-product for samples that have been exposed to atmosphereSpecifically,
the C-C binding energy can be set to a value of~ 284.8 eV. While in some cases the carbon
binding energy can varyand caution is advised by using this methodit is commonly accepted
to as a procedureto directly calibrate an obtained spectrum if reference metal calibration is not
possible[104, 105]

Next to the C 1s signal there are other potential features inherent to specific materials that may
provide a binding energy reference[103] If there is no carbon signal (e.g. in case of inrvacuo
transferred samples) and no binding energy reference is applicable it is reasonable to align
spectrato a common feature like the valence band maximum for better comparison. Then it
should be clarified that no binding energy calibration was possible. While in such a case it is
not possible to directly assign binding energies it isnonethelessvalid to do fitting and determine
e.g. the energetic difference between features likedifferent oxidation statesin one spectra This
is justified as the overall shape (or relative positions of binding energies) of the spectra is
independent from the samples potential if it is kept at a constant value bye.g. providing charge
neutralization.

As every change of an elemental oxidation state is associated with a change in its binding energy
XPS is an excellent tool to investigate the chemical environment of a samples species. For this
purpose, usually highly intense and well defined spectra of core level orbitals are selected.In
hafnium oxide typically the Hf 4f orbital is analyzed. Figure 20 shows one of the first published
results on the oxidation behavior of hafnium after Morant et al. While for low oxidation
conditions the majority of the emission spectra is attributed to the metallic Hf ° (Hf ™) doublet,
for Hf** a clear energy shift of several eV is visibleAs additional doublets are needed to achieve
satisfying fitting the presence of (not clearly identified) sub oxide signals must be assumed.
While up until now no clear picture of the oxidation behavior of hafnium oxide is established
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the appearance of additional signals in the transition between Hf%" and Hf° is verified in a
multitude of publications, therefore confirming the existence of sub oxide states in hafnium
oxide.
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Figure 20: Hf 4f orbital of hafnium metal exposed by a) 8L, b) 40 L and c) 3100 L of oxygen at room temperature

showing oxidation dependent Hf**and H**i suboxi ded contri butions witHBlHE).ear en
Content reprinted from reference [106] htt ps://doi.org/10.1002/sia.740160163 with permission of John Wiley &

Sonsi Books. Copyright © 1990 John Wiley & Sons LtdAll rights reserved.

As each element shows a unique set of inherent binding energies, it is a straight forward
approach to assign emssion lines to specific elements. For this purpose, element specific binding
energies are listed in common XPS databases and books of referenc&y comparing the
integrated intensity of selected emission linesit is possible to estimate the chemical compodgtion
of a material from the quantitative perspective. However, the resulting intensities are not only
influenced by the relative amounts of elements present in the sample.The photoelectron -
current ‘Ofor an element A at a specific kinetic energy O is given by[107] :

o , OO0 0 r 0 WY WO

a
0 OO AGPD—— QM@ Q
) _ O we+ ° F PG
Where ,, is the emission cross section of a photoelectron from the corresponding shell per
atom, OO the detection probability for each excited photoelectron, [ i , ¢hw and ¢ are
parameters describing the geometrical properties including the relative positions of X-ray
source, sample and spectrometer.0 (I is the angular asymmetry for the photoelectron-
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emission rate, 0 @ wthe X-Ray characteristic flux intensity at a given point ¢t on the sample,
"Yo i3 'O the analyzer transmission, 0 @ & ¢the atom density at cfufir in the sample,
_ O the photoelectron inelastic free mean path and —the angle of emission of the
photoelectron from the sample surface normal[107]

This relation highlights the complex origin and wide ranging dependencies of photoelectron
currents at any given O . In order to achieve a practical approximation, integrated intensities
are typically divided by element-specific photoionization cross sections (PICS) or by atomic
sensitivity factors (ASF9. While PICS are theoretically calculated probabilities far photoelectron
excitation (which requires additional mathematical expressions such as spectrometer specific
detection probabilities), ASFs are determined from real measurementsOne of the most used
ASF references are the ones of Wagndil08] Considering ASFsfor a binary compound the ratio
between two species can be written as:

0 O® YO
OB YO po
For the concentration & of element, A in a multicomponent system the following relation is
valid:
- 0D YO
w o
B O YO

PT

However, asthe ASF factors originate from a specific spectrometer, a correction factor is needed
if a different setup is used. Due to all above mentioned uncertainties, literature emphasizes the
use of reference samples with known composition, to normalize the obtained intensities
respectively in order to obtain the best possible stoichiometry estimate[109]
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2.4. Bandgap Estimation via UV/Vis-Spectroscopy

One of the most important characteristics for semiconductors and insulators is the nature of
their band gap properties. While large bandgapseffectively prevent charge transport, therefore
being characteristic for insulating materials (e.g. ~ 5eV for diamond) , rather small bandgaps
(e.g. ~1 eV for silicon) allow the thermal excitation of a significant amount of charge carriers,
namely electrons from the valenceband to the conduction band while leaving behind hole-type
charge carriers, which themselvescontribute to the flow of current.

The nature of bandgaps is not limited to the difference of the energetic difference between
valence band maximum (VBM) and conduction band minimum (CBM) . The individual bands
show various modulated parabolic shapesthat are directly associated with the materials
chemistry. There are materials where the VBM and the CBMare located at the same crystal
momentum (hk) positions and such where they appear at different (hk) positions.

In the first case a transition from VBM to CBM is directly possible without a change in the
electrons crystal momentum. A material with such a band structure is called direct band gap
semiconductor (e.g. GaAs) In the second case howeverthe electrons crystal momentum needs
to change by the difference of the wave vector inorder to allow the transition. Materials which

show such non-coinciding VBM and CBM are called indirect bandgap semiconductors (e.g.
silicon). The difference between direct and indirect bandgaps yields important implications for

optoelectronic properties and associated applications like solar cell technology.

However, the precise nature of the bandgapis only accessible via demanding methodology like
advanced photoelectronspectroscgic methods or on basis of modelling via e.g. density
functional theory (DFT) calculations.

A comparably straight forward analysis of the bandgap value is possible with UV/VIs
spectroscopy namely transmission and/or reflectivity measurements in the ultraviolet and
optical range. Such measurementsallow to analyze photon interactions in the energetic range
of valence band to conduction band transitions. By deducing a wavelength dependent
absorption coefficient from the obtained spectra, the band-gap value can be estimated by
comparably simple analysis Therefore, UV/VIs spectroscopy remains one of the most prominent
methods for bandgap estimation.

For estimating the absorption coefficient from an obtained spectrumit is possible to incorporate
both transmitt ed and reflected fractions from the total intensity via the following formula. Note
that the logarithmic nature of the function is due to the thickness dependency of the absorption
after Beer and Lambert (Beer-Lambert law [110] ).
p, - P Y

Where | is the absorption coefficient, Q the sample thickness,"Y the reflectance and "Ythe
transmittance. If the band gap appears in the U\Vtrange the reflection part can be neglectedin
most cases.This can be useful if the reflectance cannot be measured with the instrumentation
provided or if only the transmission configuration of a spectrometer yields sufficient intensity.
In this case theabsorption is directly deduced from the transmission spectra.

| %I Y [0
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To deduce a bandgap value froman absorption spectrum, the near-absorption-edge part is
commonly plotted after the following famous relation , commonly referred to as Tauc plot (Tauc
et al., Phys. Status Solidi 15, 627 (1966)[111] ).

T 86 O P X

Where "Q is the photon energy, O the bandgap ando is the slope of the Tauc plot in the linear
region. While this equation was originally developed for amorphous semiconductors, empirical
data suggests its applicability also for crystalline solids.[112, 113]

The value in the exponent is determined by the nature of the transition (see previous
introduction on indirect & direct semiconductors) with:

¢ pj ¢ for direct, allowed transitions
¢ g ¢ for direct, forbidden transitions
¢ ¢ forindirect, allowed transitions

I3 o for indirect forbidden transitions

By plotting | '@ 7 over'Q, a linear slope is expected for either case Commonly different &
values are plotted, usually with | Q T or | Q@ on the abscissa to see how the best linear
fit for the absorption edge can be obtained.[112, 113] By applying the original theory the slope
is then directly extrapolated to the ordinate, yielding the band gap valueat | Q@ 7 1t
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Figure 21: TaucPlots showing isolated as well as combined spectra of methyl orange (MO) and Titanium Dioxide
(TiOg) for A) mixtures and B) samples that were placed side by side in the spectrometer beam. In both cases the
combined spectra lead to an underestimation of the original TiO2 bandgap. This effect is especially prominent in B)
and highlights the necessity for appropriate bandgap -correction. Reprinted with permission from reference [114].
https://doi.org/10.1021/acs.jpclett.8b02892 Copyright © 2018 American Chemical Society.

However, many material systems require adaptations from the ideal theory. The often referred
Urbach tail is for example a rather prominent phenomena - being associated with e.g.defect
states- that is identified by a logarithmic tail, attached to the actual absorption edge (with slope

0). There are theories directly translating such absorption phenomena to modified band gap
features.

While such non-ideal absorption spectra (being intrinsic to many materials) are widespread in
literature, one of the most applied analysis techniques renains the direct extrapolation of the
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absorption slope to the abscissaHowever, depending on the intensity of additional absorption
phenomena(e.g. Urbach tail) or in case of significant contributions from unexpectedscattering
or reflection processes(e.g. at Interfaces), this direct extrapolation partially leads to drastic
underestimations of investigated bandgaps.

A reliable, straight forward approach to extract bandgap values from non-ideal absorption
spectrais given by extrapolating the baseline sigral against the extrapolation of the slope 6 of
the actual absorption edge. The bandgap value is then read from the intersect point.

N

Rfgg _ I __jwgqggqg kcrfmb gqg pgempmsqgjw cvnjmgrchb |
method from several perspetives. By measuring samples containing the distinct absorption

spectra of TiO, and methyl orange (MO) it is shown that the additional spectra of MO

distorts any extrapolation of the TiO» absorption edge to the abscissa, leading to an

(partially drastic) underestimation of the bandgap value for classical Tauc analysisin any

case (see Figure 21). This observation is shown for two scenarios, where the MO is either

directly mixed with TiO » (Figure 21 a) or where MO and TiO, samples are placed next to each

other in the beam path (Figure 21 b).
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Figure 22: TaucPlots showing how an appropriate baselinecorrection is carried out. The baseline, which is consided
to be independent from the investigated bandgap feature should be extrapolated so that it cuts the original bandgap
extrapolation. The bandgap estimate is then read from the intercept point. While a baseline extrapolation is always
connected to an uncertainty, the method is shown to produce accurate results in many cases and therefore serves as
one of the best analysis strategies. Reprinted with permission from reference [114].
https://doi.org/10 .1021/acs.jpclett.8b02892 Copyright © 2018 American Chemical Society.

N, K _ shewB that via extrapolating the baseline (in this case a consequence of MO
absorption) to the absorption slope of TiO, as shown inFigure 22, comparable bandgap values,
very close to the original TiO, absorption can beobservedin all cases qualifying this approach
as one of the best analysis strategies for systems with multiple absorption functions.

This approach is not limited to a specific scenario as forthe BeerLambert law any mixture or
contribution may be considered asseparate parts of a linear superposition. It should be noted
that e.g. two different chemicals might react in a way that the original absorption-functions are
modified. Nonetheless in the context of a semiconductor with an additional independent
baseline part (e.g. Urbach tail) following formula applies

Y Y. Py
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With| "Q being the semiconductor part and| "Q being the baseline part. When applying
this function to the Tauc-equation one yields:

[ I ¢ B ¢ BRSO N © P w
For ¢ pj ¢ (direct bandgap) with:
| QN ¢ Q| Q0 | QQ 0Q © ¢
Fore¢ ¢ (indirect bandgap) after Taylor series expansion
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For the photon energy 'Q close to the bandgap the baseline absorption is > 0, therefore
influencing the bandgap ‘O as can beseenfrom the equations above.However, as obvious from
equation 20 and 21, if the baseline absorption| = 0, all baseline-containing terms are
eliminated and the original Tauc-formula is restored with | "Q J3Q T 00 O .In
the Tauc plot this can approximately be achieved by defining the (extrapolated) baseline
intersection as zero, consequently reading the bandgap from this point. Therefore, this
approach allows accurate bandgap estimationsgven when the widespread conventional Tauc-
approach can indeed not be appied.
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Figure 23: Shows the evolution of the double-absorption feature in hafnia thin films in dependence of substrate
temperature. Content reprinted from reference [115] https://doi.org/10.1016/j.tsf.2004.01.110 with permission of
Elsevier Science & Technology Journal€opyright © 2004 Elsevier B.V. All rights reserved.

For hafnium oxide optical absorption and ellipsometry investigations yield band gap values
close to ~5.6 eV. [115, 116, 118, 119] While DTF calculations suggest monoclinic
stoichiometric hafnium oxide to have an indirect bandgap, indirect and direct bandgaps are
found to be almost degenerat in energy. [40, 120, 121]
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Interestingly, in hafnia there are several reports of a second absorption shoulder.[115-117,
119, 122] Figure 23 shows that the shoulder appears at higher substrate temperatureswhile
other publications also show a dependence onfilm thicknesses [116] and after annealing
[117] .. In all cases the appearance of the second absorption shoulder corresponds to higher
levels of monoclinic crystallinity. Therefore, the feature is discussed tobe a consequence of long
range order effects in the monoclinic crystal structure. Further it has been shown byHildebrandt
et al. that this double absorption feature can also be found in substoichiometric monoclinic
hafnium oxide with significant oxygen d eficiency [63]

2.5. Hall Effect in Semiconductors & Van der Pauw Geometry

The Hall effect was named after Edwin Herbert Hall who discovered the LorenzForce driven
phenomena in 1879. The Hall effect is associated with a so called Hall wltage, which appears
if a conducting material is subjected © a magnetic field in perpendicular direction to an applied
current. The direction in which the Hall voltage is obtained is in turn defined in perpendicular
relation to both, current and magnetic field. The Hall voltage "Y is directly associated with the
Hall coefficient 0 via the following relation.

5 000
° —q

(SIS

Where “Ois the current and Qthe thickness of the layer which is perpendicularly permeated by
the magnetic field 6. From this relation, the material specific nature of charge transport can be
derived. Most strikingly, the sign of the Hall coefficient indicates the type of dominant charge
carries.

In semiconducting materials, it is generally known that, if an electron is excited in the
conduction band, it leaves behind a so called hole which is a change carrier with an inverse
charge sign. In intrinsic semiconductors (where the fermi level is located exactly between
valence and conduction band) there is a perfect balance betweenboth electron- and hole
concentrations. In defective semiconductors however the relation of mobile holes to electrons
may be modified depending on the nature of doping.

In the classical frame of acceptor vs donator type doping, acceptor defects result in ptype
doping, where the fermi level is shifted towards the valence band, giving rise to an accessof
hole charge carries. Donor type defects on the other hand shift the fermi level in the opposite
direction towards the conduction band, therefore promoting an accessof electron charge
carriers.

The Hall coefficient is directly associated with the type and number of charge carriers via the
following relation.

) nA €A

O o— ~ A -~ A (0}

QA EA S

Here e is the elementary charge while n and p are the electron and hole concentrations Further,
the relation gives rise to additional important quantities namely e and p, the mobilities for
both electrons and holes respectively. This relation highlights how the sign of the Hall
coefficient directly shows which type of conduction, either electron (ep), or hole conduction
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(hun) is dominant in a given case. However, this equation alone does not allow to derive specific
charge carrier concentrations or mobilities.
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Figure 24: Charge carrier densities in dependence of the fermievel position. The fermii level position is modified
from the intrinsic position (a) a by donor (b) or acceptor (c) type defects. Content reprinted from reference [123]
with permission from John Wiley & Sonsi Books Copyright © 2007 John Wiley & Sons, Inc. All rights reserved.

To further characterize the nature of chargetransport via Hall effect methodology it is generally
assumed- as true for the majority of relevant cases- that the measured mobilities are in good
approximation with the mobilities of the dominant charge carriers asextracted from the sign of
the Hall coefficient. In this context it is possible to derive the mobilities if the conductivity of
the investigated sample is known.
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Further the charge carrier concentration can then be derived using:
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To measure the conductivity of a sample the famous fourprobe method is commonly used by
which the probing current is injected by a pair of electrodes separate from the electrodes used
to detect the voltage drop along the conduction path. By applying such a configuration were
the voltage is measured over a large resisince, the effect of contact resistance is eliminated
and - by applying the measurement geometry- the measured values directly revealthe samples
resistivity.

Another geometry for resistivity analysis which is commonly used in thin film research is the
van der Pauw geometry. Similar to the four -probe method, four electrodes are utilized with two
for injecting a probing current and two for measuring the corresponding voltage. However, in
this case small (approximately point -sized) pairs of electrodes are paced directly on adjacent
edges of the sample. Leo J. van der Pauw first described the measuring method 1958 showing
that the method can be used on anyarbitrarily shaped layer of homogeneous resistivity and
thicknessfollowing the equation:

13 'Q 13 'Q
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" can then be extracted numerically or by using the following approximation:
I g q
Where "Qis a known geometry factor, which can be extractedfrom literature for any given

case.If the geometry is defined by a symmetrical square shape with contacts on the corners
and the values for'Y ; and’Y j are identical the relation is simplified to:

aQ
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Further, it is possible to apply an offset correction for Hall voltages.

The square geometry yields several practical advantages and enabled next toresistivity
measurements also Halleffect measurements to develop into a stadard measurement routine.
The main reason for this is found is the sheer simplicity of the geometry, allowing to directly
deposit electrodesonto square sampleswithout the need to apply lith ographic procedures

To measure the Hall effect in van der Pauw geometry, a current is simply injected diagonally

over adjacent corners of the square. While the Magneticfield is applied perpendicularly to the
square surface, the Hill voltage is measured over the remaining corners, also diagonally and
therefore perpendicular to both, the direction of the applied current and the magnetic field.
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2.6. Density Functional Theory

Density functional theory is a basic theory for the modern ab initio calculation methods which

can theoretically evaluate the ground state of the electronic structure of many body systems of
nuclei and electrons and is widely used for molecular or solid state modelling in chemistry or
materials science.Fundamentally, a many-body system can be described by the timedependent
Schrddinger equation,

00— I qy

In order to deal with ground state properties of the system, it is sufficient to consider the
stationary Schrédinger equation

7 O Cw

The equation consists of a Hamiltonian 5, which is a mathematical operator acting upon the
wave functions| @, which describe the quantum mechanical system. In turn the equation
provides EigenvaluesO, which represent the energy levels of the corresponding wave functons
[ @ . The state with the lowest energy[ @ is considered the ground state of the system.

The basic principle of DFT is based on theHohenberg Kohn theorem which states that the
potential V of a system of electronscan bedetermined by its electron-density, which is the sum
of the probability densities of all electrons.

7 @ S S omn

According to DFT, the ground state energy can be obtained with the ground state density’ 8

Now, the expressions which connect the above discussed electron density with the Schrodinger
equation are the Kohn-Sham functions [124] after:

A ® g . Tge «Th:onTedl @ op
With 7 g being the kinetic part of non-interacting electrons.
p
TE- " oq

T ¢ &cCounting for a static external potential.

o
. _— co

Tt @ v
For DFT the this is given by the interaction of nuclei and electronswith & being the charge and

P the position of the nuclei. In the context of the Born Oppenheimer approximation, the nuclei
are considered as stationary objects asheir velocity is very small against the electrons velocity.

Tre 0 Being the electron-electron interaction, but without interaction effects between wave
functions.
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While all of the above mentioned potentials are connected to single electron wave functions,
the interaction between these wave functions is handled by the so called exchange correlation
potential 1, swith
10
Ted T ou

While all other potentials are exact, the exchange correlation potential cannot be derived
analytically yet and is dependent on approximations. The exchange correlation potential, 1is
dependent onthe exchange correlation energy [re. with

Fed "1 Q& )

Wherej is the exchange correlation functional density. A large number of correlation energy
[Fe approximations are available in literature and the selection of the right problem-relevant
approach is an important part in DFT analysis.

In order to verify a valid solution to the eigenvalue problem one has to ensure that the density
" is consistant with the kohn sham potential O (O] W () @ . This is
commonly achievedin DFT by applying the self-consistent field cycle (SCF) [125] algorithm
displayed in Figure 25.

{ Choose initial basis functions {1,0}")}

+ Set initial p
Construct Kohn-Sham operator Set
+1
H) = Hys[™)] P > Y
| E n - n+l
Solve the Kohn-Sham equation
Hp™™ @) = Hgsp" ™ (@)

T“

Are {zpi("”)} same as {lpi(")} to
within expected tolerance?

NO

Figure 25: Self Consist Fiel{SCF)Cycle algoritim for eigenvalue determination in DFT.

As a starting point an initial electron density ” and a set of basis functionals is selected. In case
of solid state/materials investigations the basis functionals are often based of spherical
harmonics.[126] With the initial guess of the density ” the Kohn-Sham operator is constructed.
Next the Kohn Sham equation is solved and it is checked if the obtainedeigenfunctions are
within the expected tolerance to the initial (or previous) wavefuntions. This process is then
repeated with the aim of reaching the corresponding tolerance. Once fulfiled the DFT
calculation is converged and can be considered seltonsistent however depending on initial
conditions or restrains a DFT approachis not guaranteed to converge
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As previously mentioned the exchange correlation energy [, 4 approximation plays a
fundamental role in DFT. Kohn and Sham [124] first introduced the Local Density
Approximation (LDA) :

|F=i J|-||;= HT ” '% 0 x

This is the simplest approximation is us€ul if the density is almost constant or at high densities
where the kinetic energy is big against the exchange correlation terms[124, 127] In materials
science this functional gives reasonable results for atomic positions in equilibrium structures,
however is a bad approximation for the surface and overlap of atoms.[124]

By incorporating spin-dependencies one arrives at the next more complicated approximation
namely the local spin density approximation (LSDA) which allows to evaluate non-
symmetric, spin-polarized systems[128] :

CECSE U o
Better results could be achieved with the first generalized gradient approximations (GGA)

[129] This kind of approximation which also takes the local gradient of the density into account
is the most commonly usedexchangecorrelation functional in DFT today.

FI ;||-|E= ”T » MFi, 5FI+)HVIF[+)”6 'm ow

One of the most prominent GGA approaches is PBE approximation after Perdew, Burke and
Ernzerhof [129] and a famous modification for densely packed solids is called PBEsdIL30]

Following the LDA or GGA approach hybrid functionals have been developed which include a
Hartree-Fock-like exchange componentleading to further improvements in the prediction of
molecular or materials properties. While standard LDA or GGA calculations still tend to
significantly under - or overestimate e.g. bandgap values, the hybrid functional approachpaved
the way for achieving a high level of agreement with experimental bandgap values in many
cases Here B3LYP of Lee, Yang and Parr is still one of the most commonly used
functionals.[131] Later, the hybrid function al HSE after Heyd, Scuseriaand Ernzerhof, which
is based on a screened Coloumb potentialwas demonstrated to be more computationally
effective while offering comparable precision to other well established hybrid functionals like
B3LYP or PBE(132] The most commonly used variant of HSE approximations is HSE06
showing good results in many casesusing a standard parameter set
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3. Sample Synthesis &Preparation Methods

3.1. Molecular-Beam Epitaxy

Molecular-Beam Epitaxy (MBE) is a PhysicalVapor Deposition method for the epitaxial growth
of thin films. The method is characterized by the use of one or multiple thermal molecular
beams which react with a substrate surface in anultra-high vacuum environment.[133] A
typical MBE setup features a substrate manipulator, evaporation sources (mostly for metallic
materials) and quartz crystal microbalance units for elemental rate control.

manipulator ._I_,
cryo shroud

& 8

heater
substrate
| RHEED
—
load lock acm Iﬁ'_
EIES N qc,b
\/
effusion cells Q\ VAN
e-beam
evaporators \"
[N /)
W 7] ||&m
. Jradical sources

Figure 26: MBE unit featuring e-beam evaporators in an UHV body, corresporing QCMunits, radical sources for O*
and N* incorporation, a substrate manipulator with a heating unit and a RHEED system for insitu growth control.

The evaporation sources are often resistively heateaffusion cellsor electron beam evaporators.
Many units also incorporate RFplasma sources for gaseous specieand corresponding mass
flow control units to set a defined fraction of standard cubic centimeters per minute The
substrate manipulator allows to control the substrate temperature by IR or resistive heating
(and for some setups even N or He cooling). By controlling all corresponding parameters of
evaporation rates, gas flows and substrate temperaturean abundance of deposition conditions
becomes availablewhich allows to control the thermodynamic and kinetic growth conditions,
and therefore the stoichiometry, crystalline or amorphous structure, microstructure of thin films
and their epitaxial relation to the substrate. With the help of the QCM units it is not only
possible to determine the rate of individual molecular streams, but also estimate the total film
thickness via calibration. By the use of a shutter system the deposition of atomic species on the
substrate can ke blocked at any time, which is vital while ramping up evaporation rates and
starting the gas plasma during setup.Further, the shutter control is useful to temporarily block
the molecular beams if the rate control shows spontaneous fluctuations which is typical for
evaporation sources. Finally, the shutter blocks the deposition stream once the desired film
thickness is reached after which the sources may be ramped down.
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3.2. Hafnium Oxide Synthesis via MBE

As hafnium oxide is a binary compound, there are two possibilities on how to control the relative
stoichiometry utilizing an MBE seup. First, the elemental evaporation of hafnium can be
controlled over the relative power output of the evaporation source and the evaporation rate
checked via the QCM units(compare chapter 3.2).

RF Power Ea

Gas-Flow

Plasma Intensity

Process Parameters

Figure 27: Schematic on the plasma intensity in dependence of RF Power and G&dow conditions. Note that a gas
flow exceedinga certain threshold will lead to a reduced plasma intensity.Redrawn with information from [134].
Second therate of RF activated oxygen radicals can be controlled over the gas flow and the RF
Power. Usually, for oxides, the gas flow rate is changed to achieve a more significant change in
the systems partial pressure and oxidation conditions. However, as can be seen frorkigure 27,
once a certain gasflow threshold is exceeded the plasma intensity is reduced again. Therefore,
in order to achieve a continuous increase in oxidation conditions with increasing gas flow, the
flow rate must not exceed the highest point of the curve. Further, asthis gasflow curvature is
dependent on the plasma energy the range of oxidation conditions can be further controlled
by checking the gasflow dependent plasma intensity at different radio frequency powers.

Other ways to change the crystal phase, microstructure and epitaxy of hafnium oxides are yen
by the type of substrate and the substrate temperature. While Hildebrandt et al. [61-63]
demonstrated purely monoclinic growth at elevated temperatures of ~ 700 °C, and amorphous
growth is expected for low temperatureg135] , the data discussed in the results & discussion
part of this work show the formation of r-HfO,.xand hcp-HfOq 7 as intermediate phases between
stoichiometric hafnia and metallic hafnium for growth around 320 °C.
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3.3. Titanium Nitride S ynthesis via MBE

The synthesis of TiNvia MBE is achieved via evaporation of metallic titanium together with a

RF-activated gas flow of nitrogen. Figure 28 a) shows three exemplary samples of TiN thin films
on c-cut sapphire. The conditions chosen for the sample in blue and red appear optimal, as can
be seen by the position of the (111) reflection, which is very closeto the reference line from the

bulk compound. Further, the pronounced Laue oscillations show highly coherent lattice planes

(compare chapter2.1.2) which showshighly oriented growth and is associated withhigh crystal

quality. On the other hand, the sample shown in black shows no signs ofLaue oscillations, but

further shows a significant shift to higher angles from the reference line, indicating smaller

lattice constants and therefore nitrogen deficiency from the stoichiometric composition. This is

further supported by the deposition conditions which have an increased Titanium rate as
compared to the other samples. This indication of the (111) TiN reflection shift appeared as a
useful indication for TiN quality .

a) —— 0.3 A/s Ti; 0.6 scem N
—— 0.2 A/s Ti; 0.6 sccm N,
—— 0.2 A/s Ti; 0.9 sccm N,

Intensity (arb.units)

30 35 40 45
20 (deg.)

2.

Starting with

increased Ti rate
—l

Further increase
of the Ti rate

c-cut sapphire surface -~ Deposition at ~ 0.4 A/s (tot 4 A)
3. 4,
Decrease to
main Ti rate
e
Rate increase to ~ 0.8 A/s (tot 24 A) Main deposition ~ 0.2 A/s (tot 500 A)

Figure 28: a) shows TiN films grown at 800 °C for different conditions shows optima growth conditions (red and blue)
while the sample shown in black shows TiN grown under reduced conditions as indicated by the shift of the (11)
reflection. The substrate reflection appears different due to different monochromator settings (graphite instead of
Ge(220) monochromator). b) shows RHEED patterns of the different stages during growth from 1 to 4.
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As part of this work, TiN was, after initial optimization, grown using constant parameters to
assure a reproducible bottom electrode quality throughout different growth studies (In which
mostly the hafnium stoichiometry was changed). However, a Molecular-Beam Epitaxy system
is further subject of changes which cannot be fully controlled. An example is the flow cross
section of the aperture of the nitrogen plasma tube which can be further and further reduced
due to undesired adsorption during deposition. As the crosssection shrinks, the pressurein the
plasma tube changes (with constant gas flow), which affects the plasma intensity. This can be
checked by tracking the change of the opticalpower output, which is a measure of the plasma
intensity. As observed during this work, the plasma intensity may be reduced to a critical point,
where the stoichiometry of the thin film is significantly changed. An indication for this is, as
discussed previously, the shift in the(111) TiN maxima. During maintenance it turned out that,
once the plasma conditions have changed critically, the boron-nitride aperture of the nitrogen
plasma tube could be cleaned successfulin aqua regia, which also effectively dissolves e.g. TiN
adsorbents

Figure 28b shows the RHEED patterns ofdifferent stages during the growth. First there is a
streaky pattern with additional Kikuchi lines indicates a flat, single-crystalline surface. The
second pattern is captured after 4 A of TiN growth starting from an elevated Ti evaporation
rate. This pattern shows a modulated streaky pattern, which indicates a multilevel stepped
surface which is non ideal. A better surface quality is subsequently achieved by further
increasing the Ti rate, until a sharp streaky pattern is obtained as can be seen in the third
pattern. Note that in the monitored case even additional streaks appear between the main
streaks, which indicate a further long-range order reflection. This pattern therefore indicates a
flat, highly crystalline surface. The last pattern was captured after Ti rate reduction to the main
parameter and deposition until 500 A (As displayed by the quartz crystal microbalance). While
the additional streaks vanished, a sharp, streaky pattern remaired, also indicating a flat surface
of high crystalline quality.

Especiallythe elevated Ti deposition rate increase at the beginning turned out to be a crucial
component to achieve the above mentioned surface quality, which can le explained by the
reduction of strain at the interface by a density gradient. In contrast, by not using a higher Ti
rate at the beginning a less streaky pattern, towards island growth can be observedWhile the
exact deposition parameters and overall thickness may vary ér all TiN thin films mentioned in
this work (used as bottom electrode), the overall routine ( Figure 28b) to achieve a high surface
guality has been appliedto all grown TiN bottom electrodes.
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3.4. Photolithography

All discussed lithographic procedures have been optimized for thecleanroom equipment as
available in the L2|07 M3 laboratory building.

For the standard liftoff procedure to obtain 30 x 30 um?2 square features (for the top contact of
RRAM devices) ne@tive ma-N1420 Photoresist from micro resist technology GmbH (Berlin,
Germany) was used. The following recipe was elaborated for this purpose.

First the sample is coated by the photoresist viaspin coating at 6000 rpm for 40 s. Then the
edge bead (accumulation of photoresist at the edges) is removed via scratching with a razor
blade, followed by a heating procedure at 105 °C for 2 min. After that the photoresist is exposed
via a MJIB4 Mask-Aligner from SUSS MICROTEC SE>arching, Germany). For this purpose, the
pressure for the wedge error compensation (WEC) is set to 1.5 1.6 bar with a 3 second delay
in soft contact mode. The exposure time is set to achieve a dose of ~ 385.2 mJ/cm2(l line) .
Subsequenty the sample is developed in maD 533 from micro resist technology GmbH for 80 s.

Table 2: Optimized lithographic routines for corresponding square features.

Process 30 x 30 pm? 3 X 3 pm2

Resist ma-N1420 (negative) AZ ECI 3012 (positive)
Developer ma-D 533 AZ 300 MIF

Spin coating 6000 rpm, 40 s 6000 rpm, 40 s
Baking 105°C, 120 s 90 °C, 60 s

UV Exposure (edge beard) 1254 mJ/cmz; | line

Soft contact

Developing (edge beard) - 60 s

UV Exposure (main) 385.2 mJ/cmz; | line 167.2 mJ/cmz; | line
Soft contact Vacuum contact

Developing (main) 80 s (liftoff); 60 s (IBE) 60 s

The top electrode may be subsequently deposited via sputténg but must not exceed a total of

~ 400 nm as thicker deposition might prevent an effective separation of deposited material on

the photoresist and on the sample surface. For the here investigated devices 100 nm Pt

followed by ~ 250 nm Au have been demsited. The rather large electrode thickness is needed
in order to prevent accidental penetration of the devicesupon placing the contacting pins on

top of the electrodes. After deposition the lift off procedure is achieved by immersing the sample

in acetone.

While the 30 x 30 um? routine works reliably, such feature sizes are considered large, even for
UV-Lithography. Therefore, an alternative routine was estaldished to reduce the feature sizs
down to 6 x 6 pum? and 3 x 3 pm?2.

For the previously mentioned routine, a clean edge beard removal proved difficult utilizing
standard laboratory techniques like a razor blade or a cotton-tip with acetone (especially on the
limited sample sizes of 5 x 5 mm?). This resulted in the incorrect pattern-transfer because of
undesired beam path and/or interference (square features translated into diamond shapes)
While such effects do not have a serious impact on the previously discussed 30 x 30 um2 process,
for 6 x 6 pm? and especially 3 x 3 pm? it appeared crucial. In order to improve the contact
quality between mask and sample for smaller feature sizes, the etch beard was removed via UV
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exposure with subsequent developing. For this purpose, a maswas used, which only exposes
the edges of the sample. While this procedure isnot possible with negative photoresist, positive

AZ ECI 3012photoresist from MicroChemicals GmbH (Ulm, Germany) was utilized. To ensure
a complete removal of the edge beard a high exposure dose of i.e. 1254 mJ/cmawvas applied to

achieve total dissolution of the edge region after developing in AZ 300 MIF developer for 60

seconds

Run 1 (35% humidity) Run 2 (33% humidity) Run 3 (30% humidity)

6 um * 6 um square features

6 um * 6 um square features 6 um * 6 um square features

3 um * 3 um square features 3 um * 3 um square features 3 um * 3 um square features

Figure 29 Optical microscope images of6é x 6 pm? and 3 x 3 um2 features at three different dayson gold, showing

high reproducibility. As the cleanroom is not equipped with air conditioning the corresponding humidity is shown for

every day respectively After the Advanced Research Lab from Nitin Malik (supervised by Nico Kaiser).

The final procedure was obtained after optimization of baking and UV-exposue from the

guideline recipe from MicroChemicals GmbH. For this procedure the AZ ECI 3012 photoresist
is spin-coated onto the sample at 6000 rpm for 40 s. This is followed by asoft baking step at 90
° C for 60 s. Then the sample is exposed in a first stepn order to remove the edge beard (see
above). Then the main exposure is carried out with 167.2 mJ/cm?2 by applying vacuum contact
(to further reduce potential contact gaps). Finally, the sample is developed in AZ 300 MIF for

60 s. This recipe has been teted for reproducibility , where 6 x 6 pm2 and 3 x 3 pm2 square
features have been obtained at three different days with close to no deviationas can be seen in
Figure 29.
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3.5. lon Beam Etching & Optimization for In-Vacuo Grown Devices

The micro patterning of RRAM stacks is a vital component of the electrical characterization
routine and can have significant influence of the quality and nature of the devices that are
created in the process.An easymethod is the application of top electrodes with a simple lift -off

procedure. In this case a stack ofswitching material (e.g. hafnium oxide) which is deposited

onto a bottom electrode (e.g. titanium nitride) is covered with photoresist, to cover the areas
in which no top electrode material should be deposited (compare previous chapter3.4). After

the deposition of the top electrode, the photoresist is simply dissolved in a suitable solvent (e.g.
Acetone), which removes the top electrode accessareas fram the stack and only leaves
designated electrodepatches behind.

While this procedure is rather straight forward, it has some disadvantages as it is necessary to
expose the active switching material to the atmosphere.In consequence the material is directly
exposed to the standard impurity levels present in the facilities including deposition labs and
clean room equipment. Also, the atmospheric partial pressures are prone to change the active
material e.g. via oxidation which is especially critical for oxygen deficient thin films.

In order to overcome the above mentioned problems a routine with the implementation of ion
beam etching (IBE) - which allows to ablate designated thin film layers - was elaborated
Together with this technique it is possible to deposit the top electrode material in-vacuo, which
can then act as a protective barrier against atmospheric exposure. In this case the photoresist is
applied after the deposition of the top electrode material and acts as shielding against the IBE
bombardment. Therefore, the layer is applied in negative layout as compared to the lift-off
procedure. Table 3 shows a list of parameters which have been used forpreparing hafnium
oxide based RRAM stacks in this work.

Table 3: lon Beam Etching Parameters used for Pt/Hf@x/TiN stacks All etching has been performed with liquid
nitrogen cooling of the sample holder.

Plasma RF Argon gas Distance Focusing Acceleration = lon current
Power flow from ion Potential Potential
source
150 W 2.5 sccm 200 mm 200V 500 V 9-13 pA

In order to track which layers of the stack are currently etched, and to stop the procedure at
the desired layer, the IBE unit is equipped with a secondary mass spectrometer from Hiden

Analytical Ltd. (Warrington, U.K.). To track a species a defined m/z (mass/atomic number)
ratio and quadrupole potential needs to be selected. Specifically, for Ti (as part of the TiN

bottom electrode) and Hf (as part of the hafnium oxide dielectric) m/z ratios of 48 and 179.6
respectivelyin conjunction with an analyzing potential of -2 V have been identified as effective
tracking parameters. Figure 30 contains mass spectrometry data, whichhas been tracked during
IBE of a typical hafnium oxide stack with Figure 30 a) showing how first a strong Au signal (the

top electrode buffer) is ablated, then a small rise in the subsequent Pt top electrode layer. After
~ 300 s etching the Hf signal of the hafnium oxide layer rises and vanishesafter additional ~

50 s, accompanied by a rise in the Ti signal from the TiNbottom electrode. As can be seen from
this plot the Au, Hf and Ti signals can easily be identified, while the change in the Pt signal
appears comparably weak.The reasonfor the bad peak to noise ratio of the Pt signal is given
by the overlap by the signal from two-ion particles of ®Mo and ®”Mo isotopes that are etched
incidentally from the sample stage material. In contrast to Figure 30 a), which shows the
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complete etching through the top electrode materials and the hafnium oxide layer, stopping
after 10 s etching into TiN, Figure 30 b) shows a second procedure, where the etching stops
after ~ 10 s etching into hafnium oxide, leaving the hafnia layer mostly intact. Figure 30 ¢)
shows the corresponding arrangement of layers which is not true to scale as different materials
show different etch rates.
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Figure 30: End point detection with a mass spectrometer during IBE procedures for a typical hafnium oxide based
RRAM stack. a) complete etching through top electrode materials and hafnium oxide with stop at the HfO2x/TiN
interface b) only etching through the top electrode with stop at the Pt/HfO 2« interface. ¢) shows the structure of the
stack in relation to the mass spectrometer signal above. Note that the actual thicknesses are not true to scale, as e.g.
gold (~ 80 nm/min) shows a significantlyfaster etch rate than platin um (40 nm/min) .

An important aspect of the IBE procedure is the subsequent removal of the photoresist, which
turned out to be challenging. After IBE treatment a dissolution simple dissolution in acetone
proofed to be impossible. Also other conventional ®lvents inter alia DSMO, NMP or
Dichlormethane showed no impact via simpleimmersion over 12 h at room temperature. Even
the treatment with strongly basic NaOH solutions in the range from pH 10 to pH 14 was only
partially successful. A common explanation for the high chemical resistance occurring in photo
resist is crosslinking of the photo resist molecules. While this problem can occur due to heat
accumulation on the samples surface it can be considered unlikely as all samples have been
actively cooled indirect with liquid nitrogen during etching. A more likely scenario is the cross-
linking due to UV -emission of the Argon plasma. In any case aeproducible and clean removal
of photoresist remains could be achieved via the following recipe:

1 Use of photoresst specific solvents mr-Rem 500 or mr-Rem 700 (pH ~ 8) from micro
resist technology GmbH

1 Heating of solvents below boiling point

1 Immersion of samples for ~ 30 min under continuous heating

Page46



9 Ultrasonic treatment for 1 min at 60% power output
1 Rinsing of sanples with acetone and isopropanol

In order to investigate the influence of the in -vacuo capping as wellasdifferent etching routines
as displayed in Figure 30, four samples, grown in the same deposition process hae been
systematically prepared and their leakage current has been investigated. The stack arrangement
of Au/Pt/HfO »/TiN is therefore identical for all samples together with a close to stoichiometric
hafnium oxide layer. While two samples have been cappedn-vacuo, two samples have been
exposed to atmosphere. Also, while two samples have been etched througthe hafnium layer
to the bottom electrode (BE), two samples have an intact hafnium oxide layer either through
lift of or through etching -stop at the top electrode (TE) -hafnia interface.
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Figure 31: Leakage current distribution of four Au/Pt/HfO 2/TiN stacks with an identical hafnium oxide layer. The
samples are separated in the way the top electrode was deposited (ivacuo vs. &-vacuo/after atmospheric
exposure) and weather the hafnia layer is etched through or not (etching to BE or to TE/ift -off). Note that etching
through the hafnia layer leads to a significant increase in leakage current while the statistical spread is redusd for
samples which received the top electrode deposition irvacuo.

The results from leakage current measurements areshown in Figure 31. The first big difference
which strikes is the difference in leakage current between two goups (green and blue) with

intact hafnia layer and (black and red) with etched hafnia layer. This difference indicates that
etching through the hafnia layer (to the BE) significantly increases the leakage current. One
explanation for this occurrence is the redeposition of e.g. bottom electrode material like
titanium onto the sidewalls of the devices. In this way a shortcut from top to bottom electrode

would be created, increasing the overall leakage current. Another explanation isgiven by the
fact that the argon bombardment of hafnia is known to induce defects in the material, which
can also promote electrical conduction. If the defects cannot be sufficiently re-oxidized via
atmosphere it can be assumed thathe hafnia sidewalls would be conducting, similarly creating
a shortcut between both electrodes.

The second difference can be seen in the statistical spread of the measurements. While the
samples which have been capped irvacuo show a narrower distribution (blue and red), samples

of which the hafnia | ayer was exposed to atmosphere (green and black) show more wide spread
leakage currents. This effect can be explained by the resilience oh-vacuo capped stacks against
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contaminations from e.g. regular impurity levels from the facilities, which would othe rwise
spread the statistical distribution.

From this investigation it can be concluded, that the in-vacuo deposition of the top electrode
layer is beneficial, not only due to the prevention of oxidation, but also to reduce potential
statistical spread. Further, it was found that etching through the hafnia layer should be
prevented, as it induces significant leakage currents While effects like re-sputtering or defect-
induction on device sidewalls might be reduced by e.g. applying a reduced acceleration vtiage,
it is a straight forward approach to just stop ~ 10 s after the Hf signal is picked up as the total
time for 20 nm etching is ~ 50 s (compare Figure 30 a & b).

3.6. Optimization of Electrode Thicknesses foroperando TEM

An important aspect of the here discussed project was the anticipatedTEM operando
experiment in which the crosssection of a functional RRAM stack of Pt/HfO,./TiN is prepared
and subsequently connected onto a chip, which allows electric control over the samplewhile
guaranteeing electron transparency
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Figure 32: Optimal miscopy a) before and b) after sputtering of 4 um gold on one half of the sample with 30 x 30 um
square electrodes showing that designated devices are still visibleof TEM lamellae preparation ¢) profilometer
measurement confirming 4000 nm thickness after 8,000 s (133.3 min) deposition at 30 mA, also showing that the
total height of the electrodes ~ 350 nm is still conserved after the significant gold layer deposition.

Depending on the exact preparation techrique a certain thickness of topand bottom electrode
is required. While at least several 100 nm are required for a successful connection of either
electrode to the corresponding ports on the chip. Another important issue is thebuildup of joule
heating during electrical switching which can be a serious threat to the lamellae. The rather
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violent, high voltage electroforming as necessary for many pristine oxides (including
stoichiometric hafnia) results in elevated temperatures, which is crucial for operando TEM
where nm-sized lamellae are prepared and switched. Especially such delicate, low volume
devices are susceptible for overshoot currents and significant joule heatind136, 137] One way
to deal with an abrupt raise in thermal energy is to use additional electrode martial which can
act as a heat sink. For this purpose, a routine to achieve electrode thicknesses in the micrometer
range has been established. Figure 23 shows how a stack with standard micropatterning and ~
350 nm top electrode a) before, and b) after the deposition of 4 um gold deposition after
sputtering under an optical microscope

Clearly all 30 x 30 um2 square features andcorresponding numbering are still clearly visible
after the deposition. Figure 23 shows the corresponding profilometer measurement where the
tip first runs over a previously covered half of the stack, measuring the ~ 350 nm electrode
patches, which is followed by the 4000 nm step of the deposited gold layer. Strikingly, the
profile of the electrode patches is also still clearlypreserved even after the deposition. The 4
pum deposition was achieved by utilizing a, Dual-Target-Sputter Coater Q300T from Quorum
Technologies ltd with a 54 (diameter) x 0.2 mm gold target by applying a s puttering current
of 30 mA for 8000 s (133.3 min). Note that this time is exceeding the maximum indented
deposition time of the system, so that multiple subsequent depositions are necessary. Further it
should be considered that this extended deposition time takes away about ~ 1/3 of a total 0.2
mm target. This method can be applied to any stack that has previously been patterned
However, as all devices in the deposited area are subsequently connected across the samples
surface, a direct electrical charactgization (with contacting pins via e.g. Kiteley
characterization unit) is then irreversibly impossible. Nonetheless, this method offers a straight
forward approach, if the devices in question have already been adequately characterized. In this
case the devces can be easily located in a focused ion beam setup (with SEM) and a functioning
lamellae with can be cut from the stack.
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4. Results & Discussion

The results & discussion part is divided in four main chapters namely4.1 8hysicd Properties
of Oxygen Defect Stabilized Hafnium Oxide Phasest *4.2 8Ab-Initio Simulations on
Substoichiometric Hafnium Oxide Compared to Experimental Resultsu #.3 §Substoichiometric
Phases of Hafnium Oxide as Novel Electrodes for RRAM Applicationsp * 4.4 8Transmission
Electron Microscopic Nanoscaleldentification of Substoichiometric Hafnium Oxide Phaseqt _ |
4.5 §Scanning Robe Microscopy Analysis of Microstructure and Local Conduction ,

Many parts of the presented results and the corresponding discussion (particularly of chapters
4.1 and 4.2) have been published under

&aiser, N., Vogel, T., Zintler, A., Petzold, S., Arzumanov, A., Piros, E., Eilhardt, R., Molina
Luna, L., and Alff, L., DefectStabilized Substoichiometric Polymorphs of Hafnium Oxide with
Semiconducting Properties. ACS Appkd Materials and Interfaces, 2022.14(1): p. 1290 -1303.u

_ | Kaiger, N., Song, Y-J., Vogel, T., Piros, E., Kim, T., Schreyer, P., Petzold, S., ValeftR.,
and Alff, L., Crystal and Electronic Structure of Oxygen Vacancy Stabilized Rhombohedral
Hafnium Oxide. ACS Applied Electronic Materials, 2023 5(2): p.754- 763

The first chapter 4.1 is mostly discussing physical properties of substoichiometric hafnium oxide
grown by Molecular-Beam Epitaxy and is concerned with in-detail structural identification,
chemical characterization, electrical characterization and band structure analysis of the novel
phases of rhombohedralr-HfO,.x and hexagonal hcp-HfO..x. The gathered results of this first
part are finally summarized in a band-structure model from stoichiometric hafnia to metallic
hafnium.

The second main chaper 4.2 discusses the results of a close collaboration withGoethe-
Universitat Frankfurt am Main. Here DFT calculations for the phase stabilization ofr-HfO».« by
oxygen vacancies were examined and strong agreeents with the experimental results such as
the crystal and band structure are discussed In particular, the results also indicate that r-HfO,.
could be a thermodynamically stable bulk phase

The next chapter4.3 is concerned with the properties of the previously discussed hafnium oxide
phases, but reproduced in a typical MIM configuration for RRAM applications. Secial attention
is paid to the electrical characterization and differentiation of samples that were produced
entirely in a vacuum from those that were exposed to atmospheric oxidation. The discussed
results allow conclusions that the substoichiometric phases can act as conductive electrodes in
the form of effective oxygen reservoirs The results also cafirm that the discovered phases
could play a vital role in the switching mechanism as part of the electrically conducting filament.

Chapter 4.4 discusses the nanoscale identification substoichiometric phases of hafnium oxide
by means of electron microscopic methodology. This approach deserves special attention in the
context of the identification of the conducting filament in RRAM. So far, there is no
comprehensive picture onthe nano level that takes both structural and chemical aspects into
account. Therefore, this chapter demonstrates the possibility to identify the here discussed and
comprehensively analyzed phases withelectron microscopic methods such as high resolution
imaging, electron energy loss spectroscopy and autorated crystal orientation mapping.

Finally, chapter 4.5 shows the results of cAFM characterization of substoichiometric hafnium
oxide. The obtained results are the product of a close collaboration with FZ Jilich and

b
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demonstrate the functioning sample exchange from the synthesis at the TU Darmstadt with
subsequent sample analysis in the FU Jilich with specially designed sample holders and vacuum
suitcase. The chapter shows aeproduced series fromm-HfO; to r-HfO1 ; deposited on custom
designed sample holders and discusses their corresponding characterization via scanning probe
spectroscopic techniques. Special attention is given to the microstructure and their role for
mediating electrical conduction specifically in oxygen deficient hafnium oxide.

4.1. Physicd Properties of Oxygen Defect Stabilized Hafnium Oxide Phases

This chapter is discussing the physical properties of hafnium oxide thin films which have been
grown under oxygen deficient conditions. Many of the discussed resultsand adapted figures
are published particularly under &aiser, N., Vogel, T., Zintler, A., Petzold, S., Arzumanov, A.,
Piros, E., Eilhardt, R., Molina-Luna, L., and Alff, L., DefectStabilized Substoichiometric
Polymorphs of Hafnium Oxide with Semiconducting Properties. ACS Appked Materials and
Interfaces, 2022.14(1): p. 1290 -1303.

Hafnium oxide is a famous high-k dielectric solution for semiconductor applications. Following
the increasing research interest infast and energy efficient memristive systems hafnium oxide
became a prominent material in RRAM research due to its excellenperformance [31, 138-141]
Investigations in this material system were recently further promoted through the applicability
of RRAM technology in nheuromorphic computing where more gradual switching behavior is
required. Next to doping, oxygen deficiency in transition metal oxides is known to crucially
affect its properties and functionality. For hafnium oxide this is especially interesting as it is a
high-k dielectric but even more so in its application as resistive random access memory. In
hafnium oxide based (filamentary) OxRAM the switching mechanism is governed byoxygen
movement, where a local region is derived from oxygen and forms a so called conducting
filament. Therefore, it is clearly of interest which kind of oxygen deficient modifications exist
for hafnium oxide and how their physical properties are characterized. However so far there
are not many studies which investigate theeffects of strong oxygen deficiency in hafnium oxide.
There are severalpublications which suggest suboxide modifications such as HiOs;, HfO or
HfsO, there is however a lack of experimental evidencel66, 67, 74, 76]

While oxygen deficient hafnium oxide is almost exclusively repated in form of thin films, the
observed structures are often associated with high temperature or high pressure modifications
of hafnium oxide which are strongly interrelated and considered to be stoichiometric (compare
chapters 1.5 & 1.7). However, a clear structural identification is complicated due to phase
mixtures, XRD peak broadening or arbitrary texturing in such films. Further, electrical
properties of hafnium oxide are often investigated in form of metal-insulator-metal
configurations with specific interfaces, which complicates conclusions on materials
properties.[8, 142, 143] Such devices are prone to interfacial effects such as the surface
oxidation of hafnium oxide (compare chapters4.3.2 & 4.3.4) or the formation of TiO xNy at the
interface of commonly used TiN as electrode material.[144, 145]

To answer such open questions this chapter is concered with the comprehensive identification
of substoichiometric hafnium oxide phases and their physical properties. Therefore, hafnium
oxide is grown over a broad range of oxidation conditions on c-cut sapphire substratesvia
Molecular-Beam Epitaxywhich all ows to identify two intermediate phases between hafnia and
hafnium as detailed in chapter 4.1.1. The deposition on c-cut sapphire enables growth of highly
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crystalline hafnium oxide under epitaxial conditions which allows for an effective analysis of
symmetry and peak splitting which allows for a detailed structural identification of oxygen
deficient r-HfO,.x in chapter 4.1.2. The investigation is followed by in-vacuo XPS analysis in
chapter 4.1.3 where the chemical environment as well as the oxygen content ofr-HfO,. and
hcp-HfO,.« are discussed By deposition on transparent, insulating sapphire the experiment was
designed to enable the direct measurement optical bandgap and electrical properties. Chapter
4.1.4 and 4.1.5 discusscorresponding resistivity and Hall effect measurements as well as optical
absorption spectroscopic results. Thereafter chapter4.1.6 discusses the crystallinity and
microstructure of observed phases via Transmission ElectronMicroscopy. Finally, all
aforementioned results are summarized in chapter4.1.7. Here a comprehensive band struture
model from hafnia to hafnium is presented, discussing the development and interplay of midgap
states as well as thevalence- and conduction band in dependence of the oxygen content.

4.1.1.Novel Structures r-HfO2x and AcpHfO2x between Hafnia and Hafnium

To investigate the structural and physical properties of oxygen deficient hafnium oxide,
13 samples of 20 nm thin films have been grown under varying oxidation conditions via
Molecular-Beam Epitaxy. All samples have been synthesized under CMOS compatiblsubstrate
temperature of 320 °C. In order to achieve epitaxial growth, the thin films have been deposited
on sapphire single crystals of 5 x 5 mnt (0.5 mm thickness) with c-cut orientation. Further
sapphire was chosen as substrate material because of itsvide bandgap and insulating
properties, which allow a direct measurement of the thin films electrical properties and optical
absorption. To achieve a broad range of oxidation conditions both the hafnium evaporation rate
and the oxygen gas flow have been vaed.

Decreasing oxidation conditions
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Figure 33: Deposition conditions for the discussed series of 13 samples following a consistent trend in oxidation
conditions with most oxidizing conditions for #1 to more and more reduced oxidation conditions to #13. Note that
the oxygen flow remains constant for varying hafnium evaporation rate and via versa. Reprinted with permission
from reference [146]. https://doi.org/10.1021/acsami.1c09451 Copyright © 2021 American Chemical Society.

The main deposition parameters of the series are shown inFigure 33, showing an increase of
the hafnium rate from 0.1 A/s to 0.9 A/s for samples #1 to #5 while maintaining a constant

gas flow of 0.18 standard cubic centimeters per minute (sccm). For samples #5 to #13 the O,
gas flow was varied from 0.18 sccm to 0.02 sccm at a castant hafnium evaporation rate of
0.9 A/s. To promote the reaction of oxygen with the evaporated hafnium the O, flow was
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excited into a plasma by a constant radio frequency power of 200 W. Note that the trend from
most oxidizing to most oxygen deficient conditions is highlighted in a color transition from
black to red (for better clarity) which is also applied to all other graphs in this work.

Figure 34 shows the evolution of the crystal structure in dependenceof the applied conditions
as mentioned above. The XRD measurements have been conducted with a Rigaku SmartLab
diffractometer in parallel beam configuration. A Ge (220) double bounce monochromator was
used to select theCu K] 1 radiation. Vertical lines highlight literature reference values for specific
reflexes of monoclinic (m-HfO,; PDF 00034-0104), cubic (¢HfO2; PDF 04011-9018) and
metallic hexagonal (hcp-Hf; PDF 00-038-1478). For highest oxidation conditions the structure

of monoclinic hafnium oxide is dominant, which is expected as it represents the ambient
pressure phase of stoichiometric hafnia.[147] By gradually reducing the oxidation conditions,
the monaclinic phase vanishes and a second phase shows up and becomes most prominent close
to the reference line of stoichiometric cubic ¢-HfO,. However, in chapter 4.1.2 the phase is
comprehensively identified to be of a rhombohedral structure (r-HfO-.y).
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Figure 34: Oxidation depend evolution of the crystals structures a) and corresponding lattice planes b). The
measurements show crystal stuctures with lattice parameters close to stoichiometric cubic hafnia (HfO2) and close
to hexagonal metallic hafnia (/icpHf) as transitional structures between stoichiometric monoclinic hafnia (/m-HfO2)
and metallic hafnium. The transitional structures areidentified as oxygen vacancy stabilized-HfO2x and oxygen rich
metallic hafnium with oxygen interstitials /cp-HfOo.7 as will be discussed in the following chapters.Reprinted with
minor changes with permission from reference [146]. https://doi.org/10.1021/acsami.1c09451 Copyright © 2021
American Chemical Society

Interestingly, as can be seen inFigure 34 b), while the monoclinic (-111) reflection remains
constantly at the corresponding reference line at ~28.3 ° in 2 , the (111) reflection of r-HfO2
shifts from ~ 30.2° to 30.9° in 2[ corresponding to a changein the lattice constant from 2.92 A
to 2.89 A and specifically 2.92 A for the sample with the most pronounced out of plane intensity
for r-HfO2 (#9).
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By reducing the oxidation conditions further, a second transition to a hexagonal hcp-HfO2.x
phase can be observed.

Figure 35 a) shows how the critical angle in X-ray reflectometry changes in dependence of the
oxidation conditions. As expected, less oxidizing conditions lead to an increase in the critical
angle which translated into a higher electron density as the heavy Hf ions are less and less
separated by light oxygen ions. An estimate on the XRR density is given irFigure 35 b) which
was extracted through refinement via RCRefSim software [93] The density of the most oxidized
sample is close to the bulk density of stoichiometric hafnia with 9.68 g/cm? as indexed by the
dotted line. [148] The change in density shows a gradual trend over ~ 10.54 g/cm3 for r-HfO,.«
(#9) touptoamaximum of 11.25 g/cm3for hcp-HfO.« (#13). Note that the density for metallic
hafnium is about 13.25 g/cm3. [149] Therefore, the observed (rather low) density of 11.25
g/cms3 for hcp-HfO. indicates a significant amount of oxygen interstitials.

Figure 35 c) shows the rocking curve measurements ofthe out of plane reflections from the

most isolated key structuresm-HfO, (#1), r-HfO.7 (# 9) and hcp-HfOo7 (#13). In all casesa
sharp reflection with full wi dth at half maxima (FWHM) values between 0.05° and 0.06° are
observed, showing highly oriented growth and low mosaicity. Further by looking at the 2 [ scans
in Figure 34 a), r-HfO17 (#9) and hcp-HfOo7 (#13) show Laue oscilations, which result from a

high coherence of parallel lattice planes indicating high crystalline quality.

Previously it was reported that growth of hafnium oxide at temperatures as high as 700 °C leads
to the formation of the monoclinic structure only [63], and low temperature growth result in the
amorphous thin films.[138] Therefore, it is notable that highly crystalline r-HfO,xcan be isolated
in a limited window of reduced oxidation conditions at 320 °C.
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Figure 35: a) Increasing critical anglein dependence of decreasing oxidation conditions b) corresponding XRR density
as extracted from RCRefSint) Rocking curve measurements of the most isolated key structureg+HfO2 (#1), -HfO1.7
(#9) and /AcpHfOo7 (#13). Reprinted with minor changes with permission from reference [146].
https://doi.org/10.1021/acsami.1c09451 Copyright © 2021 American Chemical Society
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In summary a series of hafnium oxidethin films under varying oxidation conditions was shown
and their transformation in crystalline structure and XRR density was discussed. The smooth
transition from one crystalline structure to another as apparent from Figure 34 reveals r-HfO, 7
(#9) and hcp-HfOo7 (#13) as the links in a transition from monoclinic hafniato purely metallic
hafnium. Further the smooth trend in XRR density confirms the gradual variation in oxygen
content.

4.1.2.|dentification of Rhombohedral Hafnium Oxide r-HfO2x

In order to identify second phase, which shows up in oxygen deficient hafnium oxide (directly
after the monoclinic structure) as discussed in chapter4.1.1 additional XRD measuremens have
been performed on sample #9 with the most prominent reflection around ~ 31° in 2 [ . For this
purpose, pole figure and in plane measurementshave been conducted which allow to analyze
additional reflections from highly oriented films. As shown in Figure 36 a), the out-of-plane
lattice constant fits several polymorphs like the cubic (Fm-3m), the tetragonal (P4./ nmc) or
orthorhombic 1 (Pbcg phase [38, 41, 47]

As discused in chapters1.5 & 1.7 these phases are well known high temperature (cubic &
tetragonal) and high pressure (orthorhombic I, orthorhombic 1) polymorphs of HfO ». However,
these phases are also regularly associated with oxygen deficient hafnium oxide structures as
they show similar features. [57, 138, 150] Although similar to the monoclinic phase, all those
structures appear  be of a higher symmetry and are strongly interrelated[47] , which impedes
the unambiguous identification of this subset of phases.[56-58]

To identify the phase in question, the epitaxial growth conditions offers two advantages. First,
due to the limited out of plane reflexes, it is easier to identify to most phase pure sample (see
chapter 4.1.1 ) and second it allows identifying reflections in dependence of the ¢ and the 3
angle (compare chapter 2.1.3) which enables an effective analysis of peak splitting even in the
presence of significant peak broadening. The verification of peak splitting is a conclusive
strategy to discern between cubic, tetragonal or orthorhombic structures with similar
dimensions.

Figure 36 a) shows the out plane reflection of the sample #9 together with exemplary patterns
of powder diffraction files of previously discussed hafnia polymorphs which match with the
reflection around 30.5 ° in 2f, namely with the cubic (PDF 04-011-9018), tetragonal (PDF 04-
011-8820) and orthorhombic (PDF 04-011-8819) phase (seeFigure 13; chapter 2.1.2). The
corresponding reflection matching the out of plane lattice constant are displayed in red with a
normalized intensity of 100%. The reflections displayed in blue around 34°-37° in 2 represent
the relevant lattice planes indicating the effect of peak splitting with only one (200) reflection
for the cubic phase with highest symmetry, two reflections (002) & (110) for tetragonal and
three prominent reflections (002), (200) & (040) for the orthorhombic | phase (with the lowest
symmetry of the three phases).

However, the reflections in Figure 36 a) which are displayed in blue do not appear in the out-
of-plane 2[ /5 scan and are only accessible at specifi€ and the 3 angles. Figure 36 b) lists all
reflexes (as indicated in blue in Figure 36 a) which are relevant for peak splittin g around 35.5°

in 2] with corresponding ¢ angles. Those angles have been calculated as angles between the
expected out of plane lattice parameter from each structure and the corresponding in plane
angle (compare chapter 2.1.3). As the out of plane parameter appears perpendicular to the
substrate, the angle directly translates into the geometrical ¢ angle. In addition to the 2f
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separation in peak splitting, this analysis also allows to identify the separation which is expected
in € which is also listed in the corresponding table in Figure 36 b).
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Figure 36: a) shows the J/5 scan of sample #9 in comparison with PDF references of known Hf@structures,
highlighting that the out of plane lattice parameter fits all corresponding structures. b) shows a list of lattice planes
relevant for phase identification around 35° in 2] as well as their expected separation in 2 and in €. c) shows the
pole figure measurement with peudo-sixfold symmetry at ~ 35.5 ° in 2[ and d), e) and f) confirm that the measured
reflection spots show no indications of peak splitting, therefore confirming that the reflections originate from a single
(002) lattice plane. As a consegence, the investigated phase corresponds most closely to the cubic reference. The
identification is usually further hindered by the effects of peak broadening in thin films as well as the presence of
different (usually monaoclinic) phase fractions. Asalre dy di s ¢ us s eNbveliSnuctuceb aHf@2« and ficp-
HFfO2-xbetween Hafnia and Hafniumd 4.1.1, the isolation of an intermediate oxygen deficient phase is only posible
in a limited window of growth conditions. Reprinted with permission from reference [146].
https://doi.org/10.1021/acsami.1c09451 Copyright © 2021 American Chemical Society.

In a first step to measure in plane reflections, pole figure measurements in the relevant range
from 31.0° to 36.5° in 2[ have been performedin 0.5° steps. As can be seen fronfigure 38 a)
& b) at ~ 70.5° in ¢ reflections show up around 31.0° to 31.5° in 2 which is expected for in
plane-oriented variants of the out of plane reflection (reflection indic ated in red in Figure 36
a). Note that the out of plane signal as shown in Figure 36 a) has a shoulder which stretches
over several degree in2[ . While initially it was bel ieved to be part of a surface oxidation effect
which is known to happen in deficient hafnium oxide [135] , the reproduced growth on TiN
discussed inchapter 4.3.1 (page 88) does not show such a feature. Further considering the TEM
results discussed in chapter4.1.6 which suggest continuous highly crystalline hafnium oxide
phases, this contribution can likely be assigned to an interface effect in partial areas of the
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sapphire/HfO . interface. The second set of thin film reflexes can be discerned irFigure 39 j &
k) at 35.5°to 36.0° in 2[ as roughly expected from reflexes indicated in blue (Figure 36a). Both,
Figure 38 a & b) as well asFigure 39 j & k) show the carresponding reflections in a pseudo-six
fold symmetry which results from the defined orientation of domains. The relation of domains
to the c-cut sapphire substrate becomes visible irFigure 39 j) where the three-fold (104) reflex
around 35° in ¢ appears 30° shifted in3 to the thin film reflections at ~ 55.0 °inC.
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Figure 37: a), b) and c) show the 2[ scans on the corresponding(111), (-111) and (002) reflections with reference to
the geometrical parameters ¢ and 3. a) & b) show the peak splitting between (111) and (-111) verifying the
rhombohedral nature of the phase. Note that the vertical lines, highlighting the peak maxima in a), b) and c) satisfy
the mathematical relation for a rhombohedral structure. d) and e) show the corresbonding pole figures for the (-
111) and (002) reflections. The pseudasixfold symmetry can be understood by the growth of multiple domains of
threefold symmetry (highlighted in black and white) which are offset by 60° in 3. Reprinted with permission from
reference [151]. https://doi.org/10.1021/acsaelm.2c01255 Copyright © 2023 American Chemical Society

To further investigate if the second set of reflexes originate from one or multiple lattice planes
(as for tetragonal or orthorhombic) or one lattice plane (for cubic) a series of 2 [ scans has been
performed in dependence of¢ and 3 around one diffraction spot from the pole figure as shown
in Figure 36c¢. In case of the tetragonal reference one would expect a separation of ~ 1° in 2
and also ~1°in €. In case of the orthorombic reference one would even expect a separation of
~ 2°in2[ andalso ~2°in € (compare Figure 36b). However as can be seen fronfigure 36 d-f)
the reflection shows no significant changes in peak position or shape over the whole range of
53° to 57° in ¢ and only a loss of overall intensity for measurements at 139°and 159° in 3.
Therefore, the corresponding reflection is verified to originate from one lattice plane, which is
(from the set of references) only true for the cubic case, which it best reassembles. As the
obtained results show strongest similarities with the cubic phase of hafnium oxide (c-HfO,)
which is known to form from stoichiometric hafnium oxide at high temperatures of 2800 °C and
higher (compare chapter 1.5) it was first designated low temperature phase of cubic hafnium
oxide (LTP c¢HfO17).[146] This distinction was drawn as the investigated phase is formed at
much lower temperatures (320 °C) and stabilized through oxygen vacancies, which is, amongst
other things, reflected in a special XPS fingerprint (further details are provided in the following
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chapter 4.1.3). While the investigated phase appears to be similar to its high temperature cubic
counterpart the measured (002) reflex (Figure 36 d) shows a slightly increased angle of 35.7°
instead of 35.46° which would be expected for an ideal cubic structure. Therefore, the structure
indicates a slight rhombohedral distorted cubic lattice, where the structure is elongated along
the [111] out of plane direction. This slight rhombohedral distortion was already discussed in
the publication, where the phase of LTP c¢HfO.; was first mentioned, but the exact
rhombohedral nature (r-HfO17) of this pseudocubic structure was described later[151] The
corresponding XRD measurements and conclusions are discussed below, while a further insides
provided by DFT calculations ae shown in chapter 4.2.2.

If the structure is elongated along the (111) plane (as compared to an ideal cubic structure), a
rhombohedral peak splitting of the (111) and ( -111) is expected. While the (111) latti ce plane
is assigned to the out of plane position of¢ = 0°, the (-111) direction is expected at ¢ ~ 70.5°
(from geometric considerations assuming an approximate cubic structure). To directly identify
the nature of peak splitting, 2[ scans of all (-111) reflection spots as shown in Figure 37 d)
have been measured. Additional2f measurements were also carried out on all (002) reflections
(see Figure 37 e) in order to obtain as complete a picture as possibleFigure 37 a-c) show the
2[ measurements on the (111), (-111) and (002) reflections with a corresponding reference
to the geometric angles¢ and 3. In the plots between Figure 37 a) and Figure 37 b), the peak
splitting between (111) and ( -111) becomes obvious and corresponds to a shift of ~ 0.25° in
2[ . The vertical lines as indexed in Figure 37 a-c) highlight the corresponding peak maxima
and satisfy the mathematical relation for a rhombohedral structure [88] :

p M QO aiQE ¢ Qam wéfi ANO
Q W p OWEl CEI

with | i [ 89.66°, confirming the rhombohedral nature of the phase. A slight
deviation of ~ 0.2° is found in the (-111) reflection at 3 = 330° which is likely a second
contribution overlaying the (-111) signal which is discussed in the supporting
information of the original publication. [151] The corresponding unit cell parameters
are listed in Table 4, highlighting the differences to a reference of stoichiometric cubic
hafnium oxide (PDF 04-011-9018) which is known to form at high temperatures.
Further information and discussion about this recently identified phase can be found in
chapters4.2.1 and 4.2.2 where DFT calculations show, amongst other things, that this
phase could exist as a thermodynamically stable bulk compound, andthat the space
group is likely of R3m symmetry.

Table 4: Crystal structure of -HfO17as extracted from the XRD measurements on sample #9 in comparison to the

cubic reference (¢HfO2; PDF 04011-9018). Note that the main differenc e is given by the elongation in [111], resulting
in | =r =r =89.66°.

Structure a=b=c 1=r=r Vol Plane d(A) 2[ (deg.) ¢ (deg.)
(A (deg.) (A3)
(111) 2.92 30.57 0
Cc-HfO> 5.06 90 129.55 (-111) 2.92 30.57 70.53
(002) 2.53 35.45 54.74
(111) 2.92 30.57 0
r-HfO1.7 5.03 89.66 122.54 (-111) 2.90 30.83 70.69

(002) 2.48 36.14 55.17
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Fgure 38: Pole figure measurementson sample #9 (-HfO17) from a) to f) at 2f values from 31.0° to 33.5° in 0.5°
steps. Displayedscans covelS =5 °to 80 °and 3 = 0°to 360 °.
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