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Abstract

Memory technologies are ubiquitous in our everyday life and the number of electronic devices
relying on them keeps increasing rapidly. In established memories such as static random-access
memory (SRAM), dynamic random-access memory (DRAM) and flash memory, further
downscaling of transistors has slowed down leading to deviations from Moore’s law. However,
this was so far considered a fundamental step towards ever increasing data storage, reduced
energy consumption and lowered fabrication cost for decades. Furthermore, new applications
such as image recognition or autonomous driving, which implement artificial neural networks,
represent a challenge for the classic computer architecture. These challenges are the driving
force for the development of new technologies such as emerging memories, including phase-
change-based resistive, redox-based resistive and ferroelectric memories. Those memory types
store information using different physical concepts than the established, mainly directly charge-
based technologies. One important concept can be summarized under the term “memristor” or
“memristive system”. It is based on a resistance change of a memory cell triggered by electric
stimuli, which is dependent on the history of the memory material.>» 2 The resistance in phase-
change memories relies on the reversible transition of a phase-change material such as
GeySb,Tes from an amorphous to a crystalline state. In contrast, the resistance in filamentary
redox-based systems dependents on ion-migration and the formation/control of a conductive
filament in a thin dielectric layer such as HfO,. This allows the achievement of at least two
distinguishable memory states, which are repeatably accessible by applying voltage/current
stimuli in a switching process. In ferroelectric memories, the data storage is based on the control
of the electric polarization of a ferroelectric material such as doped HfO,. Due to their good
scalability, non-volatility and fast as well as energy-efficient operation, these memories are
currently discussed as promising candidates to replace or complement established memory
concepts. Additionally, they have been demonstrated to show e.g., interesting synaptic-like
properties usable for neuromorphic applications and prospective artificial intelligence.*®

Furthermore, since the information storage principle of these emerging memory types is not
directly based on charges, they are promising candidates for utilization in radiation-harsh
environments, including e.g., aerospace applications. In general, all types of ionizing radiation
of natural or artificial origin are a threat for microelectronics, as they can affect the functionality
of electronic components.” 1° An extreme case is represented by high-energy heavy ions due to
their large ionization potential and high penetration depth. This type of radiation can induce
defects and phase transitions in materials relevant for memory technologies such as HfO,.!!
This could adversely affect the functionality of emerging memories.

Currently, all emerging memories are still in their infancy and not yet fully competitive with
established technologies, especially in relation to a detailed understanding of the working
principles of the memories, the fabrication of integrated circuits in complementary metal-oxide-
semiconductor (CMOS)-compatible processes and production costs. In order to unveil the full
potential of the emerging memories and to enable their use for different applications, a deeper
understanding of the material properties and the basic physical switching processes is required.
This also includes a better understanding of radiation-induced effects such as phase transitions
in the materials and related switching properties of emerging memories. In this regard, research
needs to be further advanced.




In this context, this work addresses relevant influences on the switching characteristics of three
selected emerging memory types, in particular HfO»-based resistive and ferroelectric memories
as well as Germanium-Antimony-Tellurium (Ge-Sb-Te)-based phase-change memories and
their response to heavy ion irradiation.

For studies on non-irradiated HfO,-based memristive devices, specific model systems consisting
of single metal-insulator-metal (MIM) capacitor stacks were prepared. This includes doping of
HfO, films with Zr to potentially induce ferroelectric properties in Hfo5Zro502-based memory,
which represent one of the most-promising candidates for ferroelectric memory applications.
Additional studies were designed to investigate the influence of Zr-doping, the choice of the
electrode materials and the oxide layer thickness on the resistive switching behavior of HfO--
based devices relevant for resistive memory applications (Pt/HfosZr0.502/Pt, Pt/HfO,/Pt and
Cu/HfO,/Pt). For the preparation of Zr-doped HfO, films, a growth routine was successfully
established. It includes a co-evaporation process of Hf and Zr in a reactive molecular beam
epitaxy setup allowing a precise control of the composition. The resistive switching studies have
revealed functioning devices with no significant influence of the Zr-doping. Furthermore, a
strong dependence of the choice of the electrode materials and the switching types on the
dominating switching mechanism was found in Pt/HfO./Pt and Cu/HfO,/Pt devices. While the
switching in Pt/HfO./Pt devices is based on a thermochemical mechanism, the obtained
switching in Cu/HfO./Pt devices yielding the best switching performance is based on an
electrochemical mechanism. As a reduction of the layer thicknesses of electronic components is
of huge interest, studying the related influences on the switching characteristics is essential. In
a specifically designed study, the switching mechanism in Cu/HfO./Pt devices under bipolar
resistive switching was found to be dependent on the oxide layer thickness. A qualitative model
based on a strongly Joule heating-assisted electrochemical mechanism was developed.

Furthermore, to investigate the impact of ionizing radiation in the electronic energy loss regime
on different memory materials, HfO,- and Ge-Sb-Te-based films containing different
compositions and phases/crystallinity, respectively, were exposed to high-energy Au ions. These
studies were conducted in close collaboration with project partners from CEA-Leti and LTM
CNRS (Grenoble, France) as well as from Fraunhofer IPMS CNT (Dresden, Germany).
Irradiation experiments were performed at the Helmholtzzentrum fiir Schwerionenforschung
(Darmstadt, Germany) in close collaboration with the materials research group of Prof. Dr.
C. Trautmann. By combining different characterization methods such as X-ray diffraction, X-ray
photoelectron spectroscopy and different scanning transmission electron microscopy
methodologies, an improved understanding of the basic mechanisms of the occurring phase
transitions was achieved. This was supported by a direct comparison of irradiated with as grown
HfO..« films of different stoichiometry and crystal structure. Those films were prepared using a
reactive molecular beam epitaxy setup, which allows a precise control of the oxygen content.
In monoclinic HfO; films, crystalline-to-crystalline phase transition based on induced oxygen
vacancies to a rhombohedral phase of hafnium oxide was observed. This phase transition was
found to be accompanied by a significant grain fragmentation at high fluences. In this context,
a pattern matching routine was developed in cooperation with the electron microscopy research
group of Prof. Dr. L. Molina-Luna for the analysis of a recorded, complex scanning precession
electron diffraction dataset. This allowed the investigation of the phase transition at high spacial
resolution.
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The irradiation of Zr- and Si-doped ferroelectric HfO, as well as in Ge,Sb,Tes (GST) and Ge-
rich GST (GGST) phase-change layers showed similar irradiation-induced phase transitions. In
ferroelectric HfO,-based layers, the transition from a polar to a non-polar phase occurred,
whereas the phase transitions found in Ge-Sb-Te-based layers were related to beam-induced
breaking and formation of chemical bonds. Structural characterization revealed that for all
tested memory materials the irradiation effects strongly depend on the initial crystallinity and
crystal structure as well as on the composition and microstructure of the layers. Moreover, the
occurring phase transitions could be directly correlated to switching properties obtained from
electrical measurements performed on memory devices. For oxide-based and phase-change
random access memories (OxXRAM and PCRAM), detrimental beam-induced effects on the
access transistors of the one transistor-one memory cell (1IT1R) arrays are found to be
dominating the failure mechanism at ion fluences exceeding 5x10'° ions/cm?2, while it is
indicated that the memory cells are radiation-hard as long as no phase transitions occur in the
layers. In ferroelectric capacitors, the induced phase transition from the polar orthorhombic to
a non-polar phase could even be reversed by electric field cycling after irradiation. Hence, all
tested memory types were found to be extremely radiation-resilient. It was shown that a
combination of different characterization techniques is needed to achieve a full understanding
on occurring structural and compositional changes and related electrical properties. This can
also be recommended as general guidelines for the characterization and interpretation of
complex irradiation-induced effects in emerging memories.

Overall, this work provides an improved understanding of resistive switching phenomena and
of basic mechanisms of irradiation effects in HfO,- and Ge-Sb-Te-based memories. This is
important since these emerging memories are promising candidates for future memory
applications replacing or supplementing existing memory technologies. In this context, this
work provides useful knowledge for the development of new strategies for the fabrication and
characterization of emerging memories.
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Zusammenfassung

Speichertechnologien sind in unserem Alltag allgegenwértig und die Anzahl elektronischer
Gerite, die darauf angewiesen sind, nimmt weiter zu. Hinzu kommt die Limitierung der bisher
einfach zu erzielenden Reduzierung der Strukturgrof3e von Transistoren sowie der Dicke der
verwendeten isolierenden Schicht in etablierten Speichern wie statischen (SRAM) und
dynamischen Direktzugriffsspeichern (DRAM) sowie Flash-Speichern. Eine Reduzierung der
Strukturgrofde wurde bisher als eine Art grundlegende Moglichkeit angesehen, auf recht
einfachem Weg immer groRere Datenspeicherung, einem immer weiter reduzierten
Energieverbrauch und niedrigere Herstellungskosten zu erzielen. Dariiber hinaus stellen neue
Anwendungen wie Bilderkennung oder autonomes Fahren eine Herausforderung fiir die
klassische Computerarchitektur dar. Diese Herausforderungen sind die treibende Kraft fiir die
Entwicklung neuer Technologien wie neuartige Speicher (emerging memories) in der Form von
phasenwechselbasierten resistiven, redoxbasierten resistiven und ferroelektrischen Speichern.
Diese Speichertypen speichern Informationen basierend auf anderen physikalischen Konzepten
als die etablierten, meist direkt ladungsbasierten Technologien. In sogenannten memristiven
Systemen oder auch Memristoren hdngt der gespeicherte Zustand der Speicherzelle, welcher
durch elektrische Stimuli gedndert werden kann von der Historie des Speichermaterials ab.! 2
Wihrend der Widerstand in Phasenwechselspeichern auf dem reversiblen Ubergang eines
Phasenwechselmaterials (wie z.B. Ge;Sb.Tes) von einem amorphen in einen kristallinen
Zustand beruht, ist der Widerstand in (filamentbasierten) redoxbasierten Systemen von der
Migration von Anionen bzw. Kationen und der Bildung/Kontrolle eines leitfadhigen Filaments in
einer diinnen dielektrischen Schicht (wie z.B. HfO,) abhéngig. Dadurch lassen sich mindestens
zwei unterscheidbare Speicherzustinde erreichen, die durch einen wiederholbaren
Umschaltvorgang zugénglich sind. Bei ferroelektrischen Speichern basiert die
Datenspeicherung auf der Steuerung der elektrischen Polarisation eines ferroelektrischen
Materials (z.B. dotiertes HfO,). Diese Speicher werden derzeit aufgrund ihrer guten
Skalierbarkeit, Nichtfliichtigkeit und ihres schnellen sowie energieeffizienten Betriebs als
vielversprechende Kandidaten gehandelt, welche etablierte Speicherkonzepte ersetzen oder
erganzen konnten. Dariiber hinaus wurde gezeigt, dass diese Speicherklassen z.B. interessante
synaptische Eigenschaften aufweisen, welche fiir neuromorphe Anwendungen und zukiinftige
kiinstliche Intelligenz verwendet werden konnten.>8

Da das Informationsspeicherprinzip dieser neuen Speichertypen nicht direkt auf Ladungen
basiert, sind sie aullerdem vielversprechende Kandidaten fiir die Nutzung als
strahlungsresistente Speicher. Dies konnten Anwendung in strahlungsintensiven Umgebungen
wie im Bereich der Luft- und Raumfahrt finden. Generell sind alle Arten ionisierender Strahlung
natiirlichen oder kiinstlichen Ursprungs eine Gefahr fiir die Mikroelektronik, da sie die
Funktionalitdt von elektrischen Bauteilen beeintrachtigen konnen.” 1° Einen Extremfall stellen
hierbei hochenergetische Schwerionen dar, welche sich durch ein hohes Ionisationspotential
und hohe Eindringtiefen in Materie auszeichnen. So wurde zum Beispiel von induzierten
Defekten und Phaseniibergéngen in HfO, berichtet!!, was die Funktionsfidhigkeit der neuartigen
Speicher negativ beeinflussen konnte.

Aktuell stecken alle neuen Speichertechnologien noch in den Kinderschuhen und sind noch
nicht vollstdndig konkurrenzfihig mit etablierten Technologien, insbesondere in Bezug auf ein
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detailliertes Verstindnis der Funktionsweise der neuartigen Speicher, der Herstellung in
komplementdren  Metall-Oxid-Halbleiter =~ (CMOS)-kompatiblen = Prozessen und der
Herstellungskosten. Um jedoch das volle Potenzial der neuartigen Speicher zu enthiillen und
diese fiir verschiedene Anwendungen nutzbar zu machen, ist ein tieferes Verstdndnis der
Materialeigenschaften sowie der grundlegenden physikalischen Schaltprozesse erforderlich.
Dazu gehort auch ein besseres Verstdndnis der strahlungsinduzierten Phaseniibergédnge in den
Materialien und der damit zusammenhingenden elektrischen Eigenschaften der neuartigen
Speicher. Diesbeziiglich muss die Forschung noch weiter vorangetrieben werden.

In dieser Arbeit wurden deshalb unterschiedliche Einfliisse auf das Schaltverhalten
verschiedener neuartiger Speichertechnologien, insbesondere HfO.-basierter resistiver und
ferroelektrischer Speicher sowie Germanium-Antimon-Tellur (Ge-Sb-Te)-basierter
Phasenwechselspeichern untersucht. Dabei wurden diese neuartigen Speicher auch mit
Schwerionen bestrahlt, um den Einfluss der ionisierenden Strahlung auf das Material- und
Schaltverhalten zu untersuchen.

Fiir Studien an unbestrahlten HfO.-basierten Bauteilen wurden spezifische Modellsysteme
hergestellt, die aus einzelnen Metall-Isolator-Metall (MIM)-Kondensatorstapeln bestehen. Dazu
gehort auch das Dotieren von HfO, Filmen mit Zr, um HfosZros02-basierte ferroelektrische
Stapel zu erzielen, die einen der vielversprechendsten Kandidaten fiir ferroelektrische
Speicheranwendungen darstellen. Weitere Studien wurden entwickelt, um den Einfluss der Zr-
Dotierung, der Wahl des Elektrodenmaterials sowie der Oxidschichtdicke auf das
Schaltverhalten von HfO,-basierten Zellen zu untersuchen (Pt/HfosZr0502/Pt, Pt/HfO,/Pt and
Cu/HfOy/Pt). Zur Herstellung Zr-dotierter Schichten wurde eine Wachstumsroutine erfolgreich
etabliert, bei dem eine simultane Verdampfung von Hf und Zr in einem
Molekularstrahlepitaxiesystem genutzt wurde, was die prazise Kontrolle der
Filmzusammensetzung erlaubt. Die Studien zum resistiven Schalten haben keinen signifikanten
Einfluss der Zr-Dotierung auf das Schaltverhalten der Memristoren gezeigt. Weiterhin wurde in
Versuchen an Pt/HfO./Pt und Cu/HfO./Pt Zellen gezeigt, dass die resistiven Schaltprozesse
eine starke Abhdngigkeit von der Wahl des Elektrodenmaterials sowie der Schaltarten haben
und dass diese den dominierenden Schaltmechanismus direkt beeinflussen. Wéahrend das
Schalten in Pt/HfO./Pt Zellen von einem thermochemischen Mechanismus dominiert wird,
basiert das resistive Schalten in Cu/HfO,/Pt Bauteilen, welches die besten Schalteigenschaften
aufwies, hauptsachlich auf einem elektrochemischen Mechanismus. Da eine zuséatzliche
Reduzierung der Dicke in elektrischen Bauteilen von grof3em Interesse ist, erweist sich eine
Untersuchung der damit verbundenen Einfliisse auf die Schalteigenschaften als unerlasslich. In
einer speziell angelegten Studie wurde festgestellt, dass der Schaltmechanismus in Cu/HfO,/Pt
Speicherzellen unter bipolarem Widerstandsschalten von der Oxidschichtdicke abhédngt. Zur
Erklarung dieses Verhaltens wurde ein qualitatives Modell basierend auf einem von Joulescher
Warme unterstiitzten elektrochemischen Mechanismus entwickelt.

Um den Einfluss ionisierender Strahlung auf verschiedene Speichermaterialien zu untersuchen,
wurden HfO,- und Ge-Sb-Te-basierten Filme mit unterschiedlichen Zusammensetzungen und
Kristallinitdten bzw. Kristallstrukturen hochenergetischen Au-lonen ausgesetzt. Diese Studien
wurden in enger Zusammenarbeit mit Projektpartnern von CEA-Leti und LTM CNRS (Grenoble,
Frankreich) sowie vom Fraunhofer IPMS CNT (Dresden, Deutschland) durchgefiihrt. Die




Bestrahlungsexperimente wurden am Helmholtzzentrum fiir Schwerionenforschung
(Darmstadt, Deutschland) durchgefiihrt. Dies geschah in enger Kooperation mit der
Materialforschungsgruppe von Prof. Dr. C. Trautmann. Durch die Kombination verschiedener
Charakterisierungsmethoden wie Rontgenbeugung, Rontgenphotoelektronenspektroskopie
und verschiedener Methoden der Rastertransmissionselektronenmikroskopie, konnte ein
verbessertes Verstdndnis der grundlegenden Mechanismen der auftretenden Phaseniibergdnge
erzielt werden. Unterstiitzt wurde dies durch den direkten Vergleich von bestrahlten mit
defizitdr gewachsenen (unbestrahlten) HfO...-Filmen unterschiedlicher Stochiometrie und
kristallinen Struktur. Diese Filme wurden unter Verwendung einer reaktiven Molekularstrahl-
Epitaxie-Anlage gewachsen, welche die prazise Steuerung des Sauerstoffgehalts ermoglicht. In
monoklinen HfO,-Filmen wurde ein Phaseniibergang (von kristallin zu kristallin) basierend auf
induzierten Sauerstoffvakanzen zu einer rhomboedrischen Phase von Hafniumoxid gefunden.
Es wurde festgestellt, dass dieser Phaseniibergang von einer deutlichen Kornfragmentierung bei
hohen Fluenzen begleitet wird. In diesem Zusammenhang wurde in Zusammenarbeit mit der
Elektronenmikroskopie-Forschungsgruppe von Prof. Dr. L. Molina-Luna eine spezielle Routine
zu Verarbeitung und Analyse (pattern matching) zur Analyse eines aufgenommenen,
komplexen Rasterprédzessionselektronenbeugungs-Datensatzes entwickelt. Dies erlaubte die
Untersuchung des Phaseniibergangs mit hoher rdumlicher Auflosung.

Die Bestrahlung von Zr- und Si-dotiertem ferroelektrischem HfO. sowie in Ge;SboTes (GST)
und Ge-reichen GST (GGST)-Phasenwechselschichten zeigten dhnliche strahlungsinduzierte
Phaseniibergédnge. Wéahrend in ferroelektrischen HfO»-basierten Schichten der aufgezeigte
Ubergang von einer polaren zu einer unpolaren Phase stattfand, konnten unterschiedliche
Phaseniibergédnge, die in Ge-Sb-Te-basierten Schichten gefunden wurden, mit strahlinduzierten
Briichen der chemischen Bindung sowie deren Bildung in Zusammenhang gebracht werden.
Die strukturellen Untersuchungen haben gezeigt, dass bei allen getesteten Speichermaterialien
die Bestrahlungseffekte stark von der anfianglichen Kristallinitdt bzw. Kristallstruktur, der
Zusammensetzung und der Mikrostruktur der Schichten abhdngen. Dariiber hinaus konnten die
auftretenden Phaseniibergénge direkt mit den Ergebnissen aus elektrischen Messungen an
Speicherbauteilen in Verbindung gebracht werden. Bei der Untersuchung der Oxid- sowie
Phasenwechselmaterial-basierten Direktzugriffsspeicher (OxRAM und PCRAM) wurde
festgestellt, dass strahlinduzierte Effekte auf die Zugriffstransistoren der 1T1R-Arrays den
Ausfallmechanismus bei Fluenzen iiber 5x10'° Ionen/cm2? dominieren, wobei sich die
neuartigen Speicherzellen als sehr strahlungshart herausgestellt haben, solange keine
Phaseniibergénge in den Schichten auftreten. In ferroelektrischen Kondensatoren konnte der
induzierte Phaseniibergang von einer polaren zu einer unpolaren Phase sogar durch Zyklieren
des elektrischen Feldes umgekehrt werden. Somit erwiesen sich alle getesteten Speichertypen
als auflerst strahlungsresistent. Es wurde gezeigt, dass eine Kombination verschiedener
Charakterisierungsmethoden zur Untersuchung der Kristallstruktur und
Materialzusammensetzung mit elektrischen Untersuchungen an Bauteilen erforderlich ist, um
ein umfassendes Verstindnis der auftretenden Anderungen zu erzielen. Dies kann auch als
Richtlinie fiir die Charakterisierung und Interpretation komplexer strahlungsinduzierter Effekte
in neuartigen nichtfliichtigen Speichern empfohlen werden.

Insgesamt liefert diese Arbeit ein verbessertes Verstdndnis der resistiven Schaltphdnomene und
der grundlegenden Mechanismen von Bestrahlungseffekten in den getesteten HfO,- und
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Ge-Sb-Te-basierten neuartigen Speichertypen. Dies ist wichtig, da diese Speichertechnologien
vielversprechende Kandidaten fiir zukiinftige Speicheranwendungen sind, die bestehende
Speichertechnologien ersetzen oder ergénzen konnen. In diesem Zusammenhang liefert diese
Arbeit niitzliches Wissen fiir die Entwicklung neuer Strategien zur Herstellung und
Charakterisierung neuartiger Speicher.
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List of Abbreviations

ACOM
ADF

Al

ALD

BE
BEOL
BF

BTO
BRS
CBRAM

CC
CIF
CMOS

CPU
CRS
DC
DD

DF
DFT
DRAM
Ec
ECM

EDX
EELS
FeFET
FIB
FPGA
FTJ
GGST
HRTEM

automated crystal orientation mapping
annular dark-field

artificial intelligence

atomic layer deposition

bottom electrode

back-end-of-line

bright-field

barium titanate

bipolar resistive switching
conductive-bridging random-access
memory

current compliance

crystallographic information file
complementary metal-oxide
semiconductor

central processing unit
complementary resistive switching
direct current

displacement damage

dark-field

density functional theory

dynamic random-access memory
coercive field

electrochemical metallization memory
(sometimes also: mechanism)
energy-dispersive X-ray spectroscopy
electron energy-loss spectroscopy
ferroelectric field-effect transistors
focused ion beam
field-programmable gate array
ferroelectric tunnel junction

Ge-rich GST

high-resolution transmission electron
microscopy

Ge-Sb-Te Germanium-antimony-tellurium

GST
hcp
HfO,
HRS
HSO
HZO
IBE
IoT
ICDD

LET
LRS
MBE
MCU
MIM

G€25b2T€5

hexagonal close-packed
hafnium oxide

high resistance state
hafnium-silicon-oxide (3 at% Si)
Hfo,le”o,st

ion beam etching

internet of things

International Center for Diffraction
Data

linear energy transfer

low resistance state

molecular beam epitaxy
microcontroller unit
metal-insulator-metal

MOSFET metal-oxide-semiconductor

MRAM
NBED
OTS
OxRAM

field-effect transistor

magnetic random-access memory
nanobeam electron diffraction
ovonic threshold switch
oxide-based random-access memory

PANBED position averaged nanobeam

PCM
PCRAM
PDF
PMU
PUND
P;

Ps

PVD
PZT
r,c,t,0

RAM
RF

RT
RHEED
RRAM
SCLC
SCM
SEE
SEGR
SEL
SEU
SHI
SMU
SPED

SRAM
SSD
(S)TEM

TAT
TCM

TE
TID
TiN
T™MO
TRIM
TRS
UHV
URS

VCM
VESTA

QCM
XPS
XRD
XRR
1S1R
1T1R

electron diffraction
phase-change memory
phase-change random-access memory
powder diffraction file

pulse measure unit
positive-up-negative-down
remanent polarization

saturation polarization

physical vapor deposition

lead zirconate titanate
rhombohedral, cubic, tetragonal,
orthorhombic structure, respectively
random-access memory

radio frequency

room temperature

reflection high-energy diffraction
resistive random-access memory
space-charge-limited conduction
storage-class memory

single event effects

single event gate ruptures

single event latchups

single event upset

swift heavy ions

source measure unit

scanning precession electron
diffraction

static random-access memory
solid-state drive

(scanning) transmission electron
microscopy

trap-assisted tunneling
thermochemical memory
(sometimes also: mechanism)
top electrode

total ionization dose

titanium nitride

transition metal oxide

transport of ions in matter
threshold resistive switching
ultra-high vacuum

unipolar resistive switching
ultraviolet

valence change memory
(sometimes also: mechanism)
Visualization for Electronic and
Structural Analysis
quartz-crystal-microbalance
X-ray photoelectron spectroscopy
X-ray diffraction

X-ray reflectivity

1 selector — 1 resistive memory cell
1 transistor — 1 resistive memory cell
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1 Introduction

In our current world, where living seems to be dependent on electronic devices more than ever,
the demand for memory technologies keeps increasing. In 2017, The Guardian published an
article phrasing that a “tsunami of data” is approaching'?, which can be seen as an appropriate
and quite impressive metaphor for the exponential increase in stored and transferred electronic
data occurring all around the world. This accounts for a significant proportion of the global
electricity consumption which becomes increasingly problematic.'® This trend is further driven
by additional potential and already partially available applications summarized under topics
such as “Internet of Things (IoT)”, “In-memory Computing”, and “Machine Learning” or
“Artificial Intelligence (AI).*” % 1> These applications represent additionally a challenge for the
classic von Neumann computer architecture. So far, a reduced energy consumption could be
obtained via downscaling of transistors following Moore’s law'® 7, however, this trend cannot
be continued indefinitely in established memory technologies. These challenges are a driving
force for the development of new memory technologies summarized under the term “emerging
memories”. Promising candidates are e.g., hafnium oxide (HfOy)-based resistive and
ferroelectric memories as well as germanium-antimony-tellurium (Ge-Sb-Te)-based phase-
change memories.

To introduce the underlying aspects in more detail, established memory concepts and
challenges are described in this chapter. Additionally, different emerging memory technologies
and potential applications are outlined.

1.1 Established memory technologies and challenges

Since many decades, computing is based on a concept suggested by John von Neumann'8, which
is adapted in nearly every computational application created until now. In the corresponding
computer architecture, computing is carried out in the central processing unit (CPU) and
processed data have to be moved from the CPU to the memory units and back. These steps can
consume up to 90 % of the overall required energy'® and computing time. The necessary
permanent data transfer is strongly limiting the performance of the overall system, especially
for large amount of transferred data. This limitation is called von Neumann bottleneck. A
schematic of the von Neumann architecture (working principle) is shown in Figure 1-1 (a) and
a representation of the von Neumann bottleneck in (b). The currently established memory
hierarchy of a computer can be schematically depicted as a pyramid (c).

On top the memory hierarchy pyramid, next to the CPU or processor core, flip-flop registers are
found, which are a fast accessible (below 1 ns) logic component and on-chip memory. It
interacts directly with the different levels of cache (summarized as one single cache for
simplification). This is usually a static random-access memory (SRAM) based on 6 transistor
cells (6T) with storage capacities in the Kbyte-range (KB) and access times in the ns-range.
Random-access memory (RAM) is a memory type used to store data, which is (as implicated by
its name) readable and changeable in any order and irrespective of the physical location of the
individual data. Below the SRAM in the memory hierarchy, the main memory is located (off-
chip), which is a dynamic random-access memory (DRAM) based on an access transistor (1T)
and a storage capacitor (1C) in 1T1C configuration. It has a smaller cell size and consequently
comparably larger storage capacities in the Gbyte-range (GB) than SRAM. However, both SRAM




and DRAM are volatile memory, where data can be stored only for a short time without
refreshing.
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Figure 1-1: (a) Schematic representation of the common von Neumann architecture. Blue arrows indicate the bus
connections, while the red path shows the immediate data flow. (b) Representation of the von Neumann bottleneck.
(c) Schematic of the currently established memory hierarchy. The width of the schematic pyramid indicates the storage
capacity of the different memory (on each level). Increasing property trends are represented by arrows. Created using
information from 716,19, 20,

In contrast, the additional local storage types (also named secondary and tertiary storage) for
long-term data purposes located at the bottom of the hierarchy are non-volatile memory, like
flash-based storages (solid-state drives (SSD)) or magnetic-based hard disk drives (HDD).
Those memories are comparably cheap per bit with high storage capacities in the TB-range. In
modern computers, SSDs are often used to replace magnetic drives for faster access, however,
the access times in the millisecond-range are comparably low when compared to SRAM
performance. SSDs are based on (mostly NAND) flash technology relying on a transistor
structure, where information is stored in memory cell arrays of floating-gate transistors. The
charges on the gate influence the charge carriers in the underlying channel between source and
drain and therefore the electrical conductivity of the transistor. Additionally, long-term storage
options such as magnetic tapes as well as (optical) compact discs (CDs) are still present on the
market. From top to bottom, the access time of the used memories increases (CPU < 1 ns, cache
1 — 10 ns, main memory 10 — 100 ns and ms-range for secondary and tertiary storage). The
difference between processor and memory speed results in a performance gap, which is referred
to as the memory gap or memory wall. This is a bandwidth bottleneck. A larger latency of the
information transfer occurs from top to bottom of the hierarchy, which is a result of the
increasing distance of the memories from the core(s). Additionally, the energy per transfer
increases from top to bottom, while the physical size and cost per bit decrease (increasing from
bottom to top). The approach of reducing device sizes and additionally aiming for
3D-integration has been considered a good solution. Especially, the commonly used concept of
further downscaling of transistors has been considered as the fundamental step towards ever
increasing data storage, reduced energy consumption and lowered fabrication cost for decades.
However, it became obvious that this path can no longer successfully be followed, which is
referred to as the end of Moore’s law'® 7 (number of transistors in an integrated circuit doubling
every two years) for the current complementary metal-oxide-semiconductor (CMOS)-based
technology. Additionally, 3D-integration leads to new challenges, like facing leakage-current




problems, dealing with new and even more complex lithography steps and therefore increasing
production cost.”> 161920

Thus, sticking to the von Neumann architecture concept seems to only limit the achievement of
the desired technology applications in demand. There are several alternative concepts proposed
which ultimately depend on the desired application and have specific advantages and
disadvantages. In this context, emerging memories can be introduced. These are a new kind of
memory class comprising different (mostly non-volatile) memory types such as phase-change
memory (PCM) or metal oxide resistive memory which are based on other concepts than the
established memories. Details will be introduced in the following chapters. Emerging memories
are often discussed as contenders to replace the established memories or additions for specific
applications next to established memories in a “race for future computing”!, selectively
addressing their respective limitations. To give an application example, emerging memories can
be used as a so-called storage-class memory (SCM), a kind of intermediate memory located
between the volatile working memory (DRAM) and the non-volatile (mostly NAND flash-based)
storage to surmount the memory gap. A commercially available example for a storage class
memory is the 32 GB Intel Optane 3D XPoint™.?2 The 3D XPoint™ technology was introduced
by Intel and Micron in 2015 and is a resistive memory based on phase-change. Furthermore, ST
Microelectronics is producing, selling but also further developing phase-change memory-based
microcontroller units (MCUs) for example for automotive applications on the market.?> 24
Microcontroller units can also be based on magnetic memory technology, where for example a
non-volatile MCU based on spin-transfer-torque magnetic random-access memory (STT-
MRAM) with ultra-low power consumption and high-speed operation is reported®. Traditional
ferroelectric memory-based systems, commonly based on perovskite materials as the memory
material are established and also available on the market. Those are provided for example by
Futjitu?®, Texas Instruments?’ and Infineon/Cypress Semiconductor?® 2°, However, these
memories are facing crucial scaling limitations. Further, technologies like metal oxide-based
resistive memory or hafnium oxide-based ferroelectric memory are partially available, as
developed by Panasonic®®, Weebit Nano in cooperation with CEA-Leti*" 3* and Ferroelectric
Memory GmbH?3, to name a few examples. However, further development is necessary as these
promising technologies are still in their infancy. Emerging memory technologies and potential
applications are discussed in the following section 1.2 and chapter 2.

1.2 Emerging memory technologies and potential applications

Emerging memory technologies consist of a multitude of different memory classes storing
information using different physical concepts than the established charge-based SRAM, DRAM
and flash technologies. A prominent class is called memristive systems which are based on the
memristor concept introduced by Leon Chua.’? A memristor is an electronic component that
can change its resistance by electric stimuli applied based on the history of the material. It can
retain memory even when no power is applied. In the last decades, various memory types
showing different memristive behavior have been introduced, such as magnetic, resistive and
ferroelectric memories. 7203436 A variety of different emerging memory technologies are under
investigation. An exemplary emerging memory classification is given in Figure 1-2.
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Figure 1-2: Emerging memory classification scheme including ferroelectric (red), magnetic (green) and phase change
memories (yellow) as well as redox-based resistive memories (blue) as memory types. While this displays an overview of
some important examples, a multiplicity of additional concepts exist which are here summarized as others (grey boxes).
Additionally, the operation principle among different memory types can overlap (e.g., ferroelectric tunneling junctions are
based on the resistance change but also using a ferroelectric layer). Created using information from 7.20.34,37,

Selected memories with memristive properties are introduced in the following paragraphs. A

schematic representation of the basic operation principles of FeRAM, MRAM, PCRAM and
redox-based RRAM is given in Figure 1-3.
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Figure 1-3: Schematic representation of switching mechanisms in FeRAM, MRAM, PCRAM and redox-based RRAM. (a)
Ferroelectric switching relies of dipole moments (remanent electric polarization) in a ferroelectric material switched by an
electric field. (b) In a magnetic tunnel junction (MTJ), the magnetization (direction) of a free layer can be switched by applying
a magnetic field, leading to either a parallel or an anti-parallel orientation. (c) In phase-change memories, a chalcogenide
material is switched between a crystalline and an amorphous phase by Joule heating induced by a current. (d) In redox-based
resistive memories (filamentary) which are based on the movement of ions, a conductive filament composed of oxygen
vacancies (oxygen-deficient/metal-rich region) or metal atoms is reversibly (re)formed and ruptured. Redrawn after38.
* Ferroelectrics are also dielectrics/insulators.

FeRAM

Ferroelectric random-access memories (FERAM or FRAM) are based on the storage of data by
controlling the electric polarization of a polar, ferroelectric material by an applied electric field.
This concept is known since the 1960s* and chips were mostly based on perovskite materials?®




showing high polarization values at low electric fields. Unfortunately, the downscaling of these
materials is very limited. This limitation seems to be overruled since the discovery of
ferroelectric properties in hafnium oxide-based thin films.*® In the last decade, the development
of ferroelectric memory cells therefore rapidly increased. In principle, there are three different
major concepts for ferroelectric memory which are ferroelectric tunnel junctions (FTJs),
ferroelectric capacitors (mostly in 1T1C configuration) and ferroelectric field-effect transistors
(FeFETs). The cell design of ferroelectric 1T1C stacks is similar to DRAM, while FeFETs, where
the ferroelectric material replaces the gate dielectric is comparable to flash technology cells.?

MRAM

The functionality of magnetic memory or magnetoresistive random-access memory (MRAM) is
based on the changeable resistance in dependence of the magnetization of magnetic materials.
Since the demonstration of the tunneling magnetoresistance (TMR) effect in the 1990s, the
technology has strongly advanced. The currently most-promising memory candidates using this
effect are spin-transfer torque magnetic random-access memory (STT-MRAM) and spin-orbit
torque magnetic random-access memory (SOT-MRAM), which are controlled by a spin-
polarized current applied. Dependent on the magnetization of the layers, two different
magnetoresistance states can be achieved. Due to the advanced development, short write times
and high endurance, MRAM might be the most promising emerging memory candidate for the
usage in application as cache. However, especially the complexity of the devices and the
corresponding extensive preparation steps as well as the comparatively larger size are
disadvantages of this technology.>®

RRAM

Resistive random-access memory (RRAM or also ReRAM) covers multiple technologies that are
based on a change of the electrical resistance which would in principle also cover some
magnetoresistive or ferroelectric and other applications. However, the term is often used to
describe oxide-based random-access memory (OxRAM), conductive-bridging random-access
memory (CBRAM) and phase-change random-access memory (PCRAM, also abbreviated as
PCM). PCRAM is often considered as the most-mature technology among the emerging memory
types. The switching is based on the reversible transition of a chalcogenide phase-change
material (e.g., a compound of the probably most-prominent and mostly-used Ge-Sb-Te-based
material system like Ge,Sb,Tes (GST) or Ge-rich GST (GGST)) from an amorphous to a
crystalline state and back. The crystalline phase has a lower resistivity than the amorphous
phase. The switching process is induced by Joule heating and mostly controlled by current.?* 34

In contrast to PCRAM, OxRAM and CBRAM are redox-based memories. For OxXRAM, an oxide
dielectric material is used as the switching layer, while CBRAM can be based on different
materials such as chalcogenides or also oxides. The switching is based on a process of ion
migration where redox reactions occur, in which the resistivity of the device composed of the
dielectric material sandwiched between two electrically conductive electrodes (called bottom
and top electrode) is changed. The redox process only affects a small volume of the dielectric
material. Filamentary RRAM relies on the reversible formation and rupturing of a conductive
filament under the application of an external electric field/current, leading to two - for digital
memory - distinctive resistance states, the high resistance state (HRS) and the low resistance




state (LRS). The underlying mechanisms can be divided into “valence change mechanism”,
“thermochemical memory mechanism“ and “electrochemical metallization mechanism”,
leading to Valence Change Memory (VCM), Thermochemical Memory (TCM) and
Electrochemical Metallization Memory (ECM), respectively. The conductive filament can be
composed of an oxygen defect-rich or metal ion-rich region (VCM) or metal atoms (ECM) within
the dielectric connecting both electrodes. Therefore, VCM is also called OxRAM, while ECM is
also called CBRAM. To control the resistance states and overall device conductivity and to
decrease sneak path currents, mostly an access transistor (1T) is used in combination with the
RRAM cell (1R) in 1T1R configuration. The usage of a diode (1D) in 1D1R configuration or of
a selector (1S) in 1S1R configuration is also possible.3* 3”41 More details, specifically addressing
hafnium oxide-based ferroelectric and resistive memories as well as Ge-Sb-Te-based
phase-change memories are given in chapter 2.

As an overview, a comparison of selected characteristic parameters such as the write and read
time of different emerging memory types is given in Table 1-1. It should be noted that this is
only a rough overview of some relevant parameters to introduce the topic.

Table 1-1: Characteristic parameters of SRAM, DRAM, Flash, FeRAM & FeFET, MRAM, PCRAM and redox-based RRAM, given
as examples. Information from 47,20.41-46_ * farrgelectric memory including perovskite- and hafnium oxide-based memories;

** DRAM in ms-range; *** redox-based resistive random-access memory, with best properties mainly from VCM; **** more
potential applications are discussed in the text. F is the feature size of the technology node.

parameter/memory | SRAM | DRAM Flash FeRAM MRAM PCRAM red.-based

NOR\NAND (FeFET- RRAM ***
based)*

non-volatility no no yes yes yes yes yes

cell elements 6T 1T1C 1T 1TIC (1T) 1(2)T1R 1T1R or 1IDIR

cell size 140F2 6F2 6F2\4F2 6F2 6-30F2 4F2 4F2

read/write time <0.3ns | <10ns | 0.1 us\100 us/ 10 ns <10 ns 10-60 ns/ <10 ns -

10 1s\0.1 ms (100 ns) 50-120 ns 100 ns

endurance cycles >10'° >10'° 10%-10° 10%5 (10°%) >10% 107-10%° 10°6-10!?

retention (years) volatile memory** >10 >10 >10 >10 >10

energy per bit fJ pJ pJnJ 50 fJ (1 1)) 2pJ 10 pJ 10-50 pJ

access

application cache main storage storage**** | storage**** | storage**** | storage****

memory

The given parameters reveal that all memories have at least one outstanding property giving an
advantage over other technologies. Especially the properties of the emerging memories show
their suitability for new memory concepts.

As an example, oxide-based resistive memories (e.g., based on hafnium oxide - HfOy, titanium
oxide - TiOx or tantalum oxide - TaOx) are promising for emerging memory applications due to
their complementary-metal-oxide-semiconductor (CMOS)-compatibility and possible
implementation in established back-end-of-line (BEOL) and front-end-of-line (FEOL) processes
as well as in 3D-arrays, their small cell sizes (4F?), good scalability below 10 nm, non-volatility,
low operation voltages of below 3 V, possible low write and read times below 10 ns-range and
at the same time low energy consumption.* 3> 47 48 Therefore, RRAM is a good candidate for
application as main memory and used to replace DRAM with no limitations due to refreshing
or rewriting after destructive readout. Additionally, multibit-storage is achievable and
interesting synaptic-like properties observed in VCM devices can further expand the application
possibilities to neuromorphics. Current drawbacks are especially the high device-to-device and
intra-device variability as well as the high fabrication cost compared to established memories.




However, the presence of different emerging memory types with promising properties opens
the possibility for a variety of potential applications, like the so-called storage-class memory or
in-memory computing. These and other applications will now be introduced shortly:

Storage-class memory (SCM)

SCM is a memory class that can be seen as a link between main memory and secondary memory
and could, therefore, replace DRAM (and flash memory) to close the memory gap. The
advantages of this new class are its non-volatility, combined with fast operation and a large
storage capacity, produced at low cost per bit. This can lead to a reduced latency. A lower
amount of data needs to be transferred between DRAM and secondary memory, which results
in fast operation that is so far limited by the comparably large access times of flash. Due to these
mentioned requirements, SCM can be based on memristive devices such as RRAM, with PCRAM
representing the most-mature technology at the current state.?> 4°

In-memory or near-memory computing

Another approach to surmount the von Neumann bottleneck is the usage of in-memory
computing or near-memory computing (also called in-/near-memory processing), by moving
away from the von Neumann architecture and bringing memory closer to the logic. This can
further have a positive impact on other computing systems, where a high bandwidth is required
for a proper functionality (databases; 5G/6G and terahertz switches). In-memory computing
has the advantage of a large reduction of computing time and energy. Again, resistive memories
are promising candidates for such applications. On the way towards in-memory computing,
near-memory computing concepts are considered being promising approaches to achieve these
goals. Overall, it seems important to bring memory closer to the logic.* 7> 14 30

Embedded memory

In the last decades, especially downscaling and a reduction of the required space for electronic
components has been revealed as helpful to for example improve the performance of
microcontrollers. An increased number of different memory classes can be implemented on one
single chip (like microprocessor and memory circuits) which can be an advantage not only for
microcontrollers in general, but especially for applications that require small device sizes such
as smart phones and other portable devices. So far, this is achieved with SRAM and DRAM. In
this context, emerging memory can not only represent an opportunity for a non-von Neumann
computing concept, but also help to create smaller and possibly simpler and easier
manufacturable electronics. As an example, an embedded phase-change material-based
memory was introduced for the 28 nm FD-SOI technology by STMicroelectronics. A further
reduction of the dimensions as well as an increase of performance could be achieved in 3D-
integration.*7- 23 41

Universal memory

Similar considerations are valid for universal memory approaches which are considered as a
solution to overcome the memory wall. A universal memory can be defined as a memory with
the performance of SRAM or DRAM but with non-volatile behavior like flash and being as cheap
as possible (probably comparable to NOR flash). It would be designed to execute logic operation
including the main memory as well as permanent storage parts all in one. As resistive memory




has been shown to successfully execute logic operations®, it is considered as a potential
candidate. Characteristics like the possibility of multibit storage are of great interest as well.
Additionally, MRAM has been presented as a promising candidate to replace SRAM?°. Overall,
a commonly accepted prototypical concept is not yet introduced.

The approach to build working universal memory can also include a 3D-integration of devices,
used to further shrink the memory and achieve a larger storage capacity. As conventional 3D
approaches still suffer from leakage current and sneak path problems of half-selected cells,
replacements of the access transistors by selectors in the array are considered. In a possible
1S1R configuration, similar device stackings based on the very same active layers (e.g., HfOx or
GST) could in principle be used, potentially simplifying the manufacturing of the very complex
3D-structures.”> 4152 53

Neuromorphic applications and artificial intelligence

The ultimate goal of neuromorphic computing is to perfectly mimic the behavior of a human
brain. Thus, human neurons and connecting synapses need to be built from electronic
components and are required to communicate properly. A functioning neural network could be
used to replace and exceed human brain power in performing extensive computing tasks.
Currently, available electronic building blocks are used to create, train, study and improve
artificial neural networks for deep and machine learning. Those are used for example for image
or speech recognition.> >> Additionally, an enormous effort is made in the field of autonomous
driving.®® 57 However, when compared to the human brain, speed and energy consumption of
artificial neural networks are extensive. It seems to be a dream of humanity to achieve an overall
perfect human-like artificial intelligence (AI) but maintaining energy efficiency along the way
is a monumental task. Concepts for new hardware based on emerging memories are quite
promising, especially due to the achievable analog switching as well as synaptic-like behavior
observed in e.g., OXRAM>® >°, FeRAM®° and PCRAM®!. This could lead to the creation of
authentic artificial synapses and plasticity characteristics with the required potentiation and
depression being achieved by changes of the device resistance or polarization.®

Radiation-resistant memory

Radiation-resistant or radiation-hard memories are important for applications in radiation-
harsh environments such aerospace or nuclear power plant environments. As the mechanism of
most of the established memories is based on charges, they are found to be prone to radiation-
induced failures, where already single particles can induce crucial failures of electrical devices.”
10, 62 Emerging memories with not directly charge-dependent mechanisms, like RRAM® or
FeRAM®, are therefore proven to be more resistant to radiation. Hence, companies like ST
Microelectronics are targeting the aerospace market with resistive memory-based circuits.®
This topic will be further discussed in chapter 3. Specifically, induced changes of the
crystallinity or crystal structure of the memory materials and the influence of different types of
radiation on devices on the macroscopic but also on the atomic scale are still not fully
understood and will be therefore addressed.




Additional possibilities

There are additional possibilities for further applications, like the general usage of memory for
persistent storage (or stand-alone mass storage). This storage is an any kind of non-volatile data
storage designed to permanently store data without the need of a permanent power supply or
refresh. Furthermore, the mentioned possible volatility of memory devices and their often
occurring high variability can be used as an advantage to improve applications like random
number generation®® for cryptography, statistical sampling, computer simulations or gambling?*,
among others.

The large number of memory concepts and scenarios for potential applications, including
possible solutions for the addressed limitations like the memory wall or energy consumption
have revealed that current efforts on shifting computing away from von Neumann architecture
towards memristor-based approaches are still gaining traction. Especially emerging memory
types as presented (see also chapter 2) are very promising candidates. Other potential emerging
memory classes based on organic or inorganic materials fall outside the scope of this work
(examples listed in Table 1-1, like organic-based®” or Mott-transition-based®® memory).

Besides the single usage of emerging memory, additional interesting approaches like combining
different concepts even enlarge the repertory. As an example, field-programmable gate arrays
(FPGAs) can be combined with RRAM devices based on Al/N-doped AlOx/Al%° or Cu/polymer
solid electrolyte/Ru’®. FPGAs are integrated circuits that are configurable at the hardware level
after manufacturing by utilizing a hardware description language. With this, a quite efficient
computing can be obtained and a large number of circuits can be implemented
application-specifically. By using FPGAs and connecting them to non-volatile memory cells, an
even more efficient (space and energy saving) computing is possible.%% 70

The arising question of “Which memory or which concept might win the race?” is still open,
while it does not seem realistic that all daily-used computers will be quickly replaced completely
by any new technology. A possibly more appropriate way to describe future trends could be
given in phrasing an additional question like: “Which memory is an appropriate and affordable
candidate for which particular application?” Overall, the fast-developing research field reveals
a great potential for a multitude of very interesting applications. The vast number of available
concepts and their fitness for applications is widely discussed in literature® # 7> 14 41,49, 71,

1.3 Scope of the work and thesis structure

In the given context of established and potential future memory technologies and applications,
it is obvious that the memory types such as OxRAM, CBRAM, FeRAM and PCRAM are subject
to many different influences on their switching behavior. Currently, all emerging memories are
still in their infancy and not yet fully competitive with established technologies. In order to
unveil the full potential of these memories and to enable their use for different applications, a
deeper understanding of the material properties and the basic physical switching processes is
required.

Therefore, the first part of this work (results and discussion part - chapter 5) is designed to
address several of these influences observed on specifically designed HfOx-based resistive
switching model systems. In such systems, the description of the switching characteristics is
simplified/limited to a lower number of physical effects and the underlying mechanisms can be
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provided. These studies are focusing on the different switching mechanisms in resistive
switching devices based on stoichiometric HfO, and the different switching types such as
unipolar and bipolar resistive switching, which are dependent on the choice of the electrodes,
but also influenced by the oxide layer thickness or dopants such as Zr.

In the second part of this work (results and discussion part - chapter 6), heavy ion irradiation-
induced effects on material characteristics such as the crystallinity and crystal structure as well
as electric properties are investigated. The objective is to better understand the high-energy
heavy ion irradiation-induced phase transitions in stoichiometric and oxygen-deficient HfOx,
(doped) ferroelectric HfO, as well as in Ge-Sb-Te-based films. Investigations of such phase
changes are scarce or yet missing. However, the phase transitions can be directly connected to
changes of the electrical properties of oxide-based, ferroelectric and phase-change memories,
where microstructural changes including material composition on the induced macroscopic
properties are of interest. The overall study is designed to provide an improved understanding
of the basic mechanisms of irradiation effects in emerging memory materials and memories.
This can be useful for the development of new strategies for radiation-hard memories for
applications in radiation-harsh environments.

Overall, this work is structured as follows:

Details on filamentary-based resistive and ferroelectric switching in hafnium oxide-based
memory as well as the switching in chalcogenide-based phase-change memory are discussed in
chapter 2. In chapter 3, radiation effects with a focus on swift heavy ion irradiation and
induced phase transitions in HfOx and GST as well as induced changes in emerging memories
are introduced. Relevant methods and used growth and characterization techniques are
described in chapter 4.

In chapter 5, first mixing of ZrO» and HfO- is established utilizing a reactive molecular beam
epitaxy setup. Those films in combination with TiN electrodes are investigated regarding
potential ferroelectric properties and additionally characterized with regards to their resistive
switching properties using Pt electrodes. These stacks are also compared to stacks containing
non-doped HfO, with Pt electrodes. An additional stud with HfO,-containing stacks with
different top electrodes (Pt versus Cu) is presented, where the influence of the electrode on the
resisistive switching behaviour is described. Finally, the behavior of ECM devices containing a
Cu electrode and HfO, switching layers of different thickness is investigated.

In chapter 6, heavy ion irradiation-induced changes in HfOy films are investigated with an
emphasis on induced phase transitions. Additionally, the observed phase changes are connected
to electrical property changes of OxXRAM (1T1R arrays — consisting of an access transistor and
a HfO,-based VCM cell). This procedure is then repeated for doped ferroelectric HfO.-based
materials and capacitor stacks (1C) as well as for GST-based PCRAM (1T1R) containing
switching layers with different dopants. Both studies have an additional focus on the initial
composition of the layers. The work is summarized in chapter 7 and an outlook is provided.
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2 Fundamentals on emerging memory materials and memory functionality

This work focuses on three different non-volatile emerging memories: Oxide-based resistive
memories using hafnium oxide as the resistive switching layer, hafnium oxide-based
ferroelectric capacitors and Ge-Sb-Te-based phase-change memories. Thus, the following
chapter serves as an overview of fundamentals on the memory materials and the functionality
of the corresponding emerging memories that are relevant for the understanding of the
scientific results presented and discussed later in this work.

As a large part of this work concentrates on HfOx-based resistive memory, the corresponding
fundamentals are introduced in more detail, including different possible switching mechanisms
and switching modes, which are both dependent on the choice of the materials used as
electrodes and dielectric layers. An additional introduction is given to HfOx-based ferroelectric
memory. Furthermore, phase-change memory- as well as electrochemical metallization
memory-based selector functionalities and selector applications are introduced.

Note that the expression “device” is used to describe a stack of layers consisting of a bottom
electrode (BE) layer, an oxide or chalcogenide layer and at least one top electrode (TE) layer
that can be contacted for electrical characterization. The notation of “Cu/HfO,/Pt” refers to a
Cu TE stacked on a HfO; layer on top of a Pt BE.

2.1 Oxide-based resistive switching memories

As described in chapter 1.2, redox-based memories rely on the migration of ions in a dielectric
material and at the interface region to the electrode(s). In general, resistive switching in oxide-
based memory can be divided into non-filamentary and filamentary RRAM. Non-filamentary
switching is based on interfacial effects between the dielectric and the electrode(s) where
accumulated charged particles lead to a changed barrier for charge carrier introduction into the
dielectric, resulting in an increased conductivity (reduced resistivity). This conductivity is device
area-dependent, as the whole device area takes part in the switching process. In contrast,
filamentary RRAM relies on the formation and rupture of a conductive filament, connecting or
not (fully) connecting both electrodes through the dielectric. It is considered a localized
switching, which is independent of the device area but dependent on the area of the conductive
filament region.

This work focuses on filamentary resistive switching in VCM/OxRAM and ECM/CBRAM. These
memories are composed of a (high-k) dielectric material like HfOx sandwiched between
electrically conducting bottom and top electrodes in a metal-insulator-metal (MIM) structure
building a capacitor. The dielectric is used as an electrically insulating layer in the pristine state,
when no voltage is applied. A reversible soft dielectric breakdown can be achieved in the
dielectric, therefore also called switching layer, by applying a forming voltage (electric field).
In this electroforming process, a conductive filament is established in the dielectric which can
result in a stable low resistance state (LRS) of the device afterwards. This state represents the
“on state” or the logic “1”. In a subsequent reset process when a voltage is again applied, this
conductive filament can be ruptured and partially dissolved which results in the high resistance
state (HRS). This state represents the “off state” or the logic “0”. A filament can be re-
established, reconnecting both electrodes through the conductive path in a subsequent set
process which results again in the LRS of the device (compare Figure 1-3 as introduced in
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chapter 1 and Figure 2-1 in section 2.1.2). Set and reset are repeatable. This basic switching
process leads to two distinct, stable resistance states for digital memory applications. To prevent
a hard breakdown of the dielectric (leading to a permanent LRS of the device) during formation
or set in real devices, a measurement system-internal current compliance (cc) or an access
transistor in 1T1R configuration can be used which limits the overall flowing current.” 37> 47 72
The dielectric and electrode materials used for oxide-based resistive memory and their influence
on the switching will be discussed in the following in more detail.

2.1.1 Dielectrics and electrodes

A dielectric is an electrical insulator, therefore only very small currents can run through it. If
an electric field is applied, a displacement of local charges leads to a polarization and as a result
an internal electric field of the opposite direction to the applied field generated. A characteristic
value herby is the dielectric displacement D, which is proportional to the applied electric field

E and dependent on a factor called permittivity € (see equation (1)).
D = €E withe = gg¢, €Y)

D represents the density of the electric field lines within the dielectric, while ¢ is a measure for
how easy these lines can penetrate the material. € is composed of the vacuum permittivity &o
and a material characteristic relative permittivity .. ¢ is also called dielectric constant,
traditionally abbreviated with a k or k, which leads to the expression “high-k dielectric” for
dielectrics with a high relative permittivity.”> 74

High-k dielectrics are used for example in capacitors or transistors. Intense investigations were
performed on the common CMOS-compatible SiOx or HfOy, especially for the usage as improved
transistor gate dielectrics to mainly reduce the oxide layer thickness.” 74 For resistive switching
devices, specifically transition metal oxides such as HfO,”> 76, TiOx’7, VOx’8, TaOx’* 8, Y20, 81,
Zr0,%2, but also e.g., SrTiO«® and SiO:®* are used. In general, resistive switching was found in
a multitude of different materials, including non-oxide ceramics such as SiNy®, organic
materials®’, and GeSe,®®, serving as the switching layers. As it is relevant to this work, the usage
of hafnium oxide as the dielectric layer is further described in section 2.1.5.

Typical electrode materials for industrial applications are titanium nitride (TiN) or for example
a combination of TiN and Ti (TiN/Ti), but in principle also other conductive materials such as
metals (Pt, Au, Cu, Ag, Ni, W, indium tin oxide, etc.) are usable to create MIM structures for
resistive switching devices.

Titanium nitride (TiN) is a ceramic material with a high electrical conductivity (single crystal
films resistivity of about 13 uQcm?®), a density of 5.22 g/cm3® at normal conditions. It
crystallizes in the cubic crystal structure (space group Fm3m, a=~4.24 A, reference:
International Centre for Diffraction Data (ICDD)® number 00-038-1420). In contrast to other
nitrides, TiN is quite inert in chemical reactions. In electrical devices, TiN is found as an
electrode (work function about 4.6 eV®) in field-effect transistors due to its CMOS-
compatibility. In resistive switching devices, TiN is often described as a chemically inert
electrode, however, the formation of TiOxNy when being in contact with an oxide was reported.
Therefore, TiN can take up oxygen and function as an oxygen reservoir during switching.8 9
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Platinum (Pt) is a highly electrically conducting (9.7x10° A/Vm or S/m) cubic (Fm3m,
a=~3,92 A, ICDD 00-004-0802) transition metal with a density of 21.46 g/cm3, work function
of about 5.7 — 6.35 eV.?! In resistive switching devices, Pt is usually considered as a chemically
inert electrode, however, it has been shown that Pt can take up oxygen in its structure and can
actively contribute to the switching process®. Unfortunately, Pt is not considered as a CMOS-
compatible metal. This is a consequence of the noble metal character of Pt with a high resistance
against most acids besides aqua regia. Therefore, common lithography routines based on wet
etching processes for example with hydrofluoric acid cannot be applied for structuring.”® The
lithography problem can be solved by utilizing e.g., aqua regia for wet or a plasma-based ion
beam etching process for dry etching. However, this requires a much larger effort.

Copper (Cu) and silver (Ag) represent two additional electrode materials with interesting
properties for resistive switching. They are both transition metals with a density of
8.92 g/cm3 and 10.49 g/cms3, crystallizing in the cubic structure (Fm3m; a = 3.62 A, ICDD 00-
004-0836 and a = 4.09 A, ICDD 00-004-0783, respectively). The work functions of Cu and Ag
are about 4.44 eV and 4.3 eV, respectively. Due to their high electrical conductivities (about
58x10°S/m and 62x10° S/m), they can be used as electrical contacts, wires and electrodes.
The huge interest for resistive memory applications stems from the switching properties of
devices due to the high mobility of Cu and Ag ions, which not only allows the metallic
conductive filament formation in liquids, but also in solids (oxides).3”> 9496

2.1.2 Switching mechanisms (VCM, TCM, ECM)

As mentioned in chapter 1.2, switching in Valence Change Memory (VCM), Thermochemical
Memory (TCM) and Electrochemical Metallization Memory (ECM) can be based on different
mechanisms, which is determined by the dominating physicochemical process occurring. This
is dependent on the device stacking and hence on the choice of the electrode. As visualized in
Figure 2-1, all three mechanisms can be found in HfOx-based memory.

(a) VCM (b) TCM (c) ECM

Pt - Pt -
HfO, HfO, HfO,
TiN i Pt wr Pt :
(d) oxygen vacancies ® Cu atoms
pristine bipolar resistive switching
Pt - Pt ; saf Pt &
orming <
HfOz e Hf02 Hf02
TiN S =< IR

Figure 2-1: Schematic representation of device stackings with an oxygen vacancy filament (bright blue) and a Cu filament
(orange) and related changes during forming, reset and subsequent set on the example of bipolar resistive switching in a VCM
Pt/HfO,/TiN device. (a) A Pt/HfO,/TiN stack with oxygen vacancy filament formed when a negative voltage is applied to the
top electrode. This process is dominated by a valence change mechanism (for bipolar resistive switching), thus called VCM.
(b) A Pt/HfO,/Pt stack, where oxygen vacancy filament formation and rupturing is dominated by a thermochemical
mechanism, thus called TCM. (c) A Cu conductive filament in a Cu/HfO,/Pt ECM device. The process is dominated by an
electrochemical mechanism. (d) Starting from a pristine state of the insulating HfO; layer, a forming step is required where
an oxygen vacancy filament is stabilized in VCM. This filament can be ruptured in a reset process and (re-)stabilized in a
subsequent set. In real devices, the filament in 3D is considered to have a diameter in the tenth of nanometer-range.””
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In Valence Change Memory (VCM), the occurring mechanism is called Valence Change
Mechanism. It relies on the change of the valence state in the cation sublattice of parts of the
switching layer in a redox reaction. The conductive filament is often described to consist of
(agglomerated) oxygen vacancies (see Figure 2-1 (a)). It can be therefore also described as a
metal-rich conductive region or path (remaining metal ions on regular lattice sites) connecting
both electrodes in the LRS. As visualized in Figure 2-1 (d), the set process relies on the oxidation
of the metal oxide, in which oxygen ions (the anionic species of the layer) are leaving the arising
conductive filament region. In the reset process, resulting in the HRS, a partial reoxidation takes
place where oxygen ions partially refill oxygen vacancies. The electrodes used for VCM are often
TiN or a combination of Ti and TiN (for one of the electrodes) but also a chemically inert
electrode with a high work function as for example Pt combined with a less inert counter
electrode with a lower work function such as TiN can be used. Oxygen ions can be incorporated
into the structure of the TiN electrode during forming and set process, functioning as an oxygen
reservoir for the subsequent reset process®’. The rupturing of the conductive filament is
therefore believed to take place in close vicinity of the electrode interface. The overall
mechanism in VCM is dominated by the electric field, which is also causing the movement of
the oxygen ions in the dielectric.> 36 37- %8

For more inert electrodes such as Pt used for both electrodes (see Figure 2-1 (b)), the overall
switching is dominated by thermal processes as large Joule heat occurs in the dielectric when a
current is passing through a localized region of the dielectric switching layer. This results in a
mechanism triggered by strong Soret forces (ionic movement along a temperature gradient)
and/or Fick diffusion (movement along a concentration gradient). These memories are called
Thermochemical Memory (TCM). The mechanism is called Thermochemical Mechanism. It is
believed that the rupturing of the conductive oxygen vacancy filament in TCM occurs less likely
directly at the interface between the dielectric and an electrode, but is more likely located closer
to the center of the filament. However, as usually a mixture of different processes and
underlying forces is likely, a very complex overall mechanism can occur. The true nature of the
filament is still subject to further investigations.®”

In Electrochemical Metallization Memory (ECM), metal ions like Cu or Ag are moving
through the dielectric (see Figure 2-1 (c)), forming a metal conductive filament. Electrical
devices are also named programmable metallization cells (PMC). Devices usually consist of a
so-called active electrode (e.g. Cu or Ag) and an inert electrode (e.g., Pt, W or Pd), however,
the usage of two active electrodes is also possible. The underlying mechanism is called
Electrochemical Metallization Mechanism. In the switching process, electrode material of the
active electrode is ionized (oxidation). Driven by the electric field, the mobile Ag or Cu ions
(cations) move towards the counter electrode (ohmic electrode), where a Cu or Ag conductive
filament is formed and growing towards the active electrode (reduction/nucleation of a metal
filament). If both electrodes are connected by the metal conductive filament building a
conductive bridge, the device is in the LRS. A full or partial dissolution (rupturing) of the
filament is achieved by applying a reversed bias, which leads to the HRS. 37-190-103 This reset can
be based on a mixture of electric field and heat influences, often being reported to be dominated
by Joule heat.!% 10419 Interestingly, a mixed filament also called hybrid filament composed of
oxygen vacancies and metal atoms can be found in memristive devices!'%. This could be favored
by the use of a less inert electrode than Pt, such as TiN.
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2.1.3 Switching modes (URS, BRS, CRS, TRS)

Several different switching modes can be differentiated in resistive switching devices, typically
named wunipolar resistive switching (URS), bipolar resistive switching (BRS),
complementary resistive switching (CRS) and threshold resistive switching (TRS).
Dependent on the set and reset polarity in BRS, figure-eightwise (f8) and counter figure-
eightwise (cf8) switching can be distinguished.” 197 Schematic representations of these
switching modes are shown in Figure 2-2. A mixture of c¢f8 and f8 in BRS is also achievable e.g.,
in oxygen-deficient hafnium oxide” (not shown). In contrast to these schematics, the I-V curves
presented in the results and discussion part of this work are always plotted using the absolute
value of the current to ensure a better overview.

In URS (Figure 2-2 (a)), forming/set and reset can be induced by the same bias voltage polarity,
which is mostly the case in devices with two inert electrodes and a symmetric stacking using
the same bottom and electrode material (e.g., Pt). If the switching is the same in both polarities,
it is called non-polar switching. For BRS (b) & (c), set and reset are induced by the opposite
bias voltage polarity. For the different polarities, this leads to c8 and cf8 BRS, respectively. Both
modes are dominated by the applied electric field, which is mostly the case in VCM and ECM
devices. For CRS (d), the reset occurs in the same polarity as the preceding set, but in contrast
to URS in only one voltage sweep (by further increasing the voltage). CRS can be for example
achieved by creating a series connection of oppositely oriented c8 and cf8 BRS devices, as

demonstrated using VCM devices.% 19

In contrast to the behavior of BRS and CRS, the switching in devices showing URS and TRS (e)
is dominated by temperature and can therefore be obtained in TCM.3”> 11% 111 Similar to CRS,
the LRS in TRS is not stable without an applied electric field. Here, the actual reset to the HRS
occurs when lowering the voltage after the device was set to the LRS. As a consequence, devices
showing these two modes cannot be used as non-volatile memory, but instead as
switches/selectors. Interestingly, TCM can be also found in typical ECM devices.!!* 113

(@) ® ©
URS BRS \Vreset

reset
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Figure 2-2: Schematic representation of current-voltage (I-V) curves for (a) unipolar resistive switching — URS, (b) f8-bipolar
resistive switching (BRS f8), (c) cf8-bipolar resistive switching (BRS cf8), (d) complementary resistive switching (CRS) and (e)
threshold resistive switching (TRS). The set starting from the HRS is given in blue, while the reset starting from the LRS is given
in red. cc marks the current compliance. Drawn with information from?73 107,
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The exact behavior depends on the choice of the electrodes with a tendency towards the usage
of one active and one inert electrode (ECM) or of two inert electrodes (TCM). Additional
information on threshold switching in memristive devices is given in chapter 2.4. It should be
noted, that this description represents a simplification and model description. In real devices,
mixtures of different modes are likely. As an example, all switching modes were found in
Pt/HfOy/TiN devices”>, which could be directly connected to the oxygen content of the
switching layer and voltage polarity used for switching.

2.1.4 Conduction mechanisms

In oxide-based RRAM, different conduction mechanisms can be found on which the electron
transport and resulting measurable current is based. One group of mechanisms is dependent on
the phenomena occurring at the interface between the electrode(s) and the dielectric
(electrode-limited conduction mechanisms) like the interface potential barrier height, while
another group relies on the properties of the dielectric material (bulk-limited conduction
mechanisms) like the carrier drift mobility, trap level/trap spacing/trap density as well as the
density of states. Electrode-limited conduction mechanisms include (1) Schottky emission, (2)
Fowler-Nordheim tunneling and (3) direct tunneling, while bulk-limited conduction
mechanisms can be divided into (a) Poole-Frenkel emission; (b) ohmic conduction; (c) space-
charge-limited conduction (SCLC); (d) ionic conduction; (e) hopping conduction and (f) trap-
assisted tunneling (TAT). A short description is given in the following. Further details on
conduction mechanisms of VCM are summarized in a review paper by E. W. Lim and
R. Ismail'**. This publication also includes the relevant expressions of the current density as
well as the field- and temperature-dependencies in mathematical formulae.

(1) Schottky emission: Schottky emission occurs when electrons can pass over the energy

barrier into the conduction band of the oxide dielectric. It is therefore dependent on the
barrier height. Schottky emission can be found e.g., in Pt/Y>0s/TiN devices.!!>
(2) Fowler-Nordheim tunneling and (3) direct tunneling: These effects describe tunneling

through the dielectric layer. Fowler-Nordheim tunneling is more likely in thicker films,
while direct tunneling is found in thinner films with a thickness below 3 nm.
(a) Poole-Frenkel emission: Trapped electrons can be thermally excited into the conduction

band when the Coulomb potential barrier is lowered by the influence of the applied
electric field. Poole-Frenkel emission can be found e.g., in HfO; films in a Pt/HfO,/TiN
stack configuration.!1®

(b) Ohmic conduction: A small number of mobile electrons can be thermally excited in large

band gap oxides. The corresponding current density Jonmic iS proportional to the applied
electric field E, which can be described using equation (2).

_(EC_E )
Johmic = 0E = quN E * exp [TTF] 2

with the electrical conductivity o, the electron mobility u, the effective density of states
of the conduction band N¢, the conduction band (minimum) energy level Ec and the
Fermi energy level Er. T represents the temperature, while kg is the Boltzmann constant.
Ohmic conduction is represented by a linear behavior with typically a slope close to 1 in
a log(current) versus log(voltage) plot. It is often found for processes occurring at an
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oxide/Pt-interface like in Pt/TiO./Pt devices for both the HRS and LRS''” and in
Pt/Y,03/TiN devices in the LRS'™>.

(c) Space-charge-limited-conduction (SCLC): SCLC is characterized by an injection of
electrons from the cathode into the oxide layer. A space-charge is created which is
limiting the current flow in the dielectric by an occurring recombination of injected
electrons and ions of the dielectric. SCLC can consist of different parts: an ohmic-like
part at low electric field (Johmic X E), a power-law dependent part at higher fields
(Jscc x E™), and a subsequent steep increase (current jump). Dependent on the filling
of the trap states, the conduction occurring can be either trap-free/trap-unfilled SCLC
or trap-filled SCLC (Jscic o< E™ with m = 2). Jscic « E™ with m > 2 represents the trap-
filled limit, which is reached at a certain electric field. The occurrence of the individual
parts depends on the traps in the insulating dielectric. Conduction in an insulator
without traps only relies on the ohmic-like and the trap-free SCLC part. In contrast,
charges are filling the trap states in dielectric with traps until a limit is reached. SCLC
can be found in different ECM device stackings with inert and active electrodes, like
Cu/HfO,/Pt!!® and Ag/LaosSrosCo0s/Pt'?? in both the HRS and LRS.

(d) Ionic conduction: The movement of ions through a solid driven by the electric field leads
to an ionic current.

(e) Hopping conduction: Hopping conduction includes nearest neighbor hopping and
variable-range hopping of charge-carriers via trap sites.

(f) Trap-assisted tunneling: Trap-assisted tunneling (TAT) is a multistep tunneling process,
requiring traps relying on defects in an oxide layer, where electrons are located. This
mechanism is also found in Pt/HfO./TiN devices'%.

In ECM devices based on oxides, similar mechanisms as described for VCM are present.
Cu/HfO,/Pt devices often rely on trap-limited and trap-assisted SCLC, hopping conduction as
well as ohmic conduction. The probability for SCLC seems to be increased for electrodes that
are highly charge carrier injective,!!# 115 118,121,122

2.1.5 Hafnium oxide and parameters influencing resistive switching in HfOx-based devices

In this section, hafnium oxide (HfOy) is introduced as it is a very promising material for the
usage as a resistive switching layer. Resistive switching relies on the electrical properties of the
HfOy layer, which is dependent on its crystal structure and degree of crystallinity. Additionally,
other parameters have a direct impact on the switching behavior of HfOx-based memory devices.
Unfortunately, these parameters are interconnected and affecting each other. The most
important ones for switching in VCM, TCM and ECM are described in the following and
exemplary correlations are discussed.

Crystal structures of HfO,: Hafnium oxide (HfOx), also called hafnia, is an insulating dielectric
ceramic and a transition metal oxide (TMO) with a melting point of about 2760 °C. At normal
conditions, stoichiometric hafnium oxide (HfO.) is a microcrystalline powder present in the
energetically most-favorable monoclinic phase (m-HfO,, space group P2:i/c; a=~5.12 A;
b=5.17 A; ¢=5.29 A, a=y=90°, B ~ 99.25°) 123124 The density is 9.68 g/cm? 2>, Its bandgap
(5.5-6.0eV) and permittivity (16 — 25) made thin film HfO. highly interesting for high-k
dielectric applications and for resistive switching memories.

17



With increasing temperature, stoichiometric HfO, was found to be polymorphous appearing in
different crystalline structures such as the high-temperature tetragonal (t-HfO., space group
P4,/nmc; a=b=3.58 A, ¢=5.20A, a=B=y=90°)!%° or cubic (c-HfO,, space group
Fm3m; a=b=c~= 5.06 A, a=B=y=90°)'%¢ phase. Additionally, high-pressure orthorhombic
phases (0-HfO-, ol and oIl - space groups Pbca and Pnma, respectively) are known in powders.
These are non-polar phases. However, the observation of ferroelectric properties in hafnium
oxide thin films*® lead to the finding of a polar orthorhombic phase (0-HfO,, olll - Pca2.).
Recently, additional rhombohedral phases were found in ferroelectric doped hafnium oxide
films (R3 or R3m)'?” and in highly oxygen-deficient undoped HfOx films (R3m)!8.
Representative unit cells of exemplary crystal structures are schematically shown in Figure 2-3.
Parameters of the most discussed structures in this work are listed in Table 2-1.
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Figure 2-3: Exemplary crystal structures of the polymorphous hafnium oxide with Hf ions in gold (larger) and O ions in red
(smaller). (a) monoclinic HfO,, space group P2:/c, (b) tetragonal HfO, — P4,/nmc, (c) orthorhombic HfO, — Pbca, (d)
orthorhombic HfO, — Pnma, (e) orthorhombic HfO, — Pca2; (ferroelectric, mostly doped HfO,), (f) cubic HfO, Fm3m, (g)
oxygen-deficient rhombohedral HfO;15 — R3m. Created using VESTA2, with information from ICDD PDFs (P2:/c, P4,/nmc,
Pbca, Pnma, Fm-3m) and density functional theory (DFT) calculations (Pca2; 130131, R3m128),

These structures are all closely related to each other (group/subgroup relationship). All
structures can be derived from the fluorite-type structure of the cubic HfO, with space group
Fm3m. Their lattice parameters are also very similar. However, a small change of the lattice
already leads to different properties like dielectric properties of the non-polar cubic phase
(Fm3m) or electrically conducting films of r-HfO1.s (R3m) or ferroelectric behavior in the polar
(Pca2,) phase. Additionally, small changes of the lattice parameters for the same space group
are possible. The distinction of these phases using X-ray diffraction will be discussed in
chapter 4.5.1. More details on the ferroelectric phase and related properties are given in
chapter 2.2. It becomes evident that the crystal structure of the polymorphous HfOx plays an
important role for the properties of hafnium oxide-based applications.”* Additionally, several
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other parameters have a direct impact on the switching behavior of HfOx-based memory devices,
which is discussed in the following.
Table 2-1: Space group and lattice parameters of relevant structures. Information from Powder Diffraction Files (PDF) from

the International Center for Diffraction Data (ICDD) database (P21/c, P4,/nmc, Pbca, Pnma, Fm3m) and density functional
theory (DFT) calculations (Pca2;13% 131, R3m (r-HfO,5)128). Additionally, experimental (exp.) values for r-HfO, 7 are given. 128

structure space group lattice parameters

m-HfO, P2./c a~5.12A;b~517A;c~529A4;
(monoclinic) a=vy=90°p~99.25°

t-HfO- P4,/nmc a=b=3.584A,c~5.20A4;
(tetragonal) a=B=vy=90°

0-HfO» (ol) Pbca a~10.02A;b=5.23 A; c=5.06 A;
(orthorhombic) a=B=vy=90°

0-HfO, (olD) Pnma a~ 555A;b~3.30A;c~6.48A;
(orthorhombic) |a =B =y =90°

0-HfO, (fe - olll) | Pca2, a~5.27 A;b~=5.05A;c~508A;
(orthorhombic) a=p=vy=90°

c-HfO, Fm3m a=b=c=506A4;
(cubic) a=B=vy=90°

r-HfO;5 (DFT) R3m a=b=c~4.97A;a=8=y~89.37°

r-HfO1.7 (exp.) (thombohedral) |a=b=c¢=~5.03A;a=p =y=~89.56°

Next to the crystal structure, also the degree of crystallinity of the dielectric material itself has
a direct influence on the resistive switching properties of RRAM devices. HfO- thin film growth
at BEOL-compatible 300°C leads to the formation of the
thermodynamically stable monoclinic phase, while room temperature growth or slightly

temperatures e.g., at

increased temperature (up to about 200 °C) leads to amorphous or poorly crystalline layers.
Those are preferred for application of HfO, as a gate dielectric due to the simple preparation
and a low thermal budget for CMOS-processing, resulting in a high uniformity and surface
smoothness of the layer. However, for resistive switching, devices based on amorphous HfO,
require a forming step with large forming voltages, which stresses the device. This can possibly
result in unwanted hard breakdowns, in an uncontrollable redistribution of ions or even in a
localized crystallization of the dielectric. The process is often subject to a large variability. This
is undesired for a well-controllable device programming. An alternative is to use monoclinic
HfO, films, however in highly stoichiometric switching layers another disadvantage is seen in
the abrupt switching characteristics (large current jumps) occurring during resistive switching.

Influencing the switching in HfO.-containing VCM:

A lowering of the forming voltage in HfOx-based devices might be achieved in three different
ways: (1) a reduction of the oxide layer thickness, (2) the usage of oxygen scavenging layers or
(3) by defect engineering to reduce the breakdown strength. This can also result in lower
variabilities and consequently a better control of the switching behavior of the memory devices.
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(1) A reduction of the switching layer thickness leads to a reduction of the forming voltage, as

the critical electric field required for a successful electroforming is in thinner films already
achieved at lower voltages.!3?

(2) Scavenging layers with a high oxygen affinity (e.g., Ti between HfO, and TiN) introduce

oxygen vacancies in the oxide layer, thus leading to a slightly oxygen-deficient HfOy film.
At the interface between the scavenging and the oxide layer, an oxygen reservoir is created,
leading to a reduced breakdown strength in the switching process. Unfortunately, the
precise control of the overall stoichiometry or the location of the conductive filament
remains challenging. Interfaces can play an important role, as an increased electrode
roughness can support the dielectric breakdown due to locally increased electric fields and
local heat. Conductive filaments likely form in regions of increased interface roughness or
oxygen defect agglomeration.!% 133

(3) Defect engineering can be achieved in different ways such as (a) by grain boundary

engineering, (b) by oxygen-engineering or (c) by impurity doping of the switching layer.

(a) Intentional grain boundary engineering can allow the achievement of forming-free
switching, where forming and set voltages are in the same range. Instead of an
amorphous HfO, film acting as the switching layer, the usage of the stable monoclinic
HfO- phase is possible, which can be obtained by increasing the growth temperature or
including a post-deposition annealing step for a layer crystallization. For high-k
dielectrics, grain boundaries were identified as leakage paths, where electrical
breakdowns are likely to occur.”® 13+13¢ However, in a polycrystalline structure of the
resistive switching layer with grain boundaries connecting both electrodes through the
dielectric, the conductive filament can potentially be formed along such grain
boundaries, which act as preferential sites for oxygen defect agglomeration.”® 37

(b) The usage of uniform substoichiometric/oxygen-deficient switching layers is possible,
as for stable switching in VCM devices oxygen vacancies and oxygen ion diffusion are
necessary. This concept requires a precise control of the oxygen content. One approach
is the direct growth of homogeneous substoichiometric switching layers, which can be
achieved for example by using electron-beam evaporation of Hf and a precise oxidation
utilizing an oxygen plasma in a reactive molecular beam epitaxy (MBE) deposition
system.”> 132 138,139 Another approach is based on the usage ion bombardment, where
oxygen vacancies are created in the oxide layer.'*® A potentially defect-based impact
was even reported for HfOx-based devices exposed to high-energy heavy ions.'*!

The usage of oxygen-deficient switching layers can lead to a reduced intra- and device-
to-device variability, mainly due to the reduction of the forming and operation voltages,
down to almost completely forming-free devices®® 1%, On a local scale, this property is
a consequence of the eliminated necessity of creating new oxygen vacancies in a forming
step but rather just redistributing already existing oxygen ions/vacancies. In principle,
also a material such as Y>0s with an intrinsically oxygen defect-rich structure®®- 811> can
be considered as a good alternative to HfOx. A defect-engineering of these point defects
can be used to create oxygen-deficient devices that show a gradual switching behavior
and an enhanced accessibility of quantized conductance states (quantum conductance
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unit Go = 2e2/h = 12.9 kQ!, with e being the elementary charge and h the Planck
constant).>

Furthermore, the oxygen content of the layer is directly linked to the crystal structures
observed, which has an impact on the electrical properties of the layers and resistive
switching behavior of devices. During the search for the conductive filament in hafnium
oxide, already several possible phases were proposed, including an amorphous phase
and crystalline suboxide phases like Hf,0s3, HfsO and metallic Hf.#>1%* Recently, it was
shown that the precise control of the oxygen content of HfO films in a broad range can
be utilized to achieve rhombohedral hafnium oxide'?® (as shown in Figure 2-3 and Table
2-1) with p-type semiconducting properties.'*> This phase (R3m) can be seen as a
slightly distorted cubic phase, where four oxygen ions are missing in the unit cell (for
HfO.5). Therefore, this phase was first assigned to be a low-temperature cubic hafnium
oxide phase (LTP c-HfOy) with a rhombohedral distortion'* (space group: distorted
Fm3m close to the structure given in ICDD 04-011-9018). This substoichiometric phase
was grown at room temperature by decreasing the oxidation conditions during growth
(when compared to the growth of stoichiometric HfO- films), thus stabilizing an oxygen
vacancy-stabilized structure. A further decrease of the oxygen content in the HfOy layer
lead to a stabilization of an oxygen-rich hexagonal phase (hcp-HfOo.7, hexagonal close
packed). Both phases are of interest as potential candidates for the conductive filament
in VCM. With decreasing oxygen content, the insulating HfOx becomes electrically more
conductive, which is a result of a modified electronic structure. This was already
indicated in a previous work, where the surface oxidation (creation of a passivation
layer) of substoichiometric hafnium oxide was found and related to the switching
properties.!** These reports show that changes of the oxygen content and resulting
structural changes can potentially lead to drastic property changes of the films.

(c) Layer doping was intensively studied to improve high-k dielectric materials® 73, but is
also important for quite easily engineering the properties of resistive switching layers.
This is a consequence of an increased number of oxygen vacancies introduced into the
layers for charge neutralization. A few examples for a modification of the switching
properties by doping in HfOx-based devices can be given: For Gd-doped HfO., improved
uniformity of the resistance states and on/off ratio was found, which was attributed to
a suppressed randomness of the conductive filament formation and a reduced oxygen
ion migration barrier achieved.*® Mixing of HfO, with ZrO, to achieve Hf, sZros02-based
RRAM devices, resulted in stable BRS and URS. Doping HfO. with 9 at% of Zr
additionally lead to an increase of the on/off ratio, lower operation voltages required
and overall in a more uniform switching behavior when compared to pure HfO-based
devices. 147150

Doping is also directly linked to the crystal structure of the oxide layers, where e.g., a
cubic and a tetragonal phase of HfOx can be stabilized by La- and Ta- doping,
respectively.!>>> 152 Additionally, doping of the hafnium oxide layers with various
elements (such as Zr, Si, Y, La) supports the creation of the already mentioned polar
(ferroelectric) orthorhombic*® or also a ferroelectric rhombohedral phase
(Hfo.5Z1r0502)'?7, but with a special preparation required (see next chapter 2.2).
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Influencing the switching in HfOx-containing TCM: For TCM, the same parameters discussed
for VCM are relevant (oxide layer thickness, oxygen scavenging layers and defect engineering).
Additionally, the already mentioned electrode choice plays a role. The usage of Pt top and
bottom electrode as inert electrodes strongly promotes the formation and rupturing of an
oxygen vacancy filament dominated by thermal effects. In literature, stable BRS and URS was
found e.g., in Pt/HfO./Pt devices with similar operation voltages regardless of the voltage
polarity. The switching is therefore called non-polar switching. On one hand, the switching in
HfOy-based TCM devices is described as being fast (e.g., < 10 ns) with a high off/on ratio
(e.g., > 10°), but on the other hand characterized by a low endurance and high non-uniformity.
This is seen by a high device-to-device but especially a high (intra-device) cycle-to-cycle
variability. % 110 111, 153-156 Qyerall, different mechanisms for filament formation and rupturing
at Pt/oxide interfaces or in the center of the oxide layer are discussed, leading to quite complex
and sometimes contradicting situations obtained for URS versus BRS in one and the same device
(configuration). For BRS, a mixture of valence change and thermochemical mechanism can be
present. A better control of the switching process(es), like discussed for VCM is also relevant
for TCM.

So far, TCM are less reliable as “good” RRAM devices when compared to VCM. A “good“ RRAM
device is considered having a low variability, showing low operation voltages and a forming-
free behavior. At the same time, a sufficiently high memory window (LRS to HRS resistance
ratio), a high endurance (number of I-V cycles where this memory window is maintained and
two distinctive memory states are readable) and a large data retention (long-term storage
capability) should be achieved. Large leakage currents or in other words unwanted current
flows should be avoided. *°

Influencing the switching in HfOx-containing ECM: Similar considerations are also valid for
hafnium oxide-based ECM with some additional important parameters that need to be
considered. First, the conductive filament formation and its dissolution are dependent on the
cation movement (ion transport dependent on cation mobility) and redox processes involved,
which can be the rate-limiting processes. Additionally, a nucleation step is necessary for the
formation of the conductive filament. Overall, nucleation and growth seem to be directly
dependent on the cation mobility, while the filament shape and cation supply rely on the redox
process rates. The formation of metal cations on defect formation energies, which are reported
to be dependent on the oxide material used as a switching layer and on its crystal structure®®’.
In orthorhombic HfO, for example, a slightly reduced defect formation energy of Ag interstitials
is expected theoretically.

For the migration of metal cations, a high ionic conductivity of the dielectric serving as an
electrolyte is required. This is a prerequisite for functional ECM, otherwise more likely being a
TCM or VCM. Thus, attempts using different chalcogenide materials have been reported in the
past (e.g., in Ag/GeSex/W?¢). However, ECM can be achieved with the very same CMOS-
compatible dielectric materials used for VCM such as SiOx!%* and HfO4'%. In different devices
with a Ag or Cu electrode such as Ag/HfO,/Pt and Cu/HfO,/Pt or also Cu/Ta»0s/Pt, switching
characteristics as well as important redox reactions are discussed. For ECM devices with a Cu
top electrode, stable BRS with positive forming/set and negative reset was found.”® 103-105 158-
161 Different switching properties further depend on the thickness of the individual layers. For
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Cu/HfO./Pt devices with varied oxide layer thicknesses, increased forming voltages with
increasing HfO, film thickness were found!®® 162, which is similar to VCM. However, in contrast
to VCM devices, ECM devices are usually characterized by showing lower operation voltages.
This can lead to a lower overall power consumption of devices, which is a promising
characteristic for real applications as memory. Unfortunately, ECM is often showing a high
nonlinearity of the switching, or in other words large current jumps in the set and reset and a
high on/off ratio. This can result in a lower endurance when compared to VCM due to the
increased stress inflicted to the devices (causing additional heat, etc.).

An improved ionic conductivity or supporting effects can be obtained by additional doping of
the electrolyte material, which is often done by introducing the same mobile metal ions used
for the already existing active electrode. With this, the ion path length through the solid oxide
for each ion might be reduced and additionally created point-defects can support the required
ionic conductivity of the dielectric.”® 157 163165 This can support the formation of controlled
conduction paths in the dielectric and can further lead to an improvement or a modification of
the switching performance, including multilevel resistive switching. Also, the relevant effect of
moisture on the switching behavior is described in literature.'®® Combinations and interactions
with the described oxygen vacancies as well as grain boundaries are also likely. Additionally, a

formation of hybrid filaments is possible, as mentioned earlier in this chapter.

As an additional and very interesting property of ECM devices, threshold resistive switching
(compare section 2.1.3) can be obtained, which opens the possibility for applications as
selectors. Selectors are switches that are conducting (open) if an applied voltage exceeds a
threshold voltage, but insulating (closed) if no voltage is applied.!!> 113 167. 168 n this case, a
high nonlinearity of the switching obtained in ECM, which is accompanied by a highly
conducting LRS, is an advantage. In the LRS, a highly-conducting device is obtained, while the
HRS is as least conductive as possible. The presence of TRS in ECM devices shows that the
dominating mechanism is not only dependent on the choice of the electrodes but also on the
voltage polarity and additional factors (e.g. heat). Thermal effects can be also dominating the
switching process in ECM stacks in URS mode, which makes them a TCM. The TCM can thus
be both cation- and anion-based. More details on threshold switching in memristive devices are
provided in chapter 2.4.

The given examples reveal the complex nature of HfOx and the multitude of influencing
parameters relevant for different oxide-based resistive memories. The nature of many of these
influences is not yet fully understood. This opens the possibility for further fundamental studies.

2.2 Hafnium oxide-based ferroelectric memory

Ferroelectricity was discovered in the 1920’s in Rochelle salts.!'®® Until now, many more
ferroelectric materials have been found. A prerequisite for ferroelectricity is the presence of a
non-centrosymmetric crystal structure (polar space group) and non-metallic bonding
(electrically insulating material), leading to the formation of a polar axis. Therefore,
ferroelectrics possess at least two (meta)stable states of different spontaneous polarization,
switchable by applying an electric field. This polarization is a temperature-dependent non-zero
stable dipole in zero applied electric field, which occurs when negative and positive charge
centers within a unit-cell, i.e. position of ions, are not located at the same position (see Figure
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2-4 (a)). In general, all ferroelectrics are pyroelectrics (coupling of polarization with
temperature), all pyroelectrics are piezoelectrics (coupling of electric polarization and
deformation) and all piezoelectrics are dielectrics. Two of the most prominent ferroelectric
materials are barium titanate (BTO) and lead zirconate titanate (PZT), both based on the
perovskite structure (Figure 2-4 (a)), which are used in multiple applications such as
piezoelectric Micro-Electro-Mechanical Systems (MEMS), ferroelectric field-effect transistors
(FeFETs), actuators, sensors and to some extent as non-volatile memories in the last four
decades.'”® Unfortunately, CMOS-compatibility and further downscaling far below 100 nm
without huge effort are limited for recent microelectronic processes.

Especially for the field of microelectronics and non-volatile memory applications, the discovery
of unexpected ferroelectricity in doped hafnium oxide, as reported in 2011 by Boeske et al.#
was an important change for the ferroelectric community. Hafnium oxide-based layers were
already established in high-k-metal-gate CMOS processes and therefore proven to be CMOS
compatible without the downscaling limitation for nm-thin films. Since then, research efforts in
this field keep rapidly increasing with thousands of scientific publications and patents submitted
in the last decade. A brief history of the discovery of ferroelectric hafnium oxide can be found
in literature®. Switching of the electric polarization by an applied field is exemplarily visualized
in Figure 2-4 (b). When the saturation polarization Ps is reached and the field is reduced to
zero, a remanent polarization P; is maintained. A reversal of the field can also reverse the
polarization direction. This is a key feature for memory applications, where information is
stored in the two distinct polarization states. When the opposite coercive field E¢ is reached,
the obtained absolute polarization is zero. The observed behavior is a result of the existence of
ferroelectric domains in polycrystalline ferroelectrics, which are regions of the same
polarization direction separated by domain walls. The obtained domain structure determines
the overall polarization. More generally spoken, the overall microstructure including the grain
size of ferroelectric materials plays an important role for the properties.” 171

The main difference of perovskite-based ferroelectrics like BST and PZT to hafnium oxide-based
ferroelectrics is the presence of a polar phase in a fluorite structure of hafnia, which is achieved
mainly in doped oxides. This also benefits the movement of oxygen ions in an applied electric
field, which leads to a complex situation. The presence of resistive and ferroelectric switching
was even reported in the same hafnium oxide-based ferroelectric system.!”?> The switching of
the polarization in fluorite-based ferroelectric hafnium oxide (see Figure 2-4 (c)) is based on
the off-centering of four oxygen ions (half-cell) in a unit cell from the remaining
centrosymmetric Hf-sublattice. This is different to what is described in perovskite-based
ferroelectric unit cells, where the central ion is facing a displacement. In contrast to the
knowledge about the behavior of perovskite-based ferroelectrics, the nature of ferroelectricity
and detailed switching behavior in hafnium oxide-based ferroelectrics is not yet as well
understood.
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Figure 2-4: (a) PZT cell with two distinct polarization states originating from the displacement of the center ion from the unit
cell center. (b) Exemplary electric field-dependent electric polarization loop with remanent polarization P, saturation
polarization P and coercive field E.. Additionally, the achievable distinct remanent polarization states are represented by the
minima of the Helmholtz Free Energy F and the moving green ball. (c) Representation of the Pca2; orthorhombic crystal

structure of ferroelectric hafnium oxide. Created with information from3.7.

Typical properties of PZT and ferroelectric hafnium oxide are compared in Table 2-2.

Table 2-2: Comparison of exemplary parameters of PZT and HfO,-based ferroelectrics. Values taken from130, 171,173,

Parameters/Materials PZT HfO,-based ferroelectrics
layer thickness > 70 nm 1nm-1um

remanent polarization P, | 20 — 40 uC/cm? 1 -40 uC/cm?

coercive field E. ~ 0.05 MV/cm 1-2MV/cm
breakdown field Egp 0.5-2MV/cm 4 -8 MV/cm

relative permittivity & ~ 1300 =~ 30

Today, the community predominantly agrees on the olll phase (space group Pca2:) being the
polar ferroelectric phase in most hafnium oxide-based ferroelectrics, which is supported by the
results from a multitude of subsequent studies*® 74183 among others, including X-ray
diffraction and (scanning) transmission electron microscopy investigations as well as theoretical
calculations. These and further studies were aiming to understand the origin of ferroelectricity
and the stabilization of the metastable polar phase. This is still not completely resolved, but it
is believed that the stabilization of the ferroelectric phase is based on a combination of
thermodynamic (free energy) and kinetic factors, like dopants (species and concentration),
oxygen content and oxygen ion movement, surface energy, annealing and quenching speed,
mechanical stress and mechanical strain from the substrate/electrodes.
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Ferroelectricity in hafnium oxide is mainly obtained in doped thin films, using different doping
elements such as Si, Y, La or Al as well as in mixed Hf,Zr; 4O2.17% 184 185 The introduction of Zr
to HfO, is a special case due to the very similar ionic radii of Hf and Zr and can be considered
as a mixing of ZrO, with HfO,, leading to a solid solution. In contrast, doping with Al and Y
leads to an introduction of oxygen vacancies in the structure, which are also believed to
influence the properties to some extent. The oxygen content can also be engineered by utilizing
different oxidation setups, like plasma, ozone or molecular oxygen. This leads to very complex
systems which are under investigation!®* 18190 but the true nature of the influences is not yet
fully discovered. Additionally, a few studies reported ferroelectricity in undoped HfO,'?1"1*3 and
in bulk Y-doped HfO, powder!*4, while antiferroelectric behavior was observed e.g., in pure
ZrO, films'?. Recently, an additional polar phase of a rhombohedral structure (space group R3
or R3m) was reported, showing ferroelectric properties in Hfys5Zro502 films grown on
lanthanum strontium manganite (LSMO) in a very specific process using pulsed laser
deposition. In this special case, the present polar phase is believed to be stabilized by epitaxial
strain.!?”- 196197 A comparable case was reported for epitaxial Y-doped HfO, grown on indium
tin oxide (ITO).'® This directly points towards another influence, as ferroelectricity is not only
affected by the type and amount of dopants but also by the preparation conditions of the
layers.187-193.199-201 Here especially the growth technique, oxidation conditions, substrate choice
(strain, etc.) and annealing conditions play a major role.

Most ferroelectric stacks like the very common TiN/Hf,Zr1.x<O2/TiN stacks are prepared by
atomic layer deposition (ALD) or sputtering processes, where the hafnium oxide layer is grown
at low temperatures and therefore found to be amorphous. Crystallization yielding the polar
phase is mainly achieved by a post-metallization annealing process after deposition of the top
electrode layer. This is typically a rapid thermal annealing process using temperatures between
400 and 1000 °C and large cooling speed (quenching). Longer annealing at lower temperature
is rarely reported, but especially relevant for CMOS BEOL processes.'® The preparation directly
impacts the grain size and distribution, while the success of subsequent annealing is also
dependent on annealing speed, temperature, time and cooling speed.® 7> 202

The formation of the Pca2; phase in annealed stacks can be described in three steps® 2%:

(1) Nucleation of a high symmetry phase like the tetragonal phase occurs. This is not possible
from the thermodynamically most-stable monoclinic phase.

(2) Crystallites are further growing during the holding time.

(3) It is suggested that the higher symmetry phase is transformed to the polar orthorhombic
phase (Pca2:) during quenching. However, additional monoclinic grains can form either
during cooling or can grow from monoclinic nuclei created during annealing.

After crystallization, most ferroelectric devices show a strong pinching of the polarization loops,
which is reduced upon cycling (opening of the P-E loops). This classical wake-up behavior can
be explained by different effects. The most prominent phenomenon is a field-induced transition
from the tetragonal to the polar orthorhombic phase?®, but this mechanism requires a
supporting phase stabilization mechanism. Here, the presence and diffusion of oxygen-defects
such as oxygen vacancies, but also extended defects assigned to dead layers as well as domain
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wall movement (90°) and stress relaxation are discussed. In contrast, sudden wake-up has been
observed in initially amorphous films, which are crystallizing during field-cycling.'*° Similarly,
imprint occurring in these ferroelectrics (shift of hysteresis by a voltage bias) is usually related
to differences in the work function of the electrodes, and also oxygen vacancy-induced domain
wall pinning and internal bias fields, inducing a preferred polarization alignment.?%

The ferroelectric properties of the stacks can be used in different emerging memory cell
concepts, with the most-prominent ones suggested in the 1 transistor (1T) and one-transistor-
one-capacitor (1T1C) configuration® 3:

o The usage of a FeFET with the ferroelectric layer integrated into the gate stack. The
threshold voltage of the field-effect transistor depends on the polarization of the
ferroelectric layer, with an enhanced (on state) or depressed (off state) conduction. This 1T
configuration approach is currently useable for FEOL integration.

o The usage of a 1T1C configuration, where the ferroelectric capacitor is connected to the
drain of a field-effect transistor. When an electric field above E. is applied, a large current
is flowing through the dielectric, if the cell switches on. When the cell is switched off, the
current flow is lower. Unfortunately, the readout of this setup is destructive and as a
consequence, a re-write step is required. This configuration is often called FeRAM (concept)
and useable for BEOL integration.

o Additionally, it is possible to use a few nanometers thin ferroelectric layer to create a
ferroelectric tunnel junction (FTJ). The resistance is dependent on the injection of charge
carriers through this very thin layer, where the tunneling current is determined by the
direction of its polarization (tunneling electroresistance effect). Together with FeFETs, FTJs
are promising candidates for neuromorphic applications.

A schematic overview of the memory cell concepts 1T and 1T1C is given in Figure 2-5. In
research, often 1C stacks in a metal/ferroelectric/metal configuration are prepared and
investigated as this represents a simple approach of testing and developing memory stacks as
needed for FeRAM and FTJs as well as with an additional dielectric layer in FeFETs.

1T (FeFET) 1T1C
bit line source line bit line plate line
word line ferroelectic———
% insulator word line
channel \
p p

Figure 2-5: A 1T (FeFET) with the ferroelectric capacitor integrated in the gate stack, and a 1T1C memory cell with the
ferroelectric capacitor connected to the drain of a FET. Redrawn after”. The insulator is a non-ferroelectric dielectric material,
like SiO,. Metal electrodes are presented in yellow. An n-type metal-oxide-semiconductor field-effect transistor (n-type
MOSFET or NMOS) is represented in grey and black (n+/p/n+ with a conductive channel).

Currently, companies like the Ferroelectric Memory Company (FMC)3% 2% together with
Globalfoundries Inc., and Merck KGaA/InterMolecular??” are putting efforts into research and
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development of hafnium oxide-based memory solutions to better understand their functionality
and potentially target the market.

2.3 Germanium-antimony-tellurium-based phase-change memory

Switching in phase-change memory (PCM) relies on the controllable, reversible phase transition
between the amorphous (high-resistance) and crystalline (low-resistance) phase of a phase-
change material, which gives two distinguishable memory states. This is achieved by passing a
current through the memory cell and rapid resistive heating of the phase-change material to
change its phase. Crystallization takes place when holding a temperature above the
crystallization temperature but below the melting point of the solid material that is sufficiently
high and applied long enough (holding time) to create nuclei with radii above the critical radius.
This step corresponds to the set of a device. The crystalline state represents the energetically
favored state with the lowest free energy. Amorphization is obtained at a temperature around
the melting point of the material with a subsequent fast cooling (quenching). This step
represents the reset of a device. Schematic temperature profiles are shown in Figure 2-6 (a)
together with a scheme of the basic memory cell called “mushroom cell”. It is usually composed
of a phase-change material sandwiched between two electrodes. The bottom electrode (usual
materials W, TiN or TaN) serves as a heater/heating element, which is confining the high-
temperature zone to the bottom electrode interphase. Switching takes place at the whole
bottom electrode interface, which is a big difference to the discussed filamentary-based resistive
switching. In mushroom cells, a portion of the phase-change material is changing its phase
when a heat is applied (leading to a mushroom-shaped transformed volume). A transistor is
used to select the memory cell and to avoid disturbance problems when reading the memory
state in a matrix. Readout is performed at a much lower current and therefore lower induced
temperature than required for set and reset of the cell.”-8 34 208

A multitude of different phase-change materials is known, mostly based on glassy
chalcogenides, such as AgsInsSbeeTeso and Ge,Sb,Tes.? Phase-change materials were found to
have a characteristic type of bonding called resonant bonding, being present in the crystalline
state?!%. Ge,Sb,Tes (abbreviated GST or also GST225), a ternary material system composed of
germanium, antimony and tellurium is the most-used and most-studied material systems, due
to a fast switching of GST-based memory cells (< 100 ns), its CMOS compatibility and the
possibility to engineer the material properties significantly by doping with different elements.
An exemplary ternary phase diagram is given in Figure 2-6 (b). The melting point of GST is at
about 600 °C. Typical applied temperatures for crystallization and amorphization are about
100 °C - 200 °C and close to 600 °C, respectively. By adding Ge to GST, Ge-rich GST (GGST)
alloys can be prepared, showing a high temperature stability especially of the amorphous phase
when compared to GST (crystallization temperature > 300 °C). Here, 40 — 45 % of Ge in
combination with 60 — 55 % GST225 has been proven to lead to compounds with very
promising properties, such as showing a fast phase transition and a high resistance window.?!*-
213 This temperature stability is connected to the microstructure (Ge grains in GST matrix) of
the amorphous material and of particular interest for automotive applications®® 214 21> The
general usage of phase-change materials for applications was first proposed by S. R. Ovshinsky
in 19682, Technological development increased rapidly during the last decades. Currently,
phase-change memory is considered as the most-mature emerging memory technology on the
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market, due to the good scalability, reliability and endurance of the memory cells. Several
demonstrators were introduced such as a 1 GB chip in 45 nm technology®'’, an 8 GB chip in
20 nm technology?!® and the 32 GB 3D Xpoint™ in 20 nm technology introduced by Intel in
20152, which is still further developed to include more layers in the third dimension. At the
current stage, STMicroelectronics is developing embedded PCRAM integrated in 28 nm FD-SOI
and platform with smaller feature sizes for the memory market® 24,

PCRAM currently faces a few limiting challenges, such as the high temperatures required for
the amorphization process, which is strongly dependent on the heat capacity and on the thermal
as well as electrical conductivity of the cell. Additionally, there is a lacking understanding of
the kinetics of the crystallization process (limiting process during switching) for many materials,
which can lead to high variabilities and therefore low device reliability. Reliability is also
reduced by the drift of the HRS with time (drift), as the amorphous phase is not the
thermodynamically stable phase of the phase-change materials. A thermal confinement
improvement to reduce the writing current can be obtained by establishing an optimized device
architecture?’®.

(a) mushroom cell with set and reset (b) ternary phase diagram Ge-Sb-Te
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Figure 2-6: (a) Schematic of a mushroom cell, where the programmable region of a phase-change material is changing
between the crystalline and amorphous phase, and a schematic time-dependent temperature profile for set, reset and
readout operation with corresponding phase changes indicated. Tmer = melting temperature, Teys: = crystallization
temperature as labeled. Figure reproduced with permission from T. Schenk et al.’, https://doi.org/10.1088/1361-
6633/ab8f86; (b) Ternary diagram for Ge-Sbh-Te materials for phase-change applications with Ge,Sbh,Tes (GST225) and Ge-rich
GST (GGST) labeled. Note, that this is an example and not representative for the multitude of different compounds published.

Recent developments further focus on the usage of phase-change materials for neuromorphic
computing (applications), as memory cells can show multi-level switching/storage by reaching
different crystallization and therefore different resistance levels during the set process.
Additionally, threshold switching next to the usual memory behavior was found in phase-
change material-based devices, making them suitable for the usage of selectors, as shortly
discussed in the next chapter. 7-8 34208
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2.4 Selectors for 1S1R arrays

Memory cells can be addressed by transistors. In 1T1R configuration, the memory cell is
therefore placed on the drain of the transistor, which allows a limitation of the current through
the cell. Thus, undesired current overshoots that can lead to device failure can be prevented.
However, in (2D & 3D) crossbar-arrays, current sneak paths can occur through half-selected
cells (compare Figure 2-7 (a)). This can result in read disturbance.??’ To prevent such undesired
current flows, the usage of other selective components such as complementary resistive
switching (CRS'®) devices, threshold switches or pn-diodes is possible, in principle. This
chapter focuses on threshold resistive switching (TRS)-based cells (compare chapter 2.1.3), as
this behavior can be observed in both Ge-Sb-Te-based and HfO-based devices. The threshold
selectors can be based on different memory stacks typically used as ECM, TCM and PCM.

In the shown concept, the 1T1R configuration can be replaced by a 1S1R configuration. A
schematic drawing of a 1S1R 3D array is given in Figure 2-7 (b). A PCM threshold selector is
also called ovonic threshold switch (OTS). An exemplary OTS stack is TiN/Ge-Se-Sb-N/TiN?2!,
but also the 3D-stacking of the 3D Xpoint™ 2? is composed of an phase-change memory-based
OTS cell combined with a non-volatile PCM cell.??? For oxide-based threshold switching cells,
different stacks like Ag/HfOy/Pd!2, Ag/HfO,/Pt>% 223 224 Cu/HfOx/Pt?** or Pt/HfOy/doped
HfOy/Cu'®* as well as Pt/VOy/Pt’® are reported. The switching of these cells relies on the
possibility to obtain an electrical resistance that is orders of magnitude lower above a threshold
voltage than below this threshold voltage. Only if the threshold voltage is exceeded, the device
is in the LRS. When no voltage is applied, the device is in the HRS. In PCM-based OTS, this is
based on the freezing of the amorphous phase, where conductive dots of the phase-change
material are forming and aligning in the amorphous matrix to form a conductive filament. This
filament is not stable without an external electric field. In ECM-based devices with an oxide
switching layer, a conductive metal filament, mostly Ag or Cu, is established (LRS) and
dissolved (HRS). It is again not stable at zero voltage. A high non-linearity (large current jumps)
are desired to achieve a highly conducting LRS, but a highly-insulating HRS in selectors. This
instability of the filament is a result of different driving forces like the minimization of the
interfacial energy and Joule heat but also dependent on further parameters like the presence of
oxygen vacancies and the used current compliance during forming/set.>® The true nature of this
switching effect is still subject to current research. Even crystallization effects potentially
occurring in oxides can play a role.”® An exemplary 1S1R device configuration consisting of a
Pd/Ta,0s/Ta0O./Pd memristor and a Pd/Ag/HfO,/Ag/Pd selector can be seen in (c). The
current-voltage curves of a Pd/Ag/HfO,/Pt selector cell are shown in Figure 2-7 (e). In
combination with a Pd/Ta>0s/TaOx/Pd RRAM cell (1R) with its characteristic non-volatile
behavior (d), a Pd/Ag/HfO,/Pt selector cell (e) can be used to build a 1S1R crosspoint with the
presented switching characteristics (f).

In 3D arrays, the usage of a threshold switching cell gives the opportunity to not only suppress
undesired sneak path currents, but can also improve the density of the array when using cells
smaller than a whole transistor. This approach can further lead to a reduced power consumption
as threshold voltages can be significantly lowered when compared to transistors. Different stack
combinations are possible, like combining phase-change material-based ovonic threshold
switches with HfOx-based VCM cells or combining two oxide-based components like the shown
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HfOx- and TaOx-based 1S1R stacking. These are only some of many examples published.?? >*
112,164, 167, 220223 Of particular interest is the possible usage of similar device stackings for both
1R and 1S based on the very same oxide layer (e.g., HfO.), which can simplify the
manufacturing of usually very complex structures.
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Figure 2-7: (a) Schematic of a typical 2D array with reading current (blue path) and sneak current (red path). (b) Schematic of
a 3D 1S1R array (shared bit line). (a) and (b) reproduced with permission from Seok et al.22,
https://doi.org/10.1002/adfm.201303520, © 2014 WILEY-VCH. (c)-(f) 1S-1R device configuration consisting of a
Pd/Ta,0s/Ta0,/Pd memristor and a Pd/Ag/HfO,/Ag/Pd selector with corresponding current-voltage characteristics.
(c) Scanning electron microscopy image of the selector and memristor (top view, left) and transmission electron microscopy
image of the cross section (right). b) Bidirectional threshold switching (cycling) of a Pd/Ag/HfO,/Ag/Pd selector. c) Repeatable
bipolar memristive switching of a Pd/Ta;0s/TaO,/Pd memristor. d) Current-voltage (combined) characteristics of the
vertically  integrated 1S and 1R cells. Reproduced with permission from Midya et all1?
https://doi.org/10.1002/adma.201604457, © 2017 WILEY-VCH.
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3 Fundamentals on radiation effects in solids

In this chapter, radiation effects in solids are shortly introduced with the main focus on swift
heavy ion radiation. Especially, the literature describing induced phase transitions in hafnium
oxide- and Ge-Sb-Te-based films and irradiation effects in emerging memory (OxRAM,
ferroelectric capacitors for the usage in FeFETs/FeRAM and PCRAM) are discussed, as they are
specifically relevant to this work.

In general, different types of ionizing radiation are present in all parts of the universe, including
photons (gamma-radiation and X-rays), electrons and high-energy protons and alpha particles
but also heavy ions, all originating from different sources. Cosmic radiation represents one part
of radiation of natural origin, next to e.g., terrestrial radiation. While terrestrial radiation is
created when radioactive nuclides decay, cosmic radiation with its high-energy photons and
particles originates from different possible sources like the sun in our solar system or other stars’
activity, black holes, pulsars and supernovae, therefore being categorized in solar radiation,
galactic radiation (energies up to 10'® eV) and extragalactic radiation (highest energies). In the
high-energy regime (above few 100 MeVs, the spectrum is by far dominated by protons with
minor contributions from alphas or other heavy particles. As an example, galactic radiation is
composed of about 87 % protons, 12 % alpha particles and 1 % heavy ions. Such heavy ions
have energies usually above 1 GeV.?2>228 Artificial sources of radiation are e.g., nuclear power
plants, nuclear weapon tests or the synthesis of isotopes (e.g., for medical applications). In the
past decades, high-energy ion beam facilities with tailored beam properties were developed for
nuclear physics studies and became also of interest for other interdisciplinary fields such as
material science or biophysics and are nowadays applied for tumor therapy. Additionally, the
interest in ion track technology has increased, where different approaches are used to create
defined materials on a nanoscale with specific properties.?2% 230

3.1 Swift heavy ions

Swift heavy ions (SHI) are ions (usually heavier than carbon) with an energy in the range of
MeV - GeV. When propagating through matter, SHI interact with the material in various ways,
which results in different kind of effects such as lattice vibrations, structural changes as well as
the creation of defects (vacancies and interstitials, defect clusters, etc.). In the MeV-GeV regime,
SHI lose energy by the interaction with the electrons of the irradiated material (electronic
stopping, dE/dXelectronic), Whereas at lower energies (velocity lower than Bohr velocity of outer
target electrons) the interaction is dominated by elastic collisions with the target atoms (nuclear
stopping, dE/dXnucear).>*! The overall stopping power S can be expressed by equation (3). This
is a property of the target material.

S(E) = (dE) _ (dE) (dE) 3)
dx/ total dx/ nuctear dx/ erectronic

with -(Z—i) being the average loss of kinetic energy per path length, also called energy loss or

linear energy transfer (LET). As this is a property of the projectile particle, the equation connects
particle and target material properties.

Nuclear stopping for SHI dominates when the transferred energy from the projectile to the
recoil atom exceeds the displacement energy Eq, which is usually in the range of 10 — 100 eV.
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This leads to displacements, where atoms are moved away from their initial lattice sites and the
creation of point defects such as vacancies and interstitials. The recoil atom can further collide
with other atoms of the lattice in elastic collision (knock-on) processes, which can result in a
collision cascade and the creation of extended defects. The process stops as soon as the kinetic
energy of the recoil atoms is below Eq. Nuclear stopping is mainly relevant at low energies i.e.
towards the end of the ion path.

In contrast, electronic stopping is due to electronic excitation and ionization processes. Because
of the high kinetic energy of the released target electrons further ionization events occur leading
to a large electron cascade spreading radially around the ion trajectory. The electronic energy
loss of a charged particle in a solid depends on the projectile and target properties, which is
described by the Bethe-Bloch formula (4).
)
dx electronic mevg

4me*(Zesrp)?ZeNy 2me vy
= X\in T

In(1-p) - ,82> 4

e e = elementary charge
* Z.srp = effective charge state of projectile

e Z,= atomic number of target
e N, = mass density of target
e m, = electron mass

e v, = projectile velocity

e [ = ionization energy

e /3 = correction factor

The electronic energy loss increases with atomic mass, density of the target and charge state of
the projectile. It is further dependent on the projectile velocity. For the projectiles, a specific
energy MeV/nucleon (MeV/u) is usually given. A schematic representation of the electronic and
nuclear energy in dependence of the specific energy is given in Figure 3-1.

A nuclear energy loss:
- target atoms — atomic collision cascade
3 E electronic energy loss —> defects
> % ~1-5 MeV/u
& ~ |nuclear energy loss electronic energy loss:
c & ~ 1 keV/u . .
% S target electrons — electron cascade — coupling to lattice
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> — track / defects

log(specific energy) e.g. in MeV/u)

Figure 3-1: Schematic representation of the nuclear and electronic energy loss in dependence of the specific energy of the
projectile in a double log presentation (left). Defect formation at low specific energies is dominated by nuclear energy loss,
while at higher energies, the electronic energy loss leads to complex defects and track formation. Redrawn after231,

The electronic energy loss curve shows a maximum, which is called Bragg peak. Here, the
velocity of the projectile is close to the average orbital velocity of the target electrons. At higher
specific energies (MeV — GeV range), a lower energy transfer between projectile and target
atoms occur due to the shorter interaction time. At lower specific energies, the energy loss is
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lower because the projectile picks up electrons and thus decreases its charge state. At even
lower specific energies, nuclear energy loss becomes more and more dominant. At ion velocities
above ~ 10* MeV/u, relativistic effects occur including the generation of photons
(Bremsstrahlung and Cherenkov radiation) is possible. When the kinetic energy of the projectile
is large enough to overcome the Coulomb barrier, nuclear reactions occur.?2% 231, 232

For the description of radiation effects, the following parameters and corresponding units are
used. The deposited dose is typically given in Gray (Gy) which corresponds to the absorption
of one joule energy by one kilogram of matter (1 Gy is equivalent to 100 rad as former dose
unit. The energy loss along the trajectory of ions is given in energy units per path length usually
keV/nm or keV/um (sometimes this unit is converted into MeV/(mg/cm?2)). For irradiation
experiments, the accumulated number of ions per area (ions/cm?) is described by the fluence
and the beam intensity by the ion flux in units of ions/cm?s. The beam parameter is usually
given as specific energy MeV per nucleon (MeV/u) which can directly be converted to an energy
(e.g., for Au ions 8.3 MeV/u corresponds to 8.3 MeV X 197 u = 1.635 GeV). All irradiation
experiments were conducted with Au ions of 8.6 MeV/u. Therefore, the electronic energy loss
is dominating and the nuclear loss can be neglected (compare chapter 4.4).

3.1.1 Formation of ion tracks

When swift heavy ions enter a solid, ionization of target atoms lead to the production of many
highly energetic electrons. If their energy is exceeding the electron binding energy, further
ionizations can occur, leading to the creation of a secondary electron cascade. These electronic
processes occur on very short timescales. The initial electrons also called &-electrons are
produced within 10'Y7 — 10''® s. The duration of the following secondary electron cascade is in
the order of 10*® — 10°!3 s. These secondary electrons spread the energy radially following a 1/r
law, which can affect an overall defective region of up to several tens of nanometers to 1 wm.
In a next step, the energy is transferred from the electron to the lattice subsystem within a time
scale of 10'"® — 101° s. The energy deposited to the atomic subsystem results in changes of the
atomic structure due to bond-breaking and the creation of defects. The final damage along the
ion trajectory is denoted as ion track and depends on the deposited energy density and physical
properties of the target material.?2% 231 233-235 Track formation requires that a certain energy loss
threshold is exceeded. The value of the threshold depends on the sensitivity of the target
material and is low for organic materials and high for metals. First tracks were observed in mica
exposed to uranium ions?*°, Track formation is also possible in many oxides!'® 237240 some
metals and in selected semiconductors but not in crystalline pure Si and Ge. In most oxides,
track formation and related phase transitions occur for electronic energy losses of a few
keV/nm. More information and further studies on the sensitivity of track formation are given
in literature (partially summarized e.g., in??® 231), Defective tracks are usually stochastically
distributed and with increasing radiation fluence the probability to obtain overlapping tracks
increases.

The length of the ion path can be several tens of um depending on the energy of the ions. After
entering the target material, the projectile ion is slowed down, transferring its energy until it
stops (energy used up — see schematic representation given in Figure 3-2). The penetration
depth or ion range in matter is defined as the reciprocal energy loss (dE/dx)! integrated over
the full kinetic energy of the projectile. Heavy ions with the same specific energy also have a
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similar ion range in the same target material.?2% 231 233 When irradiating thin films (normal to
surface) of tens to hundreds of nanometer thickness, the energy loss can be considered being
almost constant over the whole thickness, as the projectile ions move completely through the
thin layer and stop deep in the substrate the film is grown on.
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Figure 3-2: Schematic representation of the energy loss dE/dx in dependence of the path length (Bragg curve). Most energy
is deposited before the ion stops. The ion range is defined as the integral of the reciprocal energy loss (dE/dx) over the full
ion energy. Heavy ions with the same specific energy have a similar ion range in the same target material. Redrawn after241,

3.1.2 Coulomb explosion model and thermal spike model

The precise mechanism(s) of track formation and a universal model are not yet established, but
two promising models are often used for description: the Coulomb explosion model and the
thermal spike model. Those are described in the following.

The Coulomb explosion or ionic spike model is characterized by a burst of ionizations along
the ion path (ion explosion spike), which results in an electrostatically unstable lattice due to
Coulomb repulsion and subsequently in bond-breaking and defect creation, if the forces are
strong enough to overcome binding energies. This model was first proposed by Fleischer et al.?*?
in 1965. The process happens on a timescale of 10> — 10'® s. Therefore, the lifetime of the
ionized state is the crucial parameter. Track formation requires that the time is sufficiently long
for an energy transfer of potential to kinetic energy. A defective track can be created along the
ion path, if sufficient time for atomic motion is provided before the electrons return. This is the
case for insulators, where the density of free electrons is not high enough for rapid
neutralization of the target atoms. In contrast, this is not valid for metals. This concept is mainly
a theoretical concept (including calculations), but no convincing proof is yet given.

The thermal spike model describes track formation by a localized large temperature increase
above the melting temperature of the target material and a subsequent rapid quenching. This
is a transient thermal process occurring in a small cylindrical volume around the ion trajectory
on a timescale of 10'* - 10 s. After §-electrons thermalize as a result of the electron-electron
interaction, the energy of the electron gas is transferred to the lattice (atoms). The time-
dependent temperature distribution is described by two separate classical heat transport
equations (heat flow) for the electrons and lattice subsystem. Both systems are coupled by a
constant describing the energy transfer from the electron system to the lattice system. The
melted cylindrical volume depends on the deposited energy (projectile velocity) and the target
material properties, such as thermal conductivity and specific heat. The thermal spike concept
is based on early ideas from the beginning to mid of the 20™ century was further developed
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e.g., by Toulemonde et al.?**?* and adapted to track formation. Nowadays the model can be
used to quantitatively describe the evolution of the track radii as a function of the electronic
energy loss regime, which fits experimental observations and energy loss threshold values.
However, there exist clear limitations and criticism of the thermal spike model. The model uses
analytical formulae initially developed for the descriptions of macroscopic phenomena of
equilibrium thermodynamic processes. The thermal spike model applies them for microscopic,
extremely fast and therefore non-equilibrium processes and a heat transfer that is not
considered to be limited in velocity.?3!

3.2 Heavy ion irradiation-induced phase transitions in hafnium oxide- and Ge-Sh-Te-based
powders and films

Heavy ion irradiation-induced phase transitions in HfO, powders (and also the polymorph
ZrO,) were observed and extensively described by A. Benyagoub!! 238 239 246/ Bagsed on X-ray
diffraction analysis of ion irradiated m-HfO., a phase transition from the monoclinic to the
tetragonal phase occurs, if the necessary threshold for the electronic energy loss of about
18 keV/nm is exceeded. Below this threshold, no phase transition was observed. The
mechanism for the crystalline-to-crystalline phase transition is ascribed to a double impact
mechanism. Oxygen vacancies are considered to be created by a first ion impact, while a second
hit of the defective track region initiates the phase transition. Significant track overlap occurs
when the material is exposed to fluences above around 1x10'? ions/cm?2.!! According to Garvie
and Nicholson?¥’, the phase composition of a sample can be quantified from the integrated
reflection intensities obtained from XRD patterns. The concentration C of a specific phase is
given by the sum of the integrated intensities of this phase divided by the sum of the overall
integral intensities of all phases present. For a material composed of the monoclinic and
tetragonal phase, the concentration of a tetragonal phase is given by the following equation (5):

. 1(101),
~I(111),, + 1(111),, + I(101),

()

with 1(111)m, (111)m and (101), being the peak integrals of the reflections of the monoclinic
(m) and tetragonal (t) phase, respectively. Given by the stochastic distribution of the ion
impacts, Poisson statistics can be applied providing quantitative values of single and double hit
ion impact regions. The transformed phase fraction and damage cross-section ¢ can be
extracted from a fit to experimental data points as described by Gibbons?*® and expressed as
equation (6):

n—1 (O'Q))k
C(®) = AC(w)(1 — Z e 6)
k=0 '

with C representing the concentration of the (e.g., tetragonal) phase, ¢ the fluence and n = 2
the double impact scenario. AC (o) denotes the maximum concentration increase at saturation.
With this, a damage cross-section in HfO, exposed to 1x10* (250 MeV) I ions/cm?2 of about
4.8(+0.3) X101 cm2 or 48(+3) nm?2 was deduced!'. This corresponds to a track radius of
3.9(%+0.12) nm. A similar phase transition as described by A. Benyagoub!! was also reported by
B. Schuster?*. The deduced damage cross-section in m-HfO, exposed to 7x10'2 (2.3 GeV) Pb
ions/cm? at ambient conditions is about 1.01(%0.08) X 10'2 cm? or 101 nm? (track radius about
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5.67(+0.2) nm).2** Additionally, transitions from the monoclinic to the orthorhombic (oI and

oll) phases were revealed for high-pressure conditions during irradiation®*.

Regarding heavy ion irradiation-induced phase transitions in HfO, thin films, only few studies
have been reported, describing amorphous to crystalline and polycrystalline to polycrystalline
transitions.>**2! Li et al.?! reported a transition from amorphous HfO; to a layer consisting of
monoclinic crystallites, which was revealed by High-Resolution Transmission Electron
Microscopy (HRTEM) investigations. Crystallization occurs, if the ion energy exceeds the
electronic energy loss threshold of 10 keV/nm. Further, Suvorova et al.>*> published a quite
extensive study on structural changes in irradiated La-doped hafnium oxide films using HRTEM,
electron diffraction and electron energy-loss spectroscopy. An orthorhombic to tetragonal
crystalline-to-crystalline phase transition was observed after the irradiation with 160 MeV Xe
ions. For oxygen-deficient hafnium oxide, no heavy ion irradiation studies related to phase
transitions exist. This also applies for ferroelectric doped hafnium oxide films (apart from this
work and a directly related study®*). In proton irradiation studies, no evidence for an induced
phase transition in ferroelectric hafnium oxide-based films was found?* 2>*) not even at a high
fluence of 10> protons/cm2. This indicates that the energy loss of the protons is too low to
initiate a phase transition.

Another important point related to induced material changes, track formation and phase
transitions is the growth or fragmentation of grains. In HfO, films, crystallization is reported to
be accompanied by grain growth, while for the transition from monoclinic to potentially
tetragonal HfOy, field emission scanning electron microscopy studies revealed a topological
grain fragmentation at high fluence irradiations with 100 and 120 MeV Ag ions above
3x10'? ions/cmz2.2%> 2> No amorphization was found in doped films undergoing a transition
from orthorhombic to tetragonal phase by HRTEM investigations.?>?

Ion irradiation-induced phase transitions in Ge-Sb-Te-based films were reported e.g., by
De Bastiani et al. where a crystalline to amorphous transition was introduced by implantation
with 90 — 150 keV Ar ions.?*® Such an ion implantation can also affect the crystallization kinetics
during the annealing process of amorphous Ge,Sb.Tes, with a reduced thermal stability and
increased transition time.?*” In Ag-doped GST films exposed to 120 MeV heavy Ag ions, a high
stability of the amorphous state was shown, while in undoped films exposed to 1x10*? ions/cm?
crystallization was no longer suppressed.?>® The nature of this (suppressed) transition is related
to the introduction of defects, but its true nature is not yet fully clear.
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3.3 Memories exposed to heavy ion radiation

All types of ionizing radiation are a threat for microelectronics. Especially advanced
conventional memories are at risk, because the information storage is mostly based on charges,
like it is the case for all transistor-based technologies such as flash memory.2*® 260 The
interaction of energetic charged particles or high-energy photons can lead to a variety of effects
causing errors in the electronic devices, which can be categorized in total ionizing dose (TID)
effects, displacement damage (DD) effects and single event effects (SEE). TID effects are
characterized by property changes accumulating over time (cumulative radiation effect), which
are often a result of trapped charges. Single event effects in contrast are characterized by
changes originating from a single particle strike (mainly ions), which can lead to the generation
of electron-hole pairs and transient currents. They can result in so-called soft (non-destructive,
non-permanent damage) or hard (destructive, permanent damage) errors. An example for soft
errors is the so-called single event upset (SEU). A high sensitivity to SEU is known for metal-
oxide-semiconductor field-effect transistors (MOSFETs). A SEU is characterized by the
generation of local charges in the gate through interaction with heavy ions or high-energy
protons. This results in an incorrect change of the logic value (often seen as bitflips) and a shift
of the transistor (changed threshold voltage). In contrast, so-called single event latchups (SEL)
and single event gate ruptures (SEGR) are hard errors. In SEL, a high current is induced
resulting in an electrical short and a thermal destruction of the electronic devices. A SEGR is
characterized by a hard breakdown of the dielectric, which preferably occurs when an electric
field is applied during radiation exposure. Detrimental radiation effects become even more
crucial with further downscaling of devices. In transistors, the presence of a smaller gate area
is accompanied by a lower number of electrons participating in the switching process.2®%22 Due
to the increasing demand for larger memory storage capacities and advanced computing
technologies, also the general interest in radiation hardness for e.g., aerospace applications and
corresponding radiation-induced effects in memories keeps increasing. The growing interest is
emphasized by two recent publications by M. J. Marinella?®® and D. M. Fleetwood®.

For applications in radiation-harsh environments, emerging memories can act as promising
radiation-hard candidates. Compared to the charge-based flash technology, the underlying
mechanisms of HfOx- and GST-based memories are strongly depending on defects (such as
oxygen vacancies in oxides), the movement of ions (like oxygen or metal ions), and the crystal
structure (such as an orthorhombic ferroelectric phase or an amorphous/crystalline phase
transition occurring in phase-change layers) of the active material. They have been
demonstrated to show an improved resilience towards ionizing radiation.

For filamentary oxide-based resistive memory this includes a low sensitivity to different types
of radiation such as X-rays?®* 26> y-radiation?%® 267 high-energy protons!63 260.264.265 apd heavy
ions?%® 29, For HfOx-based RRAM stacks, a few studies on the impact of heavy ion radiation on
resistive switching are reported®® 4% 268273 For hafnium oxide-based ferroelectric stacks,
only minor influences on the electrical properties were reported for stacks exposed to protons?>*
254 and heavy ions®* 274, Observed changes are mainly related to the creation of oxygen
vacancies in the oxide layer or degradation effects in access transistors for 1T1IR memory
configurations. Overall, studies combining beam-induced electrical changes with potential
phase transitions at high energies and fluences, as described in the previous part, are scarce.
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Possible phase changes are usually not discussed for electronics, which is mainly related to the
very thin layers and small (structured) device sizes (small interaction volume with X-rays when
using X-ray diffraction). However, the interaction of heavy ions with emerging memories can
be considered being one of the most crucial types due to the large penetration depth and high
ionization potential, where phase transitions can occur. The important role of the film thickness
and the increasing difficulties of test scenarios when downscaling electronics was recently
discussed by D. Fleetwood.® As the detailed failure mechanisms of oxide-based resistive and
ferroelectric memories are yet unclear and sometimes results appear to be quite inconsistent,
especially the mentioned beam-induced phase transitions can be considered to play an
important role.

Regarding radiation effects in phase-change memories, the knowledge of the phase is also
crucial and with further development of this technology, radiation hardness and the
understanding of possible failure mechanisms are getting increasingly relevant. This in turn can
help to better understand material properties in general. In literature, several irradiation studies
discuss the impact of mainly protons and (heavy) ions on the properties of phase-change
memories, also in dependence on the structure of devices and arrays.?”>28! However, heavy ion
irradiation studies discussing potential phase transitions of Ge-Sb-Te-based films in
combination with electrical results of devices are again scarce. Failures are often reported to be
a result of the degradation of the CMOS transistors used in the electric circuits (trapped gate
charges). Nevertheless, as the information storage of the phase-change memory is based on the
crystallinity and strongly influenced by composition and microstructure of the active layer, the
evolution and investigation of such properties is essential for the understanding of the memory
cell functionality.
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4 Thin film growth, device preparation and characterization techniques

In this chapter, the relevant fundamentals and experimental details for thin film growth, device
preparation as well as material and device characterization are introduced. The described
methods include the hafnium oxide film growth utilizing reactive molecular beam epitaxy
(MBE), the preparation of bottom and top electrodes (TiN, Pt, Cu, Au) by MBE and DC (direct
current) sputtering, post-deposition treatments such as post-deposition annealing and sample
structuring using lithography and ion beam etching processes for electrical device fabrication
and the conducted heavy ion irradiation experiments. The individual preparation techniques
will be introduced separately, but an overview of the investigated material stackings will also
be provided in the corresponding results and discussion parts to simplify the overview and to
directly connect the different parts of this thesis.

In all these preparation steps, the knowledge of structure, layer thickness and composition of
the individual layers is required. Therefore, relevant characterization techniques, like X-ray
diffraction (XRD), X-ray reflectivity (XRR), X-ray photoelectron spectroscopy as well as
(scanning) transmission electron microscopy ((S)TEM) and related techniques used in this work
are introduced. The electrical characterization techniques including electric polarization
measurements, resistive switching measurements on single devices (capacitor stacks) are
separately described in the following section.

In the final part of this chapter, the sample preparation of external samples and their
characterization are briefly described. External partners are CEA-Leti in Grenoble, France in
cooperation with LTM CNRS, Grenoble, France, and the Fraunhofer-Institut fiir Photonische
Mikrosysteme IPMS - Center Nanoelectronic Technologies (CNT) in Dresden, Germany,
abbreviated in this work as Fraunhofer IPMS CNT.

Note that for the description of the resistive switching in single memory devices the terms VCM,
TCM and ECM are used in relation to the switching mechanism in the respective memory, while
for integrated 1T1R arrays containing a HfO,-based VCM cell the term OxRAM is used.

4.1 Thin film growth utilizing reactive MBE

Molecular beam epitaxy (MBE) is a physical vapor deposition (PVD) technique based on thermal
evaporation of material to grow thin films in ultra-high vacuum (UHV) conditions. The basic
principle is known since the 1960’s. Solid material from a so-called evaporation source located
in an evaporation crucible is brought to the gaseous phase in an evaporation process by
introducing a large amount of localized heat. This can be achieved by resistive thermal
evaporation for lower temperature melting materials or by utilizing high-energy electrons
(e.g., 10 kV applied with a current of up to 1 A) from an electron gun (tungsten filament),
which are accelerated towards and focused by deflections coils on the material surface by a
magnetic field. The process is only possible due to the UHV conditions in the deposition
chamber with pressures of 10 mbar and below, where evaporation temperatures and energies
of the materials are reduced. At the same time, the collisions of electrons, atoms and molecules
with each other are drastically reduced (increased mean free path), which is necessary for the
evaporation process as well as for the successful transfer and deposition of the evaporated
materials on a substrate in form of a thin layer. In general, metals (e.g., Hf, Ti, Pt and Cu) can
be deposited with this technique, but also films of semiconducting and organic materials as well

41



as oxides (e.g., HfOy) and nitrides (e.g., TiN) are possible. For the latter cases, additional gases
have to be supplied during growth in a reactive MBE setup. In general, MBE is used to achieve
highly-ordered layers of epitaxial and single crystalline nature. However, also polycrystalline
layers can be grown. A big advantage of MBE film growth is the possibility to precisely control
the evaporation and therefore growth rates, which results in a low film roughness, a low defect
concentration, the highest structural quality at the atomic layer level and an excellent
stoichiometry control when multiple materials are evaporated. This so-called co-evaporation
can be done by either using an alternating source shuttering, growing one material after the
other, or by permanent co-evaporation by simultaneously evaporating material from multiple
evaporation sources. A disadvantage of MBE is the limited scalability to larger deposition areas
and the long deposition times, when compared to other techniques like atomic layer deposition
and sputtering.?82-28> A schematic of the MBE setup used for film growth in this work can be
seen in Figure 4-1.
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Figure 4-1: Schematic of the reactive molecular beam epitaxy setup used in this work with load lock chamber, UHV growth
chamber, corresponding pumping systems (backing and turbo pump), manipulator with substrate and shutter, RHEED system,
QCM sensors as well as electron guns, crucibles and radical sources). Figure from Buckow et al.283,
http://dx.doi.org/10.1088/0953-2048/26/1/015014. © |0OP Publishing. Reproduced with permission. All rights reserved.

The control of the rates is achieved by using a monitoring system of deposition rate sensors
based on quartz-crystal-microbalances (QCMs). QCMs show a change of their resonance
frequency when the amount of material deposited on the quartz transducer changes. By
knowing the molar mass and density of the individual material, a material-specific rate is
determined.?® In this work, a Cygnus controller was used, providing values like deposition rate
per time or each source and achieved layer thickness. Calibration of growth rates can be done
by comparing the value of the QCM installed close to the substrate position with the value(s)
of the QCMs and connected collimators located on top of the source(s). The thickness of the
film was calibrated after growth by comparing the achieved thickness value with measurement
results obtained e.g., from X-ray reflectivity (XRR) or profilometry. A shutter located between
the sources and the substrate manipulator (sample stage) was used to protect the substrate
surface or the already grown film from undesired deposition, like too high rates due to
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fluctuations or during ramping up the rates or temperature before deposition, and to stop the
deposition after film growth. The substrate manipulator can be used to heat sample holders
from the backside by resistive heating to the desired growth temperature up to about 900 °C.
The manipulator stage with the substrate holder was rotated with 10 rounds per minute (rpm)
during film growth to achieve a uniform layer over the whole substrate area. Oxidation or
nitridation of the evaporated metal was achieved with gas radicals (O* or N*) by creating
plasma in radio frequency (RF) plasma guns. Critical parameters are the gas flow, the forward
power applied to the plasma tube and the optical output given by the controller from an optical
cable as soon as the plasma starts glowing. An introduction of gases into the chamber during
metal evaporation also changes the background or so-called growth pressure in the system. This
multitude of influencing parameters makes MBE film growth a complex technique, including
many calibration and optimization steps, but at the same time opens the rare possibility of
precisely controlling thin film growth and achieve e.g., substoichiometric/oxygen-deficient
HfOx films within a broad range of different stoichiometries.!*> Unfortunately, stable conditions
can change as soon as the MBE setup is changed (physically or by e.g., heat during summer
compared to colder winter months), resulting in additional (re)calibration runs. As a tool for
growth monitoring and calibration, a reflection high-energy diffraction (RHEED) system is
attached to the chamber. During growth, high-energy electrons (acceleration voltages of 25 kV)
are diffracted at the substrate/film surface (incident angle about 1°), giving diffraction spots
and patterns due to constructive and destructive interference on a fluorescent screen which is
then displayed on a monitor. With this in-situ technique, the growth mode during layer growth
can be identified.?®” It should be noted that the nature of the patterns is also dependent on the
growth parameters used. Different parameters used for the growth of the same material can
result in different growth modes and therefore varied RHEED patterns.!>? This is further
described in the following sections 4.1.1 and 4.1.2.

4.1.1 Growth process and growth modes

The film growth is a complex process including sub-processes such as adsorption, desorption
and re-evaporation, penetration, interdiffusion and surface diffusion, as well as nucleation,
which can occur simultaneously. A simplified schematic representation of growth and related
processes is given in Figure 4-2. In general, those are important for all growth techniques. The
film growth by MBE is characterized by a comparably slow speed in the (sub-)Angstrom-range.
The actual subprocess is determined by the kinetic energy of the incoming atom from the
gaseous phase and from parameters such as surface temperature. At low energy, adsorption is
more likely, while at higher energies, penetration into the substrate or atom reflection (or re-
evaporation) can occur. An adsorbed particle is first bound by van-der-Waals forces
(physisorption), but a (stronger) chemical bonding (chemisorption) can be created.
Additionally, surface diffusion can occur. These processes are dependent on temperature, where
a sufficient temperature increases diffusion, but a large thermal energy can also lead to
collisions of particles with others, which can result in desorption (to the gaseous phase) or
diffusion into the substrate. An agglomeration of the same particle species is called nucleation.
Its driving force is the lowering of the overall energy. Above a critical nucleation radius, the
agglomerated volume (growing film) continues to grow further. This complex process is
dependent on the interface energies y. Different growth modes, like Frank-van-der-Merwe
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growth  (Ysubswrate > Yfim=Vinwerface =2 layer-by-layer growth), Vollmer-Weber growth
(Vsubstrate < Yilm+Vinterface > 3D island growth) and Stranski-Krastanow growth (first
Ysubstrate = Yfilm T+ Vinterface, then Changing tO Ysubstrate < YfilmT Vinterface > first 1ayerS, then islands

growing on top) can be distinguished, as visualized schematically in Figure 4-2.%8% 289

3.
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Figure 4-2: Schematic growth and related processes occurring and schematic representation of the Frank-Van der Merwe,
Volmer-Weber and Stranski-Krastanov growth modes. Redrawn with information from?288. 289,

4.1.2 Growth monitoring with RHEED

These growth modes can be monitored by RHEED (schematic setup shown in Figure 4-3 (a)),
where different patterns are visible on the fluorescence screen. To give a few examples relevant
to this work, the patterns of a crystalline TiN film grown on c-cut Sapphire ((0001)-oriented
Al>03) and a crystalline HfO, film grown on TiN (on c-cut Sapphire) are shown in Figure 4-3 (b)
and (c), respectively. In (d), the pattern of an amorphous HZO layer grown on TiN is seen.
Additionally, the pattern of a single crystalline c-cut Sapphire substrate is given in (e).
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Figure 4-3: (a) Schematic representation of different electron scattering geometries and crystalline structures of films (left)
with representation of the Ewald sphere construction (middle) and RHEED diffraction patterns (right). Figure taken from
Tang et al. 20, http://dx.doi.org/10.1088/0022-3727/40/23/R01; © I0P Publishing. Reproduced with permission. All rights
reserved. (b)-(e) Exemplary RHEED patterns of (b) a crystalline (cubic) TiN film with a flat surface grown on c-cut Sapphire, (c)
a crystalline m-HfO; film on TiN/c-cut Sapphire (island growth), (d) an amorphous HZO film (only blurred rings), (e) a c-cut
Sapphire single crystalline substrate with an atomically flat surface.
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Layers can be textured, which is a result of the created interface between individual (stacked)
layers or films on a substrate. Textured films exhibit a characteristic relation to the lattice
parameters of the underlying substrate. Epitaxial crystalline films have a near-range order and
long-range order with at least one matching crystallographic orientation. A slight deviation of
the lattice parameters of substrate and grown film can lead to quasi-epitaxial relations, while
an increasing mismatch can result in less but possibly still textured films. On top of c-cut
Sapphire substrates, TiN can be grown in a quasi-epitaxial way, which is seen as sharp lines in
the RHEED patterns (surface rods). Quasi-epitaxial growth of TiN films is also observed on
(002)-oriented MgO substrates, due to the low lattice mismatch of the layers (see also
chapter 5.2 and Appendix).?!2°2 While a high quality, atomically flat surface is represented by
sharp reflections, an increased number of steps or islands present on the film surface is leading
to a broadening effect. This is seen for the HfO; layer in Figure 4-3 (c). An increased roughness
is represented by round dots, which corresponds to an island growth. While for polycrystalline
samples, a well-defined ring structure is seen, a diffuse ring-shaped pattern is visible for
amorphous a-HZO (e). In amorphous films, only a near-range order is present (isotropic).??°

4.1.3 MBE growth parameters used for HfO;, HfxZr1.xO>, TiN, Pt and Cu film growth

In Figure 4-4, sources and pellets, glued substrates as well as QCMs used in this work are shown
exemplarily. Prior to deposition, 5 mm X 5 mm substrates were glued with Ag paste to sample
holders using a heating plate (> 100 °C for 15 min). In this work, either only one (centered)
sample, two or four 5x5 mm?2 substrates were used (Figure 4-4 (b)). Prior to deposition, the
substrate holder and glued substrates were heated up to the desired growth temperature but at
minimum to 300 °C for 15 min to remove adsorbates from the surface. The substrate holders
were introduced over the load lock into the MBE growth chamber in UHV.

"y

Figure 4-4: (a) Cu (orange) and Hf (grey) source with a Cu and Hf pellet. Those pellets are molten inside the crucible utilizing
the electron beam to create the respective source. (b) Glued one, two and four TiN/SiO,/Si 5x5 mm? pieces as substrates on
substrate holders. (c) from left to right: Backside contacts of a gold QCM, clean front side, and front side of a QCM covered
with Hf. As a size reference, a 50 Cent coin is shown in images.

The relevant growth parameters of all films grown utilizing the custom-designed MBE system
in this work are listed and described in the following. The obtained layer stacks of the finally
investigated samples for each series are shown in the respective results and discussion parts.

(1) For the growth of HfO,, ZrO- and their solid solution HfxZr,xO films (results presented in
chapter 5.1) of different composition on c-cut Sapphire substrates from CrysTec GmbH
(one-side polished 5mm X 5mm X 0.5 mm single crystals of (0001)-orientation with
miscut below 0.1°), the following parameters were used (listed in Table 4-1).
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Table 4-1: Deposition parameters for HfiZry10; films grown on c-cut Sapphire substrates. Additionally, calculated and
controlled compositions (QCM thickness ratios) are given. T is the set temperature of the heat control unit, while Tyyro is
the temperature at the sample surface prior to deposition measured with a pyrometer, which corresponds to the
thermocouple-calibrated temperature. The (system internal) deposition height control was always set to 36.6 and the overall

controlled thickness (sum of oxidized Hf and Zr deposited from respective QCMs) was 100 A.

Hf rate/ oxidation additional
calculated Zr rate controlled conditions parameters
composition composition
(rates in A/s)
HfO, 0.70:0.00 HfO, oxygen rotation speed:
plasma O%, 10 rpm;
Hfo.86Z10.1402 0.60:0.10 Hf 86Z10.1402
flow 1 scem,
growth pressure:
Hfo.79Z10.2102 0.55:0.15 Hfy g1Zr0.1902 | power 280 W,
> 635 mv | 6.8-7.3 X10°mbar;
Hfo.72Z10.280 0.50:0.20 Hfo.72Z10.280 .
0.72210.2802 0722102802 | ical output time ~ 2:30 min:
0.45:0.25
Hfo.65Z10.3502 4 Hfo.64Z10.3602 Too = 120 °C
Hfo.58Z10.4202 0.40:0.30 Hf.58Z10.4202 Tpyro = 300 °C
Hfo.51Z10.4902 0.35:0.35 Hf.51210.4902
Hfo.44Z10.5602 0.30:0.40 Hf 452105502
Hfo.36Z10.6402 0.25:0.45 Hfo.38Z10.6202
Hfo.29Zro.7102 0.20:0.50 Hfo,gngo,nOz
yA{®)) 0.00:0.70 YALO))

For the film deposition, a Hf (99.9 % purity except Zr, from Kurt J. Lesker Company) and a
Zr (Grade 702, from Kurt J. Lesker Company) source were used. Corresponding evaporation
rates were calculated using equation (7). An overall rate of 0.7 A/s (sum of Hf and Zr rate
during co-evaporation) was kept constant for all films to reach a broad composition range
during mixing/entire phase space from HfO. to ZrO, also including Hfos5Zro502 and to
ensure similar oxidation conditions for all films. In situ oxidation was achieved by utilizing
an oxygen plasma (oxygen radicals O*) created from 1 sccm (oxygen 99.9999 %, from AIR
LIQUIDE) oxygen flow using a mass flow controller (from MKS) and a radio frequency
power of 280 W applied to the discharge glass tube of the plasma gun (Oxford Applied
Research, HD 25). The ionization of oxygen promotes the reaction with the evaporated
metal in the chamber.

Pzr
PHf Pz M
M—foRHf=r><MZ:><RZT—>RHf=r><p—ZT><RZT 7)
My

with pyr= density of Hf = 13.09 g/cm?3; My = molar mass of Hf =178.49 g/mol,
pzr= density of Zr = 6.49 g/cm?; Mz, = molar mass of Zr = 91.224 g/mol and Ry as the

Hf evaporation rate, R, as the Zr evaporation rate and r as the desired ratio. The element-
specific parameters are used according to the handbook corresponding to the software of
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the used Inficon rate control unit. Due to the similar chemical behavior of Hf and Zr, the
respective ratios of density to molar mass is similar (= 0.07 mol/cm3), which simplifies
further calculations and Ry = Rz for r = 1 is leading to a calculated composition of
almost Hfo5Zr0.5(02).

(2) For all stacks with potentially ferroelectric properties, TiN bottom and top electrodes were
grown in the MBE chamber by evaporating Ti from an evaporation source (99.995 % purity,
from Kurt J. Lesker Company) and in situ nitridation utilizing a nitrogen plasma with
nitrogen radicals N* (nitrogen 99.9999 %, from AIR LIQUIDE). In advance to all
depositions, gas lines are purged to ensure clean gas lines. 30 — 50 nm thick crystalline TiN
bottom electrodes were grown on c-cut Sapphire substrates at a growth temperature of
750 °C (stabilized prior to deposition for at least 30 min) with a Ti rate of 0.3 A/s, a gas
flow of 0.8 sccm and 350 W power (leading to 900 — 930 mV optical output) applied to the
BN discharge tube. This results in a growth pressure of about 7.8 — 8.0 x10® mbar. Sample
rotation of 10 rpm during growth was started after 20 A of displayed QCM layer thickness
to take RHEED pictures and achieve a smooth layer growth from the start.

Hafnium zirconium oxide films with a composition of HfysZros0- (labeled as HZO in the
following) and a thickness of 10 — 12 nm were grown on TiN bottom electrodes similar to
the conditions as mentioned in (1) — using Hf and Zr evaporation rates of 0.35 A/s.
Amorphous (a-)HZO films were grown also at lower temperatures from room temperature
to about 120 °C. TiN top electrodes (on top of the HZO layers) were grown at similar
conditions, but different growth temperatures were tested ranging from room temperature
(RT = 25 °C) up to 300 °C. A low temperature was necessary to prevent crystallization of
the HZO films in the monoclinic phase already during TiN top electrode growth (see
discussion in chapter 5.2). This leads to TiN/HZO/TiN stacks. As the amorphous TiN was
considered being too nitrogen-deficient and the growth conditions changed over time
(within one year), the rate was lowered to 0.1 A/s with 0.8 — 1.1 sccm (8x10° —
1x10° mbar) and an increased temperature of 800 — 850 °C had to be used.

Additionally, TiN was grown on (001)-oriented MgO substrates from CrysTec GmbH to
achieve a (200)-oriented, quasi-epitaxial TiN bottom electrodes similar to TiN bottom
electrodes grown on c-cut Sapphire, were a (111)-oriented, highly-textured electrode can
be achieved. From this, a-TiN/a-HZO/cry-TiN stacks were created. Additionally, HZO/TiN
stacks were prepared without a TiN top electrode, but instead with a Pt top electrode
achieved by sputtering to investigate the influence of the different top electrodes used. One
reference Pt/HfO,/TiN stack was prepared.

(3) Hafnium oxide-based layers for stacks containing a Pt bottom (on c-cut Sapphire) and a Pt
top electrode (corresponding to stacks and results presented in chapter 5.3) were grown in
the MBE chamber. Pt electrode layers of these stacks were deposited using DC sputtering.
11 — 12 nm thin m-HfO, and m-HZO layers deposited on sputtered Pt bottom electrodes at
a temperature of about 300 °C. The growth parameters are listed in (1). Amorphous layers
of both types were achieved at room temperature. The four different stackings (Pt/m-
HfO,/Pt, Pt/a-HfO,/Pt, Pt/m-HZO/Pt and Pt/a-HZO/Pt) of the devices are further described
and depicted in chapter 5.3.
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(4) Pt/m-HfO./Pt and Cu/m-HfO,/Pt stacks (chapter 5.4) for a direct comparison of the
resistive switching characteristics of devices were prepared in a similar way as described
in (3). Pt and Cu electrodes were deposited utilizing a DC sputtering unit (results shown in
chapter 5.4), while the 10 nm thin m-HfO, layers were prepared in the MBE system using a
Hf evaporation rate of 0.1 A/s and an O* plasma - oxidation conditions: 0.18 sccm oxygen
flow, 200 W plasma power and optical output of about 435 mV. These parameters (reduced
rate, flow and power) were chosen based on the results from (1), (2) and (3) to achieve a
better growth controllability. The HfO layers for both stacks were grown simultaneously
on two glued substrates on the very same holder to have the best possible comparability.

(5) For an oxide layer thickness dependency study (see chapter5.5), 6 different
Cu/x nm HfO,/Pt stacks were grown using the parameters described in (4). m-HfO. layers
were calibrated to thicknesses of 20 nm, 15 nm, 10 nm (same sample as in 4)), 7 nm, 5 nm
and 3 nm by means of XRR investigations in comparison to QCM thickness values. The
respective HfO, layers were always grown on two Pt/c-cut Sapphire samples
simultaneously, which results in 12 samples (6 different stacks X 2). One sample (of each
thickness) was cut in vacuo using a razor blade fixed to the sample garage in the MBE load
lock in UHV. The second sample was remaining glued to the sample holder. This sample
was transferred back to the MBE growth chamber and covered with about 30 nm of Cu
(99.999 % purity, from Kurt J. Lesker Company; rate 0.7 A/s) and about 5 nm of Pt (rate
0.5 A/s) by thermal evaporation of the metals utilizing electron beams. This “in vacuo
capping” preparation method using is relevant especially for stacks with oxygen-deficient
switching layers that would otherwise oxidize in contact with air. The performed
preparation routine on stacks containing stoichiometric HfO, layers was a test run for future
works. For the other series of “in vacuo-cut” samples, the Cu and Pt top electrode layers
were sputtered ex situ. These two different preparation methods and more details on the
stack and device preparation can be found in chapters 4.2 and 4.3 (experimental), 5.2, 5.3,
5.4, 5.5 and 6.2.2 (results and discussion).

(6) Samples for the first heavy ion irradiation study of this work consisting of about 200 nm
thick stoichiometric monoclinic hafnium oxide layers (providing sufficient volume for XRD
investigations) grown at about 300 °C on c-cut Sapphire substrates were prepared with a Hf
evaporation rate of 0.7 A/s and an oxygen plasma with an oxygen flow of 1 sccm, and
280 W power. The comparably high rates during growth are necessary to achieve a thick
layer in a reasonable time (< 40 min). Substoichiometric i.e. oxygen-deficient films of about
200 nm thickness were achieved at 0.5 A/s, 0.05 sccm flow and 200 W. Calibration was
done using XRD to obtain the desired phases.

As a comparison sample series, oxygen-engineered 20 nm thin HfOx films were grown
(non-irradiation samples) on c-cut Sapphire substrates using 0.1 A/s, 0.18 sccm and 200 W
for the stoichiometric film, and reducing the oxygen flow steadily (Hf rate for oxygen-
deficient films 0.9 A/s and an oxygen flow of 0.14 sccm/0.10 sccm/0.06 scem,
respectively). Calibration of these films was done using XRD, XRR as well as in vacuo XPS.
More details can be found in chapters 4.5 & 6.1.1, as well as in literature'#* 2%3,

(7) Similar films were grown on (001)-oriented Si substrates (from CrysTec GmbH) with a
native SiO- layer on top. About 200 nm thick m-HfO, films were achieved using a rate of
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0.5 A/s, a flow of 0.5 sccm and a power of 280 W. Oxygen-deficient 200 nm thick HfOx and
HfOy (with x > y) films were grown using 0.5 A/s, 0.06 sccm (HfO,) and 0.05 sccm (HfOy)
and 200 W. It should be mentioned that in this case, similar oxygen flows lead to different
oxidation, revealing the outstanding possibility to precisely grow different phases of
hafnium oxide by slightly varying the oxidation conditions (see chapter 6.1.3).

Additionally, 10 nm thin stoichiometric and substoichiometric/oxygen-deficient films were
grown on top of TiN/SiO,/Si stacks provided by CEA-Leti to achieve electrical contacting
for switching operation (see also chapter 4.7 for details on the external sample preparation;
results in chapter 6.1.2 and chapter 6.2.2). These stackings are closer to those of real
applications. All stacks are used to study fundamental irradiation-induced changes of the
crystal structure. The results can be connected to the obtained switching characteristics of
devices.

4.2 Electrode Sputtering

Many electrode layers for the stacks characterized in this work were achieved by sputtering
processes, mostly using DC (direct current) magnetron sputtering but also RF (radio frequency)
magnetron sputtering. DC magnetron sputtering is a PVD method for growing films based on
direct current as the power source. This method is well-suited for metal deposition. A plasma is
injected in a vacuum chamber with a pressure in the 103 mbar-range from an inert process gas
like Ar. The target material such as Au, Ag or Cu in form of a sputtering target acts as the anode
for discharge. During the high-energetic bombardment of the target surface, target material is
atomized, which condenses on a substrate surface (cathode) in form of a coating. In magnetron
sputtering, the ions of the plasma are forced in a concentric area near the target surface by an
applied magnetic field. Advantages of this sputtering process are the relatively simple and fast
deposition of pure films with good coverage and high adhesion at low temperature. RF
magnetron sputtering can be used to deposit conducing materials but also non- or less-
conducting target materials such as TiN, where a current cannot run through the target or
charge accumulation can occur. RF sputtering is based on a high frequency alternating field by
changing the bias of anode/cathode in cycles at a high rate. The fluctuating field results in a
negatively-charged target material, where ionized gas ions remain at the anode after one cycle,
while the reverse polarity leads to positively-charged sputtering gas atoms that are accelerated
towards the substrate in the subsequent cycle. This change prevents permanent charge-buildup.
In this process, it is possible to use an inert gas such as Ar only or additionally provide a more
reactive gas such as N for nitridation.??% 29>

Sputtering experimental: In this work, electrodes were achieved by sputtering as listed below
for the corresponding stacks as listed in chapter 4.1.3. Thin films were directly calibrated using
X-ray reflectivity (XRR) investigations, while for the scaling of thick films thinner layers of
20 nm or 50 nm thin films were deposited, their thickness measured and the necessary
deposition time calculated to achieve the desired thickness. A control of the finally achieved
thickness can be done by utilizing profilometry measurements.

(1) For the Hf,Zr1.xO2 mixing series no electrodes were sputtered.

(2) For all stacks with potentially ferroelectric properties (compare chapter 5.2), about
100 nm Pt (current: 30 mA; target: 99.99 %, from Umicore) and 250 nm Au (30 mA;
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99.99 &, from BALTIC prédparation) were deposited using DC sputtering from metal
targets in a Q150T deposition system by Quorum Technologies on top of the TiN top
electrode or the HZO or HfO, layer. This results in Au/Pt/TiN/HZO/TiN,
Au/Pt/HZO/TiN and Au/Pt/HfO,/TiN stacks. Additional trials to prepare TiN electrodes
on c-cut Sapphire substrates were performed by RF magnetron sputtering (in a separate
vacuum chamber) from a bonded TiN ceramic target using a power of 50 W,
1.4 sccm N2/0.6 sccm Ar flow leading to a growth pressure of about 2x10* mbar and
varied substrate temperatures (RT, 100 °C, 200 °C, 320 °C and 480 °C).

(3) About 60 nm thick bottom electrodes were deposited on four c-cut Sapphire substrates
using DC sputtering. On top of the m-HfO,, a-HfO2, m-HZO and a-HZO (MBE grown)
layers, about 100 nm thick Pt and 250 nm thick top electrodes were sputtered (compare
results and discussion part in chapter 5.3).

(4) For the Pt/m-HfO,/Pt and Cu/m-HfO,/Pt stacks, 130 nm Pt plus 250 nm Au and 30 nm
Cu (30 mA; 99.9 %, from BALTIC Préparation) plus 100 nm Pt/250 nm Au were
sputtered, respectively (chapter 5.4).

(5) For the oxide layer thickness dependency study using Cu/HfO,/Pt devices of 6 different
stacks (chapter 5.5), 60 nm thick Pt serving as the bottom electrode on c-cut Sapphire
substrates, and 30 nm of Cu, 100 nm of Pt and 250 nm of Au as top electrode layers
were sputtered on top of the HfO, layers (in vacuo “cut” in MBE load lock -
compare 4.1.3). For the in vacuo-capped layers (with Cu and Pt in MBE), 100 nm of Pt
and 250 nm of Au were ex situ sputtered afterwards, additionally.

(6) No electrodes were sputtered for the heavy ion irradiation study on 200 nm thick
stoichiometric monoclinic hafnium oxide layers grown on c-cut Sapphire substrates.

(7) As a protection layer for the focused ion beam lamellae preparation for subsequent
STEM analysis, 100 nm of Pt were sputtered on top of 200 nm thick m-HfO- films grown
on SiO»/Si and on 10 nm thin HfO, grown on TiN/SiO./Si (provided by CEA-Leti,
compare chapter 4.7). For electrical characterization as shown in chapter 6.2.2, 100 nm
of Pt and 250 nm of Au serving as top electrode layers were sputtered on top of both, as
grown and irradiated (5% 102 ions/cm?) 10 nm HfO,/TiN/SiO./Si stacks.

4.3 Post-deposition annealing and sample structuring

In this chapter, treatments performed after the sample synthesis in MBE as conducted in this
work are introduced, namely post-deposition annealing (1) and sample structuring (2). First,
annealing experiments of samples with potentially ferroelectric properties as discussed in
chapter 5.2 are described. As this annealing procedure is only performed after the TiN or Pt top
electrode was deposited on top of the oxide layer and no other annealing steps were included,
it is named post-deposition annealing for simplification. Second, the sample structuring
necessary to achieve measurable electric devices is described. This includes the top electrode
layer sputtering as described in the previous chapter as well as optical lithography and in several
cases also ion beam etching (IBE). The preparation of external samples is described in
chapter 4.7.
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(1) Most post-deposition annealing experiments were conducted in a vacuum chamber
usually used for pulsed layers deposition utilizing the mounted infrared diode laser system
(by Jenoptik) with a wavelength of 938 nm. This laser is used for heating of the sample
holder and the attached sample from the backside, while the temperature is monitored using
an IR pyrometer (SensorTherm). The aim of the post-deposition annealing was to crystallize
the HZO layers (initially amorphous after thin film growth, sandwiched between two TiN
electrodes or a TiN BE and a Pt TE) in a polar phase showing ferroelectric properties. As a
reference, a stack containing a polycrystalline HZO film was annealed. Annealing
parameters were varied from 400 — 800 °C with ramp-rates (up and down — for quenching)
ranging from 5 °C/s to 20 °C/s and a holding time of 20 s to 2 min. Individual parameters
used are shown with the results in chapter 5.2. All annealing experiments were conducted
in 380 Torr N2 or Ny/Ar atmosphere (maximum possible), by introducing the gases in the
vacuum chamber and stopping the flow as soon as the desired background pressure was
reached. A few additional post-annealing attempts were conducted in the MBE system
directly after TiN top electrode growth at 400 °C — 600 °C for 10 min in vacuum using
resistive heating. One additional TiN/HZO/TiN/c-cut Sapphire test sample was annealed in
a furnace at 400 °C for 1 h in air (ramp-rate 5 K/min).

(2) Sample structuring can in general be performed in many different ways, including
photolithography like optical lithography, electron lithography, chemical etching, ion beam
etching, etc. as used in both (semiconductor) industry and in research laboratories for
different purposes such as electrical devices from multilayer structures and integrated
circuits. In this work, optical lithography and ion beam etching procedures were used. In
optical lithography, the image of a so-called photomask is transferred by applying UV light
to a photoresist, i.e. a light-sensitive polymer. Exposed areas are either hardened or
dissolved, dependent on the nature of the photoresist, and serve as masks (predefined open
parts) for subsequent deposition processes or etching (removal of material to achieve
indentations). Ion beam etching (IBE), also called ion beam milling, is a technique to etch
profiles in materials by utilizing a direct beam of ions at a sample surface in high vacuum.
In this work, depending on the initial stacking after growth of layers in the MBE system,
subsequent sample preparation, including structuring was achieved in two different ways,
in this work named “with IBE” and “without IBE”. A schematic representation of the
different workflows is given in Figure 4-5.

(a) “With IBE”: For stacks with a closed top electrode layer after growth in the MBE system,
further top electrode layers were sputtered before lithography was performed, followed
by an ion beam etching step (see chapters 5.2 & 5.5; as an exception, this procedure
was also applied for the test sample “annealed Pt/HZO/TiN” as described above in (1).
This routine is called “with IBE” in this work. As an example, the preparation steps to
obtain (Au/Pt/)Cu/HfO,/Pt devices is shown in Figure 4-5.

After the HfO, layer was grown and a Cu and a Pt layer or a TiN top electrode layer was
added in the MBE system, the samples were removed from the vacuum chamber and
additional thicker Pt and Au layers were sputtered using DC sputtering. This results in
a stacking with closed electrode layers as the top layers. For the subsequent optical
photo-lithography routine performed in a clean room environment, the samples were

51



cleaned by rinsing with acetone and isopropanol. Then, a negative photoresist
(ma-N 1429, Microresist Technology) was applied on top (Au surface) in a spin coating
process (6000 rpm, 40 s), followed by edge-beard removal with a razor blade and a pre-

bake step at 105 °C for 2 min to remove residual solvents.
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Figure 4-5: Schematic representation of applied stack preparation possibilities used. The two workflows are named
“with IBE” and “without IBE”. Both yield the same stacking with 30 um x 30 um patches (device area). Additionally,
an exemplary microscopic top view of the sample surface with four devices is shown.

Structures are achieved from a lithography mask with the desired predefined structure
(chromium mask on a glass plate), which was pressed against the surface of the sample
with the photoresist, positioned using a mask aligner (MJB4, SUSS MicroTec) and
radiated with UV light (wavelength 365 nm; required dose > 635 mW*s/cm?). The used
masked for this “with IBE” sample preparation has 30 um X 30 um patches that are
exposed to UV light. Afterwards, a development step is carried out placing the sample
in a developer (ma-D533/S, Microresist Technology) for 80 s, where the residual
photoresist (the part not hardened by UV light) is removed in a deionized water bath
(dried with nitrogen flow). With an optical microscope, the achieved photoresist patches
can be checked. Afterwards, the samples need to be ion beam etched to remove the
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surface layer that are not protected by the photoresist patches, which have an area of
30 X 30 um? and a thickness of about 1.5 um.

For ion beam etching, the samples are glued with Ag paste (above 60 °C but below
100 °C for more than 30 min to affect the heat-sensitive photoresist as less as possible)
on sample holders and introduced in the vacuum chamber of the custom-designed IBE
system (by Mantis Deposition). The used IBE procedure is a dry etching process, where
material is removed from a sample by ion bombardment from a created plasma (RF
generator).?®® In this work, IBE is carried out using a 150 W Ar plasma with an
acceleration voltage (18 mA current) and cooling of the sample stage with liquid
nitrogen to prevent heating, which could otherwise result in undesired diffusion
processes in the sample or a hardening (further cross-linking) of the photoresist that
cannot be removed anymore afterwards. This IBE procedure was never taking longer
than 15 min. After IBE, the photoresist is removed in an acetone bath or in pre-heated
remover (ReM 500, Microresist Technology). Afterwards, the sample is cleaned by
rinsing with acetone and isopropanol and dried with nitrogen flow. An optical
microscope was used to check the success of the process. Finally, the desired structure
with 140 devices with a patch size of 30 um X 30 um is achieved (in best and cleanest
preparation case).

After IBE, two problems occurred, which were part of the subsequent optimization
processes:

o Potentially ferroelectric samples (see chapter 5.2 for TiN/HZO/TiN and
Pt/HZO/TiN devices) were etched to the TiN bottom electrode surface. Those were
found to potentially face an increased leakage current, which could be a result of
redeposited conductive material at the edge of a device (stack) or other detrimental
effects that can be induced by dry etching®®’. Additionally, an oxidation of the TiN
surface is likely for the prepared samples (substoichiometric TiN). This can result in
a poor electrical contacting of the bottom electrode. The occurrence of such
disadvantages for the specific stack preparation used was not known at the time of
the conduction of these studies. An advantage of stopping the process at the TiN
surface would be the achievement of a contact area for the bottom electrode tip for
electric measurements in a clean process. The established endpoint detection in the
IBE system utilizing a quadrupole mass spectrometer to monitor the quantity of Ti,
Zr, Hf, Au, Pt and Cu allowed a good control of the point, where etching could be
stopped by closing shutter in front of the sample.

o To achieve devices showing lower leakage and a more uniform switching behavior,
the Cu/HfO,/Pt samples presented in chapter 5.5 were only etched to the HfO,
surface as depicted in Figure 4-5. The bottom electrode is reached by scratching to
the bottom electrode at the edge of a sample, applying a small Ag paste dot to
connect bottom electrode and Au layer at the edge of the sample, where the bottom
electrode tip was placed. The advantage of this procedure is the simple preparation
of working devices. A disadvantage is the quite “dirty” use of scratching and Ag
paste. Potential influences of the preparation techniques on the device behavior are
discussed in the results and discussion part - chapter 5.5.
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(b) “Without IBE”: For stacks with a HfO, or HZO film as the top layer after growth in the
MBE system (all samples which were not treated as discussed in a., optical lithography
was used BEFORE the top electrode layers were deposited by sputtering (compare
Figure 4-5). This routine is named “without IBE” in this work and often also called
“(normal) lift-off”. The corresponding electrical results of the achieved devices are
shown in chapter 5.3 (Pt/HfO, or HZO/Pt), 5.4 (Pt/HfO./Pt and Cu/HfO./Pt),
chapter 5.5 (Cu/HfO./Pt) and chapter 6.2.2 (Pt/HfO./TiN). After photoresist was
applied on the HfO, or HZO films by spin coating, edge-beard removal and 2 min of pre-
baking, structures were achieved again by UV exposure through a lithography mask. In
contrast to the lithography performed for “with IBE” samples, a negative mask is used
for this process (“without IBE”). With this mask, 30um X 30 um squares are
photoresist-free after UV exposure and the subsequent development process, while
photoresist is hardened on the rest of the sample surface area. Afterwards, top electrode
layers (Cu, Pt, Au) are applied by DC sputtering on top of the whole sample. The metal
layers then cover the top of the photoresist as well as the HfO. layer in the
30 um X 30 um holes. The photoresist and all layers on top are removed afterwards by
placing the samples in an acetone bath (similar to (a)). With this, the same stacking is
achieved.

4.4 Heavy ion irradiation experiments

The irradiation experiments with swift heavy ions were conducted at the GSI Hemholtzzentrum
fiir Schwerionenforschung in Darmstadt at the universal linear accelerator (UNILAC), which is
schematically depicted in Figure 4-6.
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Figure 4-6: Schematic representation of the UNILAC at GSI in Darmstadt. lons from one of the ion sources are pre-accelerated
in the high current injector. At the gas stripper, the charge state of the ions is increased and then the ions are further
accelerated in a four-tank Alvarez structure. The beam can be delivered to different experimental stations in the UNILAC hall
or injected into the heavy ion synchrotron SIS 18. Figure adjusted from GSI website, where additional information can be
found.?®®

The 120 m long UNILAC at GSI can be used to accelerate all elements up to uranium. Specific
energies up to 11.4 MeV/nucleon (MeV/u) can be reached, which corresponds to about 16 %
of the speed of light. Higher beam energies are obtained by injecting ion pulses into the heavy
ion synchrotron SIS18. All experiments for this work were conducted at the X0-beamline at the
end of the UNILAC. This beamline is operated by the materials research department and
exclusively dedicated to the irradiation of user samples or electronic devices. More information
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can be found on the webpages of the GSI facility?**%. For the irradiations of the samples of
this work, 8.6 MeV/u Au ions were used. This initial energy is slightly reduced to 8.3 MeV/u
(= 1.635 GeV) because the beam passes through a secondary electron transmission monitor
consisting of three 1 um thick Al foils before reaching the samples. All irradiations were
performed under normal beam incidence and at room temperature.

Some of the samples were analyzed prior to the ion irradiation by X-ray diffraction or electrical
measurements. For the irradiation the samples were fixed to 5X5 cm? aluminum plates using
double-sided tape. The standardized plates were inserted in vacuum by a remote-control inlet
system. By defocusing the beam using quadrupole magnets, a homogeneously irradiated area
of 5X5 c¢m? is possible. The ion flux during irradiation was kept below ~ 5x10%ions/cm?2s to
avoid macroscopic heating of the samples. The overall sample temperature is estimated to not
exceed 50-60 °C during irradiation. In the actual study, the samples were exposed to different
fluence series to investigate ion-induced structural and electrical property changes. For
HfOx-based samples, the fluence values ranged from 5x10° to 8x10'2 ions/cm?, while for
Ge-Sb-Te-based samples, fluences from 5x10° to 1x10'® ions/cm? were used. Details can be
easily seen from the results presented in chapter 6. The uncertainty of the fluence as a
consequence of inhomogeneous beam defocusing is about 10 — 20 %. During irradiation,
samples were “floating”, which means that no electrical grounding or electrical contacting of
bottom or top electrodes was used. After the irradiation, the samples had to stay in quarantine
until deactivated before transport and characterization were possible.

The interaction between the ions and the target matter with characteristic values like the
transferred energies was calculated using the TRIM (“Transport of Ions in Matter”) code (TRIM-
2010).%* 3% The code allows the simulation of interactions in multi-layer configurations and
compounds, like it is the case of HfO, grown on TiN and a SiO,/Si substrate. In this work, the
TRIM (“Transport of Ions in Matter”) code (TRIM-2010) was used to simulate interactions in
multi-layer configurations and compounds, like it is the case of HfO, grown on TiN.

For the irradiation of all stoichiometric pure and doped HfO. films (density of about
9.68 g/cm?)'?> with 1.635 GeV Au ions, the electronic energy loss is about 53 keV/nm
(chapters 6.1.1, 6.1.2, 6.2.2.) The slowing down process of the ions is dominated by electronic
interactions. The nuclear energy loss is only about 69 eV/nm, resulting in only 4.4x10*
displacements per atom (dpa), which was determined by Full Cascade TRIM Calculations. Thus,
elastic collisions only play a minor role. The ion range in the stacks is in um-range and therefore
exceeding the overall stack thickness (always below 1 um). As a consequence, the ions stop in
the substrate. The electronic energy loss in oxygen-deficient HfOx (exact stoichiometry of as
grown and irradiated films not known) with an increased density of 10— 11 g/cm2* is
generally expected to exceed the value of 53 keV/nm obtained for HfO, (chapters 6.1.1, 6.1.3).
In Ge-Sb-Te-based phase-change materials (chapter 6.4), the electronic energy loss is about
34 keV/nm.
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4.5 Characterisation of film structure and composition

For the characterization of the crystalline structure X-ray diffraction was used, while thickness,
density and roughness of the films was determined using X-ray reflectivity. The film composition
(Hf:Zr ratio in Hf,Zr1<O> films and oxygen content in HfOyx films) was investigated utilizing
X-ray photoelectron spectroscopy. These techniques will be briefly introduced in this chapter
together with the experimental method as performed in this work. Additionally, relevant
(scanning) transmission electron microscopy techniques from a large pool of advanced
techniques will be discussed in the context of this work.

4.5.1 X-ray diffraction

X-ray diffraction (XRD) is a fast, non-destructive and precise characterization technique with a
multitude of operation modes that can be used to investigate characteristics like crystal
structures, grain sizes, film textures, and strain/stress states of crystalline materials. XRD is
based on two principles — (1) Thomson or elastic scattering of photons allows the treatment of
atomic planes as (semi-transparent) mirrors and (2) the wavelength of the used electromagnetic
radiation called X-rays below 1 nm (10'° — 102 m) is of the same order of magnitude as the
interatomic distances in the investigated crystals (A-range/10'°m). The X-ray beam is
diffracted at the periodically arranged atomic planes, which results in constructive and
destructive interference. This phenomenon can be visualized as depicted in Figure 4-7 (a), and
described by Bragg’s law (equation (8)).

nxas= Zdhkl X Sln(e) (8)

where the plane spacing dn« (individual planes identified using Miller indices hkl) is directly
related to the wavelength A and incident angle 6 (Bragg angle) of the X-ray beam. n is an integer
starting with 1 that represents the order of the diffraction maxima. For each group of lattice
planes of a crystal, diffraction conditions are fulfilled for specific Bragg angles. Constructive
interference occurs when the path difference A between scattered waves is an integer multiple
of A (A = n X 1), which results in a measurable intensity of diffracted X-rays. The constructive
and destructive interference is dependent on the crystal structure under investigation, following

cancellation rules.3%

An X-ray diffractometer consists of different components: An X-ray source including a shutter,
primary beam or incident optics, a goniometer (and sample holder/stage), receiving or
diffracted beam optics, and a detector. This setup is usually situated in a radiation enclosure. It
is closed during running experiments, which are therefore controlled externally using a
computer software. X-rays are generated in an X-ray source (X-ray tube), where a cathode
material is heated and emits electrons, which are accelerated towards an anode material like
Cu by an electric field. The high-energy electrons collide with the anode material, creating
continuous radiation (Bremsstrahlung) and characteristic for the allowed transitions in the
material of the anode (e.g., Cu Ku, Koz and Kg). The beam is then guided by incident optics such
as Soller slits, incident slits, divergent and axial slits towards the sample, where it is diffracted
at the periodically arranged atoms in the crystal structure. Afterwards it passes secondary or
receiving optics such as parallel slit analyzers, Soller slits, scattering and receiving slits before
reaching the detector. To achieve a monochromatic X-ray beam, different monochromators can
be used such as a primary 2-bounce monochromator (2xGe(200)) mounted on the incident
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optics side, as well as a graphite secondary monochromator mounted directly in front of the
detector. Both were (separately) used in this work. The detector used in this work is a 1D
detector (scintillation counter). An attenuator should be used to reduce the intensity of the
X-ray beam reaching the detector, preventing damaging of the detector.3®

In general, different geometries can be utilized, like the Bragg-Brentano or parallel beam
geometry. In this work, a parallel beam setup in a 4-circle goniometer as commonly used for
thin film characterization, was utilized. The setup is schematically shown in Figure 4-7 (b).
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Figure 4-7: (a) Geometric visualization of Bragg’s law with the incident beam being diffracted at the layers of atoms in the
angle 6, depending on the distance of the lattice planes d and the wavelength A. (b) Schematic arrangement of the parallel
beam four-axis goniometer setup and the optical path with corresponding variable axis with angles 6, w, x (tilting), ® (sample
rotation).

In contrast to measurements performed in Bragg-Brentano geometry, larger defocusing of the
beam is avoided in parallel beam geometry. In the used setup, a parallel beam is achieved by
passing the divergent X-ray beam through a multilayered mirror (Gébel mirror) and an
aperture. The obtained beam consists of parallel individual X-ray beams that reach the substrate
surface at the same incident angle. The sample is positioned in a horizontal position on a sample
stage. This setup allows thin film measurements under different angles to perform e.g., gracing
incidence scans, rocking curve scans, pole figure scans, and also reciprocal space maps. More
information on these techniques can be found in literature®®,

This work focuses on the performed 26/w-scans, which are particularly suited for the mostly
polycrystalline, but still oriented (textured) nature of the investigated films and multilayer
stacks grown on single crystalline substrates. For epitaxial layers, further pole-figure
measurements, rocking curves and additional in-plane investigations would be of interest,
which is dependent on the film thickness (sufficient crystalline volume) and crystalline quality,
as well as the used setup i.e. intensity, scan speed, step-width, number of data points and
achievable signal-to-noise ratio. In the following chapter 4.5.2, the also used X-ray reflectivity
will be introduced.

For 26/w-scans, an alignment for the correct height (half-cut intensity) is performed in Z and
w, followed by an alignment to the Bragg plane of the single crystalline substrate (alignment to
substrate reflection) to achieve the maximum possible intensity. The scan itself is a symmetric
scan, where the primary and secondary arm are moved simultaneously at the same angular
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speed. In this configuration, diffraction is always obtained from planes parallel to the surface,
which is mainly used for textured films. Different Bragg planes can be investigated by moving
different angles like x and w. For the 26/w measurements, an XRD pattern showing intensity in
counts per second in dependence of 20 in degree is given. In general, a reflection is
characterized by position, intensity, width and shape including asymmetry. For powders, the
20 angle is only dependent on the lattice parameters (spacing of the layers). By expecting the
crystal class or determining it from a Laue pattern, parameters defining the crystal structure
(lattice parameters a, b, ¢, a, B, y) can be determined, including the space groups of the phases.
Further analysis is possible by comparing the obtained patterns showing characteristic
reflections with reference results e.g., from Powder Diffraction Files (PDF) respectively
Crystallographic Information Files (CIF), which are collected in data bases such as the ICDD
(International Center for Diffraction Data) data base. With this, compounds with different
phases and structures can be identified and distinguished. For thin film, performing Rietveld
refinement is difficult due to texture effects. A disadvantage of XRD for thin film
characterization is the potentially difficult data analysis including e.g., the nearly impossible
deconvolution of strain/stress and compositional changes (like in HfO4'**) both leading to shifts
of reflection positions in 26. Also, instrumental influences as well as alignment problems (e.g.,
wrong height) play a role. Additionally, the width of the reflection is dependent on grain size
that is often interconnected with film thickness, and to compositional as well as strain gradients.

Polymorphism in HfOx: An important characteristic relevant to this work is the structural
similarity of the polymorphous HfOy (as described in chapter 2.1.5), which is characterized by
the possible presence of multiple phases with only a small variation of the lattice parameters.
This can result in very similar diffraction patterns. Exemplary simulated XRD patterns of
polycrystalline powders from corresponding PDF and CIF data are shown in Figure 4-8. The
monoclinic phase represents the thermodynamically stable phase at ambient conditions for both
powders and films (m-HfO., space group P2:/c or also P2:/a, ICDD 00-034-0104'2* 124) with
the characteristic (111) reflection in the XRD pattern at 26 =~ 28.3°. Next to this, a tetragonal
phase (t-HfO,, space group P4»/nmc, ICDD 01-078-5756'2°) and a cubic phase (c-HfO, - Fm3m,
ICDD 04-011-9018) can be stabilized at higher temperatures. Both phases have a characteristic
reflection at 20 =~ 30°. This is also true for the pressure-stabilized orthorhombic phases oI-HfO,
(space group Pbca, ICDD 01-083-0808) and olI-HfO, (Pnma or also Pmnb, ICDD 04-013-7323)
in powders. These phases are also often assigned to the crystal structure of thin films which are
stable at ambient conditions, mainly due to their similarity of the XRD patterns. The metastable,
polar ferroelectric phases, referred to as an orthorhombic phase (o-HfO. or oIll-HfO-, space
group Pca2:'%°) and the rhombohedral phase (r-HfosZros02 - R3 or R3m'?’) also have similar
reflections at 20 ~30° (not shown for R3). Additionally, an oxygen vacancy-stabilized
rhombohedral phase of HfOx can be stabilized in undoped, oxygen-deficient films (theoretical:
r-HfO1 s/experimental: r-HfO 7 - R3m!%8),

X-rays are mainly scattered by the electrons/electron density surrounding the nuclei. The
scattering factor increases with the atomic number Z. In HfOy, the scattering process is thus
dominated by the Hf sublattice. As a consequence, one HfOx phase with a defined Hf sublattice
but slight differences in the O sublattice cannot be distinguished by XRD. However, these
changes can potentially lead to drastic property changes of the films (e.g., non-polar vs. polar).
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Figure 4-8: Exemplary XRD patterns of polycrystalline powders simulated using VESTA12%, with information from ICDD PDF
and corresponding crystallographic information files (for P21/c, P4,/nmc, Pbca, Pnma and Fm3m) and DFT calculations (for
Pca2,130.131 and R3m128). The lattice parameters and simulated pattern of the r-HfO; s phase is very close to those obtained
from experimental datal28, The most-relevant reflections for the discussions in this work are indexed.

In principle, a distinction of these similar phases from XRD patterns of polycrystalline bulk
(powder) samples can be done by analyzing the occurring splitting of the characteristic
reflections. As an example, the (200) reflection of the cubic HfO, splits into (200), (002) and
(020) in the Pca2; orthorhombic structure, while (111) of the cubic structure splits into (111)
and (111) when undergoing a transition to the rhombohedral structure (R3m). This is
accompanied by a shift towards larger diffraction angles, due to the smaller unit cell present.

For thin films, the distinction of the phases from XRD patterns especially from 26-scans is
challenging, due to the similarity of these phases, which are all distorted variants of the fluorite
structure (Fm3m). This is in particular relevant for highly-textured or even epitaxial films
showing only a low number of reflections (sometimes even only one reflection in the XRD
pattern).!?® 145 152 Dye to the mentioned interconnection of effects leading to shifts and
broadening of reflections, a distinction is challenging. This can result in an incorrect assignment
of a phase to a specific crystal structure from absolute diffraction angles where characteristic
20 reflections are found. A clear identification requires huge efforts. For highly textured films
of a very good crystalline quality, it might be possible to determine the crystal structure using
a combination of different diffraction techniques such as out-of-plane and in-plane scans, even
though this has been proven to be very elaborate.'?”- 128 To give an example: In oxygen-deficient
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HfOy, a (111), reflection is visible in the XRD patterns from the out-of-plane 28-scans, however,
a (111), reflection is not visible.!?® 145 Additionally, the (111); reflection of the experimentally
deduced structure is located at lower 26 angles than expected from the simulated powder
pattern. This is likely to be a result of the differing composition (HfO:; versus HfO:s).
Furthermore, reflections obtained for oxygen-deficient HfOx films are found to show an
increased broadening with higher oxygen-deficiency, which can lead to additional
uncertainties. From in-plane measurements, a (111); reflection was found next to the (111),
reflection but only with a difference of 26 = 0.25°.128 Additional pole figure measurements can
help to reveal texture and preferred orientation of these highly textured layers. However, the
identification of the phases in HfOy represents a challenging and elaborate task even for films
of good crystalline quality.

In XRD patterns obtained from polycrystalline films, the mentioned peak splitting might be
usable to distinguish the phases. However, for slightly textured but not epitaxial films, a
distinction becomes again challenging due to the aforementioned effects (e.g., missing
reflections, changed intensity ratio of reflections, shift and broadening of reflections) and also
much lower intensities obtained due to the reduced volume of the films when compared to bulk
samples. A distinction of phases gets even more challenging for phase mixtures in a film leading
to potentially overlapping reflections in the XRD patterns. Then also the performance of
pole-figure or other in-plane measurements and the interpretation of corresponding data
becomes difficult.

XRD experimental: Structural investigations using XRD in this work were carried out using a
Rigaku SmartLab diffractometer with a rotating 9 kW Cu anode (K.-radiation, A~ 1.54 10\). For
measuring (highly-)textured films of good crystalline quality (chapter 5.5 - HfO, films grown
on Pt, chapter 6.1.1 — oxygen-engineered 20 nm thick HfOy films grown on c-cut Sapphire), a
2-bounce Ge(200) monochromator (2xXGe(200) with very high resolution of 0.01°) and an
incident slit of 2 mm was used (0.5 — 1 °/min, 0.01 ° steps). This arrangement was also used to
measure 200 nm thick HfOx films grown on SiO./Si (chapters 6.1.2 and 6.1.3) and 10 nm thin
HfOx films grown in the MBE system on top of TiN/SiO./Si (0.5 °/min, 0.03-0.05 ° steps). To
obtain higher intensities, the slit size was increased to 5 mm and a secondary graphite
monochromator was used for measuring mixed or annealed samples and HfO»-based reference
stacks (chapters 5.1, 5.2 and 5.3), which are lower crystalline quality. The same was done for
XRD investigations on external ferroelectric samples (Fraunhofer IPMS CNT), 10 nm thin HfO,-
based stacks (CEA-Leti) and polycrystalline Ge-Sb-Te-based stacks (CEA-Leti). All
measurements were performed using 260/ w-scans with a height alignment as well as substrate
alignment (c-cut Sapphire (006) 26 = 41.67°; Si (004) 26 = 69.14°; MgO (002) 26 = 42.93°).
For all samples, 20/w-scans were performed and diffraction patterns are given as intensity over
26. The gracing incidence configuration, often used for polycrystalline thin film measurements
was not used to maintain a good comparability of all samples, and especially with textured
films. In a gracing incidence setup, a fixed incident angle (often between 0.5 ° and 5 °) is used
while the secondary arm is moved. In general, higher intensities can be achieved as a
consequence of diffraction in a larger interaction volume. In this work, a sufficiently high
intensity was obtained due to the used setup with a rotating anode for the performed symmetric
20-scans. Additional test measurements in gracing incidence configuration and comparison
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measurements of project partners (results not shown) revealed a good comparability and the
achievement of similar XRD patterns from both configurations.

As a big advantage to obtain the XRD patterns of many samples such as the multitude of
different irradiation samples presented in this work in a reasonable time, a measurement
routine based on a four-sample stage was established. Four samples were placed on a stage
with a glass plate at four individual positions (Figure 4-9). Using an automated routine, which
was controlled by the Rigaku measurement software, the samples could be aligned and
measured (26/w-scan) one after another with the same optics. Therefore, the script includes
rotations by 90 ° and movements in x- and y-direction of the stage. The distance between the
samples is necessary to prevent unwanted scattered X-rays from neighbor samples from
reaching the detector.

Figure 4-9: Four-sample stage with four exemplary 5x5 mm?2 samples placed at the positions 1-4. This stage is then mounted
to the XRD setup. The distance between the samples is necessary to prevent interference from unwanted scattered X-rays
from neighbouring samples.

4.5.2 X-ray reflectivity

X-ray reflectivity (XRR) is an X-ray based technique for determining layer thickness, density and
(interface) roughness of thin films. The X-ray beam is moving at a grazing incidence angle,
usually from about 26 = 0° to 20 = 6° - 10°. An example is shown in Figure 4-10, where
contained information in the pattern are labeled.

At incident angles smaller than the critical angle, the X-ray beam is reflected. As soon as the
incidence angle exceeds the critical angle, part of the radiation penetrates the layer. The critical
angle gives information about the density of the layer. When the angle of incidence is further
increased, the penetration of the X-ray radiation increases, with one part being reflected or
transmitted to the surface of the underlying layer (interface). This radiation can emerge again
at the surface of the layer. This leads to constructive and destructive interferences which results
in visible oscillations of the measured intensity, depending on 28. From the periodicity of these
oscillations the layer thickness can be determined, while the drop in overall intensity provides
information about the contrast in densities between the individual layers (or substrate) as well
as the surface roughness. Information about the surface or interface roughness is also obtained
from the weakening of the oscillations with increasing 26, where weaker oscillations usually
correspond to higher roughness values. It is also possible to investigate and get useful
information from multilayer structures with more layers. This requires a more challenging
fitting routine to extract reasonable information which is less challenging for single layers or

61



epitaxial stacks of good crystalline and interface quality. Fitting of patterns obtained from two
layers can already be challenging. 3% 304
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Figure 4-10: Exemplary XRR pattern with information like density, film thickness and surface roughness obtained from critical
angle, slope and oscillations. Figure drawn from experimental data of a HfO, film grown on TiN/c-cut Sapphire. Labeled with
information from3%4.

XRR experimental: The XRR investigations performed in this work were conducted at the same
Rigaku SmartLab diffractometer as described in the previous chapter using a similar setup, but
without a secondary monochromator for those samples that were measured using a Graphite
monochromator for XRD. Data analysis was performed utilizing the RCRefSim3® software to
extract layer thicknesses, densities and roughnesses by comparing simulated patterns obtained
from a model structure with the measurement curve.

4.5.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a non-destructive characterization technique to
obtain qualitative and quantitative information of solid samples, like composition and chemical
bonding which is mainly used for thin films due to its surface sensitivity (max. 10 nm). The
technique is based on the photoelectric effect and the occurring photoemission processes.
Bound photoelectrons from core levels of atoms are irradiated with monochromatic X-rays (like
Al K, or Mg K,), which absorb the photon energy hv and are emitted into vacuum with a kinetic
energy Exin when the binding energy Ey, is exceeded (formula (9)).306 307

Ep = hv — Epin — ¢spec ©)

with ¢gec as the work function of the analyzer (spectrometer). A schematic representation of
the emission process and energy relations is given in Figure 4-11 (a). Spectrometers and
therefore measurements can be calibrated by measuring metallic reference samples such as Ag
and Au. In general, all elements from lithium to uranium can be detected, while hydrogen and
helium are not investigated due to their small photoelectron cross section.’®® A concentric
hemispherical analyzer is required to separate the emitted photoelectrons by their kinetic
energy, which can then be detected by a detector (channel plate). It consists of two concentric
hemispheres at which different negative potentials are applied. A change of these potentials
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allows for filtering of electrons, so only photoelectrons with a certain energy can pass the
analyzer. The electrons are collected and multiplied at a multi-channel electron multiplier and
converted to a readable signal. Obtained spectra are usually given as intensity in counts per
second (cps) versus the binding energy (Ep). An example survey of a HfysZros0- film can be
seen in Figure 4-11 (b).

(a)A Ekin=E*kin+(¢sample'¢spec) (b)
Ephoton, in * E*kin Ekin

f 4f

Zr 3d]
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energy

Hf 5p & Zr 4pH
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Figure 4-11: (a) Energy scheme of the emission of a photoelectron (red) with energy relations of sample to spectrometer work
function. (b) Exemplary XPS survey of a 14 nm thick HfysZro 50, film that was grown on c-cut Sapphire with most important
lines labeled.

Depending on the material and core level (orbitals) from which a photoelectron is emitted, it
has a characteristic kinetic energy. Additionally, the number of detected electrons is
proportional to the number of atoms in the sample. With this, the composition of a sample as
well as additional information about the chemical bonding and chemical environment like
oxidation states can be determined. The binding energy is shifted depending on the electron
density of the probed atom (chemical shift), giving higher values for a higher positive oxidation
state as a consequence of extra coulombic interaction between core electron and ion core. To
obtain information from spectra, an identification of all peaks is necessary which includes the
analysis of position, intensity and additional features like spin-orbit splitting, Auger lines or
satellite peaks that can occur from different physical phenomena. The main lines in the spectra
can directly be connected to the emitted photoelectrons from core levels and valence band
which are the Hf 4f, Hf 5p, Hf 4d, Hf 4p, Zr 4p, Zr 3d, Zr 3p and Ols lines for Hfys5Zro50-.
Characteristic s lines for Hf and Zr are also visible. Carbon is seen on the top of the surface, if
the films were exposed to non-ultra-high vacuum conditions prior to the measurements.
Characteristic spin-orbit splitting of p-, d- and f-level emission lines in doublets occurs due to
the splitting of the energy levels (spin angular momentum and orbital angular momentum). For
the Hf 4f line as being relevant to this work, a splitting into Hf 4f;,» and Hf 4fs/,» with an area
ratio of 4:3 is obtained (compare chapters 5.1, 6.1.1). Auger lines can occur in the spectra as a
result of the de-excitation of an excited state. After an electron emission from a core level, an
electron from a higher core level fills the created hole. The energy is transmitted to another
electron, which is emitted its core level (for oxygen e.g., leading to a visible O KLL line). In a
similar fashion, X-ray fluorescence can occur, where the absorption of X-rays of a specific energy
results in the re-emission of X-rays with a different energy. “Shake-up“- and ,,shake-off“-satellite
lines can be induced by a simultaneous excitation of electrons in an atom, where a part of the
energy of an emitted electron is transferred to a resting electron, which can be excited to an
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energy level below (shake-up) or above the vacuum energy (shake-off). These energy losses
lead to satellite lines at higher binding energies than expected. Additionally, a loss of kinetic
energy of the electrons due to the excitation of plasmons is possible (collective vibrations of the
electron gas).306-308

The surface sensitivity of XPS originates from the mean free path of the electrons. This path
describes the distance electrons travel in a solid without inelastic scattering and is limited due
to the kinetic energies of the electrons, losing a fraction of their kinetic energy in inelastic
collisions. For increased depth, the detection of discrete signals is limited and inelastic
interactions lead to a background in the spectra. The usage of hard X-rays at a synchrotron can
be used to increase the mean free paths and get a larger probing depth. 138 306-308

XPS experimental: In this work, XPS investigations were conducted at a PHI Versaprobe 5000
Spectrometer located at the Darmstadt Integrated System for Battery Research (DAISY-BAT).
The used Al K, radiation has a wavelength of 8.36 A, which is corresponding to an energy of
1486,6 eV. To increase the intensity and probe a larger depth, a detection angle of 75° was
used. Therefore, a typical maximum photoelectron free mean path of about 6 nm is expected.'*
To avoid the accumulation of charges on the surface, conductors are usually grounded. To
investigate the insulating samples in this work, a dual beam charge neutralizer was used, which
is composed of Ar ions and low-energy electrons.

As oxygen-deficient hafnium oxide is prone to surface oxidation, which hinders a proper
investigation of the oxygen content in the films, these samples were transferred from the MBE
growth chamber to the XPS system in a UHV vacuum suitcase (presented in chapter 6.1.1)
without breaking the UHV conditions. All other investigated samples were exposed to air prior
to the XPS investigations.

The spectrometer was calibrated to the Au Fermi edge and 4f emission lines. If a carbon signal
was obtained in the spectra, peak positions can be corrected based on the position of the Cls at
284.8 eV.3” The consideration of a shift is relevant for investigations of the chemical
environment. Composition of single metals (like Hf:Zr ratio) are not affected by shifts. The
Fermi level of the insulating m-HfO, grown on insulating c-cut Sapphire was aligned to the
Fermi edge obtained for related films, corresponding to the energy of the valence band
maximum of the O 2p band. In these measurements, a reference C 1s signal was not obtained,
which is a consequence of the excellent UHV conditions during in-vacuum transfer to the XPS
system.

Quantitative information is obtained from the spectra by analyzing the integrated peak
intensities for different elements and their ratio (Hf to Zr, Hf to O), which was performed using
the CASA XPS software®!°. Prior to the analysis, a Shirley-type background was subtracted. The
used peak shapes are Gaussian-Lorentzian (30 %) functions for the Hf 4f and Zr 3d peaks and
an asymmetric Doniach-Sunjic profile for metallic contributions of Hf. The used fit constraints
are based on literature reports by Morant et al.>!! and Sharath et al.'*, using a peak splitting of
1.71 eV for Hf** and Hf** (sub)oxide doublets and 1.67 €V for Hf° doublets. As the integrated
intensity is dependent on both device-specific factors and the effective cross-section of the
investigated atoms (measure for the interaction between X-rays and electronic orbitals), a so-
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called sensitivity factor S for each element for the whole used setup has to be utilized to
calculate the HfOx composition with equation (10):

I S

atomic ratio of Hf to O =
0o1s  Suf

with Iy and Io ;s representing the integrated intensity of the Hf 4f and O 1s peaks, respectively,
and Sy and So representing the respective sensitivity factors (2.639 and 0.711)3!2. Similar
sensitivity factor values and therefore calculated compositions can be obtained using the built-
in values of the PHI spectrometer. To obtain a simple ratio of two metal ions (e.g., Hf to Zr
content in HfiZrix02), the XPS software-internal quick fit solution gives a very good
approximation. The calculation is based on the same principle. It should be mentioned that due
to the described measurement- and sample-specific factors a sample composition uncertainty of
up to 10 % can occur. Therefore, the discussion of trends and not only of absolute values
obtained from single samples is considered. 138 306-308, 310

4.5.4 (Scanning) transmission electron microscopy and related techniques

Transmission electron microscopy (TEM) and scanning transmission electron microscopy
(STEM) are important tools for material investigations (of atomic resolution) including
information about composition and crystalline structure of samples. Both systems have in
common that their working principle is relying on high-energy electron beams created in
electron guns with acceleration voltages of today tens to hundreds of keV (e.g., 200 kV) for the
investigation of electron transparent samples. The systems differ in the arrangement of different
lenses guiding the electron beam and different detectors. Therefore, different characterization
methods are usable. A schematic of the basic structure of a TEM and STEM, as well as the
different detector geometries is given in Figure 4-12.

In conventional TEM, Bragg contrast is mainly used for imaging (besides density/thickness
contrast and phase contrast in high-resolution TEM), which relies on the same principles as the
diffraction of X-rays on crystal lattices. The de Broglie wavelength of the electron(s) at 200 keV
is about 2.5 pm or 0.025 A, which is in the range of the lattice plane spacings of a crystal.
Diffraction occurs, if the Bragg condition is fulfilled (compare chapter 4.5.1).

For example, crystals/grains oriented with a prominent zone axis along the optical axis of the
instrument fulfill the Bragg condition and appear dark in a bright-field (BF) image. The
condenser lens system in TEM is used to achieve a wide, parallel(ized) beam. Usually, bright-
field (BF) and dark-field (DF) imaging can be used in TEM, which is determined by the objective
lens aperture. As the sample should be in a magnetic field that is as uniform as possible, it is
technically located “in” the objective lens (which is a two-part lens). Additionally, high-
resolution TEM (HRTEM) images (phase contrast) can be obtained by recording the spatial
wave amplitude distribution in the image plane.3!3 314
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Figure 4-12: Schematic setup of a TEM (left) and a STEM (right) with electron beam paths. Redrawn using information from
literature313-315, Note that these are simplified representations (without a two-part objective lens drawn for TEM; without a
first crossover drawn). Additionally, a schematic representation of different STEM annular detectors used for image
recognition in different modes (BF, ABF and HAADF), dependent on the angular range of the (diffracted) electron beam.

In STEM, the electron beam is focused by a condenser lens system on the sample, creating a
beam that is scanned across the area under investigation. This beam is diffracted and (elastically
and inelastically) scattered by the interaction with the sample. The electrons containing
information about the sample can be detected using different annular detectors located at
different scattering angles from the optical axis. Dependent on the detector geometry and
camera length, different information can be obtained.

By selecting the angular range of the annular detector(s), bright-field (BF), annular dark-field
(ADF) and high-angle annular dark field (HAADF) imaging is possible (see in Figure 4-12). The
BF detector is located on the optical axis of the microscope, therefore only detecting electrons
scattered or diffracted at a very small angular range or unscattered electrons. At larger angular
range above 10 mrad up to usually 50 mrad (at 200 keV), ADF mode is reached, while at even
larger angular range, HAADF mode is typically achieved. Here, the intensity of the detected
electrons holds information about the atomic number Z of the atoms of the probed sample
(I ~ Z2)%'6, Higher probability of scattering of electrons at these large angles is obtained for
heavier elements when compared to lighter elements (Rutherford scattering). With this, it is
possible to e.g., reveal individual HfOx grains in HAADF-STEM images and also distinguish (and
index) different orientations of grains (crystallites).31% 314

Conventional STEM can be also named 2D-STEM due to the imaging using a (scintillator-based)
“single pixel” detector (reciprocal space/k-space). Different information of the electrons can be
analyzed, depending on the distances of sample to detector and lens configuration (camera
length). Due to the interaction of the incident electron beam with the sample, X-rays are
produced. From the characteristics X-rays qualitative and quantitative information about the
composition of the sample can be gained by using energy-dispersive X-ray spectroscopy (EDX).
Also, electrons can be inelastically scattered when being transmitted through the sample. This
is the basis for the electron energy-loss spectroscopy (EELS) mode using a “1D detector” (2D
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detector, integrated along one dimension to a 1D signal). This mode can give information e.g.,
about band transitions, ionization of atoms and phonon excitations. As an example, this is of
huge interest for HfOx films with different oxygen content, where EELS can be used to
distinguish and further analyze excitations of core-level electrons, which are given as
characteristic edges. The 2D-STEM scanning (2D real space) together with the 1D EELS data
collection (1D energy space) results in a 3D dataset, leading to the name 3D-STEM.

Diffraction of electrons can be used to record 2D diffraction patterns. With selected area
electron diffraction (SAED) in TEM mode, a parallel beam on the sample is used and a field
limiting, virtual aperture limits the region from which the diffraction pattern is generated
(selected area of 150 nm in diameter in the used experimental setup in this work). Spatial
resolution can be obtained utilizing a semi-converged electron beam in the nanobeam electron
diffraction (NBED) mode. At small beam convergence (e.g., 5 mrad), spot-like diffraction
patterns can be achieved. Technically, this is done using the condenser lens system in TEM
mode. By precessing the electron beam in a conical geometry around the central axis of the
microscope, precession electron diffraction (PED) is performed, improving the quality of
diffraction patterns by integrating over several diffraction conditions. Two-dimensional
diffraction patterns can be also recorded in STEM mode when the incident parallel beam is
scanned across the sample, which leads to scanning precession electron diffraction (SPED). The
complex dataset obtained can be analyzed using a so-called pattern matching routine utilizing
e.g., the ASTAR or pyxem software package(s)3!”-3!8, Scanning the beam in two dimensions and
recording 2D diffraction patterns results in a 4D dataset, which makes SPED a part of the 4D-
STEM methodology.>"?

As being relevant for this work, automated crystal orientation mapping (ACOM) can be applied
on SPED datasets by template matching using databases (for structural parameters, e.g., from
CIF) for different crystalline phases. This template matching during ACOM allows the extraction
of two types of information from the SPED datasets: 1) orientation and 2) phase information.
During this routine, probability values are assigned for each real space position (each pixel of
the map) to match theoretical NBED patterns to experimental patterns. The best fitting phase
to the experimental diffraction patterns per real space pixel is used. To confirm the validity of
the recognized phases in the ACOM dataset, the available NBED patterns can be
rotationally/azimuthally averaged for the classes created in the template matching routine.
With this, positionally averaged, azimuthally-integrated NBED (position averaged NBED -

PANBED) patterns are created, which can be compared e.g., to XRD patterns of the probed
samples. 313 314, 317, 320322

(S)TEM experimental: In this work, the analysis of hafnium oxide- and Ge-Sb-Te-based samples
is focused on obtaining crystallographic information from atomic resolution imaging in high-
resolution TEM (HRTEM) mode, HAADF-STEM and ABF-STEM mode, as well as NBED mode
for obtaining crystalline features and crystallographic information from SPED/ACOM/PANBED.
Most of the (S)TEM investigations in this work were performed by the Advanced Electronic
Microscopy Division from TU Darmstadt in close collaboration with the RRAM Subgroup of the
Advanced Thin Film Technology Division. For HAADF-STEM and ABF-STEM, as well as HRTEM
imaging, a JEOL JEM ARM-200F operated with an acceleration voltage of 200 kV was utilized.
HAADF imaging was performed at a beam convergence angle of 25 mrad, while SPED datasets
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were acquired with a convergence angle of 5 mrad on a Quantum Detectors MerlinEM direct
electron detector. ACOM (phase and orientation maps) was achieved using the ASTAR software
package®'”: 323 while averaging the SPED datasets was performed using HyperSpy®*?* and
OpenCV?? packages. More information about the python-based rotational averaging routine of
the 4D-STEM dataset discussed in chapter 6.1.2 can be found in a publication uploaded to the
open repository TUdatalib®2°. In principle, the used microscopy setup is capable of being used
for additional advanced experiments, such as in situ heating or in situ biasing®?” and electron
beam induced current (EBIC) imaging, if specific in situ TEM holders are used. Some samples
were recently prepared for such tasks, but a discussion of results is beyond the scope of this
work.

Prior to (S)TEM investigations, electron transparent lamellae of the sample have to be prepared,
usually done in a focused ion beam (FIB) system. For the samples relevant to this work, a
JEOLJIB-4600 FIB system was used to prepare lamellae in cross-sectional geometry. To prevent
damaging of the sample during Ga ion beam irradiation, a 100 nm thick Pt layer was deposited
by sputtering on top of the stacks prior to FIB preparation (see also chapters 4.2 and 6.1.2). For
the STEM samples as discussed in chapter 5.5, lamellae were cut from devices already
containing about 250 nm of Au and 100 nm of Pt. Preparation and analysis of external Ge-Sb-
Te-based samples (chapter 4.7) was performed at CEA-Leti/CNRS-LTM in Grenoble.

4.6 Characterisation of the electrical properties

In general, a multitude of different techniques can be used to investigate different electrical
properties of layers and devices. This chapter provides information about investigations of the
electric polarization and resistive switching characteristics with a focus on the measurements
as conducted in this work.

4.6.1 Electric polarization measurements of potentially ferroelectric stacks

The change of ferroelectric polarization with applied field resulting in ferroelectric hysteresis
loops can be investigated using different methods. Those are mainly based on the measurement
of the switching current or polarization charge response which are stimulated by applying an
electric field across the ferroelectric material. Here, four prominent methods used in general
will be shortly introduced?328-33;

(1) A simple approach is the usage of a Sawyer-Tower circuit with a reference capacitor
mounted in series with the ferroelectric. The voltage-drop across the reference capacitor
occurring when a voltage is applied is proportional to the polarisation charge of the
ferroelectric, which can then be determined. It is a fast and simple method, but parasitic
effects and the absence of sufficiently precise reference capacitors are limitations.

(2) A similar method but using a reference resistor instead of a capacitor is the so-called
“shunt method”. Here, the switching current is measured as a voltage-drop which is
numerically integrated to obtain a value for the polarization charge.

(3) A very precise, but more complex method is the so-called “virtual ground method”,
where the current is obtained from the voltage-drop occurring over a feedback resistor
on an operational amplifier. The electric field across the resistor is proportional to the
change of polarization over time.
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(4) In the so-called current step method, an excitation current is applied across the
ferroelectric which results in a voltage-drop that is measured. Here, no direct reference
is necessary.

Experimental: P-E loops of samples presented in chapter 5.2 were obtained using a TF Analyzer
2000 P-E loop tracer by aixACCT Systems GmbH equipped with the corresponding FE module.
This setup is a commercial setup based on a virtual ground method. The devices under test are
capacitors, which were contacted in a custom-build probe station as described in literature®3!
using 25 um diameter tungsten tips fixed to micropositioners. The system was tested using a
ferroelectric reference sample supplied by Fraunhofer IPMS CNT in Dresden containing a 10 nm
HZO layer, which was also used to establish a measurement routine for thin hafnia-based stacks
prepared in this work, not only thicker PZT-based stacks. P-E investigations were performed
using dynamic hysteresis measurements with a single triangular waveform with a frequency of
1 kHz. Samples were pre-poled (or pre-polarized) setting a positive or negative pre-polarization
pulse (amplitude 2 — 3 MV/cm) to create a defined polarization state. This is important, as
obtained P-E loops are dependent on the history of the sample (electrical and mechanical
treatments).

Additional tests were performed using beryllium copper as well as tungsten tips connected to a
Lakeshore TTPX cryogenic probe station which is usually used for measurements at the Keithley
4200 Semiconductor Characterization System (further described in the next chapter). This was
done to exclude detrimental effects of the contacting. Also, trials including up to 500 wake-up
cycles were conducted. As the measured samples showed undesired leakage as discussed in
chapter 5.2, positive-up-negative-down (PUND) measurements were also tested, where two
pulses of positive polarity are applied one after another, followed by two triangular negative
pulses. This can be used to separate leakage and actual polarization, as for real ferroelectric
behavior the first pulse switches the polarization, while the second pulse is giving leakage as
well as dielectric contributions to the switching only. External samples i.e. ferroelectric samples
exposed to heavy ion radiation as discussed in chapter 6.2.2 were characterized at Fraunhofer
IPMS CNT in Dresden (see chapter 4.7).

4.6.2 Resistive switching in HfOz-based single memory devices

All electric investigations on single (not integrated) devices (results presented in chapters 5.2,
5.3, 5.4, 5.5 and 6.2.2) were performed using a Keithley 4200 Semiconductor Characterization
System®*2, short “Keithley 4200-SCS” in combination with a Lakeshore TTPX cryogenic probe
station. The system was connected to two source measure units (SMU1 and SMUZ2), which are
used to provide and measure current and voltage simultaneously. All measurements were
performed under ambient conditions. In general, the probe station is also usable for low
temperature (cooling down to 5 K using liquid He) and higher temperature (up to 400 K)
measurements in a vacuum chamber. Additionally, pulse measure units (PMUs) can be
equipped for pulse measurements using a remote amplifier switch (4225-RPM) to switch from
SMU to PMU and to reduce noise generated due to long wire length. However, this is beyond
the scope of this work.

Different measurement routines for leakage, electroforming, reset, set and endurance testing
were carried out using the software called Keithley Interactive Test Environment (KITE). For
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quasi-static DC measurements, beryllium copper tips were used to contact bottom and top
electrode of the devices under test, where current compliant voltage sweeps were applied to
the Au top electrode layer using SMU1, while the bottom electrode was grounded using SMU2.
The sputtered Au/Pt top electrode layers as described in chapter 4.2 with a comparably large
thickness are necessary for the manual contacting of the tip without too much force to avoid
breaking of the tips or pinching the devices, which would lead to a shortcut. Pt is used as an
adhesive layer for the thicker Au layer grown in top. Current-voltage sweeps were conducted,
which gives typical current-voltage curves (I-V curves). In this work, the absolute value of the
current is plotted in all cases. Due to the constant top electrode area of about 900 um?2 of all
single devices, a current instead of a current density is given, allowing the direct comparison of
all measurement results. Contacting was achieved by utilizing an optical microscope to place
the 25 um diameter tips on the 30 um X 30 um top electrode patches. The setup is depicted in
Figure 4-13. An additional image can be found in literature'*?
Keithley 4200-SCS can be found elsewhere®*2.

. More information about the

(b)
SMU1

" contact TO/TE—RPM1 PMU ch1
Pt\\ RPM2< SMU2 )ground
Cu—— o PMU ch2

m-HfO, ‘contact

Pt to BE
c-cut Sapphire
stage

Figure 4-13: (a) Keithley measurement setup with a contacted device and a part of the top electrode tip visible on the monitor
screen, (b) Schematic setup of a contacted device to RPMs and SMUs (and potentially usable PMUs). The arrows represent
contact tips.

A system-internal current compliance (cc) was used to prevent a hard-breakdown of devices
during forming/set. For the reset, no limiting cc is used, however, 0.1 A were utilized to protect
the electronics of the Keithley 4200-SCS. If this cc is reached when the reset routine is carried
out, no reset is possible and the device is considered as being “stuck” in the LRS. In this work,
leakage current measurements were always performed sweeping from — 200 mV to 200 mV and
back, with values of the leakage current obtained at — 200 mV (cc = 102 A). In this work,
resistive switching characterization was performed by applying a voltage and measuring the
current. Important parameters used for the different studies performed on single devices
(capacitor stacks) are listed in the following:

(1) For resistive switching tests of potentially ferroelectric devices (chapter 5.2), a voltage
of -5V (cc = 10* A) was applied to Au/Pt/TiN/HZO/TiN devices for forming and up to
+ 20V for reset attempts.

(2) Au/Pt/HfO, or HZO/Pt devices (chapter 5.3) were characterized using = 7 V during
forming, + 1.1 Vto = 1.4 V during reset and + 4.5 to = 5V for the set with cc varied
from 10™ to 5x10*A for both, BRS and URS. 20 - 50 cycles were performed.

(3) For the resistive switching comparison of Au/Pt/Cu/HfO./Pt and Au/Pt/HfO,/Pt
devices as presented in chapter 5.4, forming was performed using *4V
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(cc = 10 - 100 nA), reset using max. — 1.1 V and set using + 2 — 4 V with a cc of either
100 uA or 1 mA. 50 to more than 100 (endurance) cycles were performed.

(4) The oxide thickness-dependency study with Cu top electrodes (chapter 5.5) was carried
out using 7 V for 20 nm and 15 nm HfO,-containing samples and 4 V for thinner stacks
(cc = 1 mA). The reset was always carried out applying — 1 V, while for the set routine
a maximum voltage of 4 V was applied for 20 nm and 15 nm HfO,-containing samples
and 2 V for thinner stacks (cc = 1 mA).

(5) Resistive switching tests on Au/Pt/HfOx/TiN devices (chapter 6.2.2) exposed to
5% 10'? ions/cm? and a non-irradiated reference sample were carried out using an
applied voltage of — 4V (cc = 10° A) for forming, 2.3V for reset and — 2.5V for set
(cc = 1 mA).

(6) Resistive switching measurements of integrated OxRAM and PCRAM devices with a
transistor (1T1R) were conducted separately at different characterization systems as
described in the next chapter 4.7.

4.7 External sample preparation and characterisation

Some samples discussed in this work have been prepared by cooperation partners, which is
described in this chapter. Additionally, electrical and scanning transition electron microscopic
(STEM) characterization was performed by the cooperation partners CEA-Leti, LTM CNRS and
Fraunhofer IPMS CNT.

(1) 100 nm thick polycrystalline TiN bottom electrodes that were polished by chemical-
mechanical polishing (roughness < 0.4 nm) were provided by CEA-Leti. These layers were
grown on top of SiO/Si wafers from TiCl, and NHs precursors in an atomic layer deposition
(ALD) process. ALD is a chemical vapor deposition technique known as an important tool
for semiconductor processing and industrial use that is based on a sequential deposition of
precursor molecules and self-limiting reactions controlled by added precursors, potential
oxidizers and deposition cycles. Therefore, a precise thickness at A- or monolayer-level can
be achieved. Additionally, excess precursors or oxidizers can be removed from the system
between the subsequent cycles to prevent reactions in the gas phase and control the thin
film growth.>*® The usage of this industry-relevant technique results in a faster growth
compared to films grown in an MBE setup.

(2) The irradiation samples for structural and OxRAM characterization (compare chapters 6.1.2
and 6.2.1) were prepared at CEA-Leti. These samples contain about 10 nm thin m-HfO,
films grown at about 300 °C by ALD from HfCl; and H2O precursors on TiN (~80 nm) and
SiO2 (~150 nm)-covered Si wafers. Working electronics were achieved by integrating the
thin HfO, layers integrated as OxRAM in a 130 nm CMOS BEOL process, including NMOS
transistors (n-type metal-oxide-semiconductor field-effect transistors) with a silicon oxide
gate of 660 nm width and 500 nm length. The TiN/Ti top electrode was achieved by
sputtering. For electrical characterization of the memory cells exposed to 1x 10! ions/cm?,
a larger transistor of 6700 nm width had to be used to provide sufficient current flow. The
devices were patterned by utilizing lithography and etching steps to produce cells of various
diameters. This work focuses on 400 nm diameter memory dots for the arrays and single
devices with a diameter of 500 nm. More details and results can be found in literature as
presented at the RADECS 2020 conference®. Electrical programming and measurements
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were carried out by utilizing a cascade microtech bench with an Agilent B1500 parameter
analyzer. Additional information can be found elsewhere®.

(3) Ferroelectric samples for irradiation experiments have been prepared at Fraunhofer IPMS

CNT. A 10 nm thin TiN bottom electrode was grown on highly boron-doped silicon wafers
by utilizing an atomic layer deposition (ALD) system from TiCl4 and NH3 precursors at a
deposition temperature of 450 °C. On top, three different amorphous, doped hafnium oxide
layers have been deposited to create three different Metal-Ferroelectric-Metal (MFM)
stacks: 20 nm thin hafnium-silicon-oxide (HSO), 20 nm thin hafnium-zirconium-oxide
(HZO) or 10 nm thin HZO. Precursors of HfCl4 and SiCls, H-O as the oxidizing reactant and
Ar as a purging gas were used to grow HSO films, respectively. A silicon doping
concentration of around 3 at% was achieved by using a precursor cycling ratio of 16:1.
Similarly, HZO films were produced using HfCls; and ZrCl, as the precursors with a cycling
ratio of 1:1 to achieve Hfo5Z1r0502 (Hf:Zr 1:1 composition). Film thicknesses were controlled
by the number of total deposition cycles. The TiN top electrode was fabricated by reactive
sputtering (Ti target in nitrogen/argon atmosphere) at low temperature to avoid in situ
crystallization of the hafnium oxide-based layer during deposition. A polar ferroelectric
phase (space group Pca2:) was achieved afterwards by crystallizing the doped hafnium
oxide layers in N, atmosphere by rapid thermal processing treatment for 20s at a
temperature of 650 °C for HSO and by furnace annealing at 400 °C for 1 h for HZO
containing stacks. The three different stacks are shown schematically in chapter 6.2.2. To
get working MFM capacitors for electrical characterization, Ti/Pt contact dots
(0.15 - 0.006 mm?) were deposited by electron beam evaporation on top of the TiN top
electrode layer utilizing a shadow mask. Afterwards, the TiN top electrode material between
the contacts was removed by a wet etching step to form separated MFM capacitors. Voltage-
dependent polarization (corresponding P-E calculated from oxide layer thickness) hysteresis
measurements were performed on an Aixacct TF 3000 FE analyzer, using a triangular
waveform and a frequency of 1 kHz in dynamic hysteresis measurements. From the resulting
P-E and corresponding I-V loops, the characteristic values like remanent polarization,
saturation polarization and coercive field are obtained. Cycling was performed with an
amplitude of 3 MV/cm. For poling prior irradiation, a triangular pulse of positive or negative
amplitude of 3 MV/cm was applied to set the respective state.

(4) Phase-change layers and memories have been prepared at CEA-Leti. Four different 100 nm

thick full-sheet layers (no electrical contacts) have been grown: amorphous Ge,Sb.Tes (a-
GST), crystalline Ge.SbaTes (cry-GST), amorphous Ge-rich GeSbTe (a-GGST) and
crystalline Ge-rich GeSbTe (cry-GGST). GST films have been grown at 60 °C on SiO4/Si in
a single target sputtering process, while GGST films have been grown utilizing a co-
sputtering process from a Ge and a GST target to achieve a combination of 45 % Ge and
55 % GST225.%!! Crystalline layers were achieved by post-deposition annealing of as grown
amorphous samples at 450 °C for 15 min. A 10 nm SiN encapsulation layer was deposited
on top via sputtering to prevent unwanted oxidation of the phase-change layer. Electrical
measurements were performed on state-of-the-art wall-based PCRAM devices embedded in
the BEOL fabrication of 4kb arrays integrated in the Memory Advanced Demonstrator
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(MAD) of CEA-Leti, which is based on 130 nm CMOS technology. More details can be found
in literature as presented at the RADECS 2020 conference?®!,

For STEM analysis, the phase-change memory samples were prepared utilizing focused ion
beam (FIB) milling in a FEI dual beam Helios 450S. Each sample was protected by a
platinum layer to ensure surface protection from the Ga ion beam. An operation voltage of
30 kV was used for rough milling, followed by a reduction in the range of 2 — 8 kV to limit
surface damages. Before STEM examination, samples were cleaned from hydrocarbon
contamination by an oxygen-argon plasma. High-angle annular dark field (HAADF)-STEM
analysis was performed at 200 kV using a double-aberration-corrected FEI Titan Ultimate
TEM equipped with a high-brightness electron source, a Gatan Tridiem energy filter with
Dual EELS and a Gatan US1000 CCD camera for nano-beam diffraction pattern acquisition.
A probe corrector was used to obtain a beam current of about 200 pA, maintaining
nanometer resolution. The electron energy loss spectra and diffraction scans were
performed using standard tools, which are included in the Gatan Digital Micrograph
software. EDX spectrometry was done utilizing the Super X detector system. To avoid
damaging the Ge-rich GST alloys special care was taken in the control of the electron dose.

All crystallographic investigations using XRD were carried out as described in chapter 4.5.1
at TU Darmstadt. Combining the resources such as growth techniques and characterization
methods of different research groups has led to a fruitful cooperation of the project partners,
especially when focusing on industry-relevant TiN electrodes prepared by sputtering or ALD,
thin ferroelectric layers and stacks, and integrated OXRAM and PCRAM on a wafer scale in
contrast to lab-scale 30x30 um?2 patches on 5Xx5 mm?2 samples. The results obtained
utilizing the described characterization techniques of all prepared samples are presented
and discussed in the following chapters 5 & 6.
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5 Properties of hafnium oxide-based films and switching characteristics of resistive
memory devices

This chapter focuses on the properties of hafnium oxide-based resistive switching devices. It is
divided into 6 different parts.

First, HfO, was doped with Zr (mixing of HfO, with ZrO,). For this, a co-evaporation routine
was established based on the simultaneous usage of a Hf and a Zr metal source. The aim of this
study was to achieve mixed Hf:Zr1xO- thin films of various composition in a controllable manner
(section 5.1).

A subsequent aim was to transfer the hafnium zirconium oxide growth to highly-oriented TiN
(111) electrodes and to prepare potentially ferroelectric HfosZros02 stacks (abbreviated as
HZO). These stacks include a TiN top electrode growth and a post-deposition annealing step.
HZO was chosen since it is probably the most-promising candidate for BEOL integration of
HfO,-based ferroelectrics.!”? The progress from individual layer growth to a combined stack
preparation and the characterization of corresponding physical properties via XRD, XRR, XPS
as well as electrical measurements towards ferroelectric stacks are discussed (section 5.2).

In the main part of this chapter (sections 5.3, 5.4 and 5.5), the resistive switching properties of
monoclinic and amorphous HfO,- and HZO-containing stacks with Pt electrodes and HfO-
containing stacks with a Cu top electrode are presented. First, stacks with only Pt electrodes
(top and bottom) are investigated with a focus on 1) the possibility to achieve resistive
switching and 2) the potential influence of ZrO,/HfO, mixing in HZO compared to pure HfO,
samples (section 5.3). In a subsequent study, the resistive switching behavior of Pt/HfO,/Pt
devices is compared to the behavior of Cu/HfO/Pt devices with a focus on different possible
switching mechanisms (TCM versus ECM — section 5.4). In the last resistive switching study in
this chapter, the HfO,-thickness dependency of Cu/HfO,/Pt ECM devices is investigated with a
focus on the underlying switching and conduction mechanisms (section 5.5).

In an additional section (5.5), occurring difficulties related to the preparation technique of
devices (“with IBE” versus “without IBE” — compare chapter 4.3) are discussed to explain the
high leakage currents obtained. This includes (S)TEM/SPED investigations. In the last
section 5.7, all results are summarized.

5.1 Mixing HfO2 with ZrO;

Doping of HfO, with Zr was started to obtain mixed HfZr:.xO- thin films of various composition
in a controllable manner. This corresponds to a mixing of HfO, and ZrO,, which leads to the
creation of a solid solution of Hf,Zr.«O2. For this, a co-evaporation procedure was established
using electron beam evaporation of Hf and Zr from individual metal sources simultaneously
and oxidation using an oxygen plasma. The films were grown at 300 °C substrate temperature
on c-cut Sapphire substrates. A schematic stack is shown in Figure 5-1 (a)).

To get a broad composition range, the sum of the Hf and Zr evaporation rate was kept constant
(0.7 A/s) and the desired compositions were controlled by adjusting the individual evaporation
rate (controlled via QCM control - compare chapter 4.1.3, equation (7)). The obtained values
for the Hf,Zr,.xO; films are given in Table 5-1 as calculated composition and growth-controlled
composition, respectively. The measured compositions (Hf:Zr content) of the layers via XPS
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investigations are also listed. Exemplary XPS spectra including a fitting of the Hf 4f;» and Hf
4fs/5, and Zr 3ds,; and Zr 3ds/. lines are shown for the HfosZros0. film in Figure 5-1 (b),
confirming the desired composition. This routine was performed for the whole sample series
based on reports from literature!3® 311334335 Fyll control of the composition was possible and
validated by XPS results, showing only minor deviations of the film composition from QCM
calibration values (growth-controlled composition, Hf:Zr ratio). However, it has to be
mentioned that the growth control remained challenging, as the overall growth pressure and
the growth rates were fluctuating more than expected. This is likely a consequence of the
different vapor pressures of the evaporated metals and the background pressure from the
oxygen plasma. Possibly, a lower overall rate (sum of the rates) might have been beneficial.
However, the usage of lower rates would not have allowed the control of such a broad range of
compositions and was therefore not reasonable. Furthermore, not all rates are stable rates for
the respective sources. The stability of a rate is a complex phenomenon that depends on
different parameters such as filling level of the source, beam power and background pressure,
among others. Additionally, the simultaneous stabilization of the individual Hf and Zr rates
using one deposition controller with only one remote control remained challenging. An
automated deposition of the layer was not possible, as the individual rates were not stable
without manual adjustments. The obtained layer thicknesses are also listed in Table 5-1, as
derived from XRR fits (patterns given in Figure 5-1 (c)).

Table 5-1: Calculated, growth-controlled and XPS compositions as well as obtained film thicknesses derived from XRR
measurements of the HfyZr1.4xO; films grown on c-cut Sapphire substrates.

compositon | eompoition | ity | XRR thickness
HfO> HfO, - 12.5 nm
Hfo.86Z10.1402 Hfo.86Z10.1402 Hfo.ssZr0.12 12.0 nm
Hfo.79Z10.2102 Hf0.81Z10.1902 Hfo.79Z10.21 13.1 nm
Hfo.72710.2802 Hfo.72710.2802 Hfo.70Zr0.30 13.9 nm
Hfo.65Z10.3502 Hfo.64Z10.3602 Hfo.60Z10.40 13.7 nm
Hfo.58Z10.4202 Hfo.58Z10.4202 Hfo57Zr0.43 12.8 nm
Hfo.51Z10.4902 Hfo.51Z10.4902 Hfo.50Zr0.50 14.0 nm
Hfo.44Z10.5602 Hfo.45Z10.5502 Hfo.45Z10.55 13.8 nm
Hfo.36Z10.6402 Hfo.38Z10.6202 Hfo.40Z10.60 12.2 nm
Hfo.20Z10.7102 Hfo.28Z10.7202 Hfo.31Z10.69 11.4 nm
ZrO2 VA{O)) - 10.5 nm

Similar film growth times lead to slightly varying layer thicknesses, where especially the mixed
oxide films tend to get thicker (e.g., Hfo5Z10502). As there was no significant difference found
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in the overall density of the layers, this result might be a consequence of a changing crystalline
quality and/or fluctuations of the overall evaporation rate. The crystal structure and phase
composition of the layers was examined using XRD (Figure 5-1 (d)). As the substrate
temperature used during growth was 300 °C, the films are found to be polycrystalline. In Hf-rich
HfZr1<O, films, reflections of the highest intensities are found at around 26 = 28.4°, 34.6° and
35.6° while in Zr-rich Hf,Zr:.<O- films, the strongest reflections are found at 26 = 30.3 °, 34.8°
and 35.7°. This is congruent with literature reports, where these reflections were assigned to
the monoclinic symmetry with a high phase fraction expected in Hf-rich Hf;Zr;xO- films and to
a tetragonal phase fraction being dominant in Zr-rich films.33% 337
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Figure 5-1: (a) Schematic of the stacks containing Hf.Zr1.xO; films on c-cut Sapphire. (b) Exemplary XPS spectra and fits of the
Hf4f and Zr3d lines corresponding to the HfgsZro 50, film. A Shirley-type background was subtracted. (c) XRR patterns of the
HfxZr1x0O> films of different composition grown on c-cut Sapphire. Note that the given compositions are the measured (XPS)
compositions, while HfO, and ZrO, act as references. (d) XRD patterns of the Hf,Zr1.«O, polycrystalline films of different
composition grown on c-cut Sapphire, crystallizing in a monoclinic (indexed in black) and potentially tetragonal structure
(indexed in red). Note that an orthorhombic, cubic or rhombohedral structure is also possible. The increased background
(“broader bump”) between 30° and 38° stems most likely from an interface effect between c-cut Sapphire substrate and
HfxZr14xO> film due to for example the possible formation of nano-crystallites. This result is comparable to literature reports
on pure HfOy films grown on c-cut Sapphire.145

As these literature reports have only discussed annealed layers (as grown amorphous films), a
direct relation to the presented results is not straightforward. Additionally, a clear assignment
of the quite broad reflections at 26 ~ 30.3 °, 34.8° and 35.7° remains challenging due to the
similarity of reflection positions of the different reported similar phases of HfO, (and also the
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polymorph ZrO), as discussed thoroughly in chapter 4.5.1. Those reflections can be assigned
to the reported cubic, tetragonal, orthorhombic or rhombohedral and even monoclinic phase of
hafnium oxide (e.g., ICDD 00-034-0104, 04-011-9018 or 01-078-5756). This includes the non-
centrosymmetric polar phase (space group Pca2,). In the following, (111), is used to label the
potentially present (111) reflection of the polar orthorhombic (ferroelectric) phase.

Nevertheless, the following conclusions can be drawn:

o Fully oxygen-saturated HfO, films are known to usually crystallize in the monoclinic
structure when grown on c-cut Sapphire substrates.'?® 14> The presence of a small reflection
at around 26 ~ 30.3 ° as seen in Figure 5-1 (d) could indicate a small fraction of a slightly
oxygen-deficient, rhombohedral phase, as recently reported by Kaiser et al.'?® for HfO films.

o Furthermore, some films (e.g., Hfo.6Z10402) show a lower crystallinity with lower intensities
of the reflections. This could point to a different crystallization behavior of the formed
Hf,Zr1.<O2 phases in dependence of the Hf:Zr ratio.

o Hf-rich films tend to crystallize in the monoclinic phase, while the Zr-rich films contain a
higher phase fraction of the cubic, tetragonal, orthorhombic or rhombohedral phase. In the
context of literature reports, a tetragonal or a rhombohedral structure is more likely than a
cubic or orthorhombic structure. 128336337 Qverall, a precise composition control of the films
was possible as confirmed by XPS results and the obtained crystal structures of the layers as
seen from XRD patterns is found to be in accordance with literature.

5.2 Towards a polar crystalline phase for ferroelectric stacks

After successful growth of the HfiZri<O. layers in the MBE system, about 12 nm thick
Hfo.5Zr0502 (HZO) layers were grown on titanium nitride (TiN) conducting bottom electrodes.
On top of the HZO/TiN stack, a TiN top electrode was deposited (schematically shown in Figure
5-2 (a)). The aim was a controlled fabrication of the polar orthorhombic phase with ferroelectric
properties, which may be achieved in two different ways:

o First, HZO films may be directly forced to grow in the polar orthorhombic crystalline
structure on top of a substrate or bottom electrode e.g., by inducing a strain to the hafnium
oxide-based film during growth as reported for epitaxial Y-doped HfO, grown on ITO'*® and
later shown for HZO grown on LSMO'*. Therefore, in this work, films have been grown on
high-quality, highly-textured, (111)-oriented TiN bottom electrodes on c-cut Sapphire
substrates. The bottom electrode texture could promote the growth of an oriented
orthorhombic phase and thus induce a preferred crystallographic direction.

o Second, an orthorhombic phase in HZO films can be achieved by post-deposition annealing
of TIN/HZO/TiN stacks (here: subsequent heating of the whole stacks after top electrode
deposition) as reported by Park et al.?°!, among others.

The oxide layer thickness of 12 nm was chosen based on literature reports, where good
ferroelectric properties of HZO films were found for layer thicknesses between 5 and 15 nm?°!,
The chosen thickness in this study is further in accordance with the results presented in the
previous chapter, where a good thickness and composition control of the Hf,Zr1.xO, layers was
possible for similar thicknesses. A lower thickness was believed to potentially show increased
undesired leakage currents. The layer thickness was verified using XRR (compare pattern in
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Appendix Figure 1 with well-defined oscillations up to 26 ~ 6°, revealing a good quality of both
the oxide and the (111)-oriented TiN bottom electrode). The film composition of Hf:Zr 1:1 was
chosen as HZO is probably the most promising ferroelectric candidate for BEOL integration'”*
with good ferroelectric properties reported for the given thickness range33®.

Approach to directly grow of a polar orthorhombic phase on TiN bottom electrodes: The
XRD results of an as grown as well as an annealed (600 °C, 20 s, 380 Torr N atmosphere)
TiN/HZO/TiN stack can be seen in Figure 5-2 (b). For both cases, the HZO films are
polycrystalline (monoclinic & orthorhombic/tetragonal/cubic/rhombohedral), showing similar
reflection positions with a significantly high monoclinic phase fraction. In connection with the
corresponding electrical results (shown and discussed later in this chapter) and in comparison
to literature?®® 3% it can be stated that it is unlikely that the formation of the polar orthorhombic
phase was successful, neither during growth on textured (111)-oriented TiN electrodes at
300 °C directly nor after post-deposition annealing. There are no structural changes towards a
polar orthorhombic phase occurring during annealing of already crystalline HZO films.
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Figure 5-2: Schematic representation of the TiN/HZO/TiN stacks prepared and investigated, (b) XRD patterns of as grown (red)
and post-deposition annealed (green; 600 °C for 20 s) TiN/HZO/TiN stacks of polycrystalline nature.

The result obtained after annealing further underlines literature results?®® 33°) where a
transformation from the monoclinic to the polar orthorhombic phase in doped hafnium oxide
films is reported to be impossible. Instead, it was stated, that a transition from an amorphous
through an intermediate tetragonal phase to the polar orthorhombic phase is possible during
quenching of the sample right after a post-deposition annealing step® 2%, For this, an as grown
amorphous HZO layer sandwiched between two electrodes are required.

Approach to achieve a polar orthorhombic phase by post-deposition annealing: To test this
approach, different TiN/HZO/TiN stacks have been grown containing an amorphous HZO layer
for further post-deposition annealing experiments. The results of an exemplary annealing
experiment are shown in Figure 5-3. The single crystalline c-cut Sapphire substrates have the
characteristic (006) reflection at around 26 = 41.67° (Figure 5-3 (a)). This reflection was used
for the substrate alignment performed prior to the 28-scans and is therefore always found at
this fixed angle. Reflections corresponding to the films grown on top can show characteristic
shifts in 20, depending on the phases formed. Consequently, the 26 angle (position) of a certain
film reflection can be discussed with respect to the substrate peak position and therefore also
between different films (relative shifts). For different laser heating annealing conditions in N
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atmosphere, reflections in an angular range between 20 = 30.25 — 30.4° (Figure 5-3 (b)) are
visible. The reflections can again be assigned to different phases of HZO with no clear
differences visible. A potential slight shift towards larger angles for a higher annealing
temperature of 600 °C suggests a smaller out-of-plane lattice parameter for the films annealed
at higher temperatures. This could be related to a loss of oxygen in the HZO layer.
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Figure 5-3: XRD patterns of exemplary post-deposition annealing attempts (heating rate: 15 — 20 K/s, holding time: 20—60 s
with an IR laser system in 380 Torr nitrogen atmosphere) of HZO-containing stacks. Annealed HZO layers are (at least partially)
crystallized, showing a characteristic reflection at around 26 = 30.25°, which could be assigned to the polar orthorhombic
phase of HZO.

A shift of the TiN (111) reflection towards larger diffraction angles as seen in Figure 5-3 (c) is
also indicative for a decrease of the out-of-plane lattice constant of the cubic structure of TiN,
which could point towards an oxidation of the TiN bottom electrode layer (towards TiON). The
(111) reflection of TiN is usually found at 26 = 36.66° (ICDD 00-038-1420), while for an
increased oxygen content, the (111) reflection of a potentially formed TiOxNy preferably shifts
to angles 26 = 37° (ICDD 01-084-4872). Furthermore, the intensity and number of Laue
oscillations visible for as grown TiN are reduced after annealing. This could be a result of a
decreased sharpness of the TiN/HZO interface, which might be a result of the formation of a
TiOxNy interfacial layer.

Similar post-deposition annealing experiments have been conducted on HZO-containing stacks
grown on (001)-oriented MgO substrates, where (200)-oriented TiN bottom electrodes can be
achieved. This opens the possibility to induce a different strain on the HZO layer from the
bottom electrode during growth and also during post-deposition annealing. An exemplary stack
and XRD result are shown in Appendix Figure 2. Due to their epitaxial relationship/matching
lattice parameters, the TiN (200) and the MgO (002) reflection overlap (26 = 42.6° and 42.9°,
respectively). However, the visible Laue oscillations confirm a smooth growth of the highly-
textured MgO bottom electrode. Similar to the results obtained in Figure 5-3 for stacks prepared
on c-cut Sapphire, the initially amorphous HZO layer is crystallizing (at least partially) during
annealing, revealing a reflection at 26 ~ 30.2°, which can be again assigned to different
crystalline structures. Interestingly, the different substrate and therefore TiN bottom electrode
orientation leads to an additional reflection at 28 = 35.35° and therefore an additional
orientation of the HZO layer. The presence of only two reflections in the XRD patterns could be
an indication for the presence of a cubic phase. However, neither the absolute diffraction angles
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nor the difference between the maxima match any of the expected values of potential phases in
question. Due to the texture of the layer and the low crystalline volume, a distinction of
potential phases is not possible from the XRD pattern.

Electric polarization measurements: To further investigate which phase of HZO is present or
dominant in the discussed stacks (and additional attempts), voltage-dependent electric
polarization measurements were carried out. The presence of a polar orthorhombic phase can
only be proven by electrical investigations. A representative curve valid for all devices consisting
of annealed HZO-containing stacks described in this chapter is shown in Figure 5-4 (a). A
reference P-V curve of a common non-annealed Pt/m-HfO,/TiN stack is shown in (b).
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Figure 5-4: Electric polarization measurement curves for (a) an annealed TiN/HZO/TiN stack showing a leaky behavior and
(b) a reference Pt/HfO,/TiN stack showing dielectric behavior.

Overall, the electrical measurements for devices of all post-deposition annealed stacks
containing HZO films with a possibly polar orthorhombic structure showed the visible open
loops (a), which are connected to high leakage currents. Unfortunately, a proper P-E loop as it
would be expected for ferroelectric samples (compare chapter 2.2) was not obtained. The high
leakage completely inhibits the application of these stacks as ferroelectric memory devices. In
principle, a polar orthorhombic (ferroelectric) phase could be present, but the electrical
measurements are dominated by leakage. Thus, the presence of a polar phase cannot be
confirmed. Measurements of reference Pt/HfO,/TiN RRAM devices containing TiN and HfO,
showed the expected linear dielectric P-E behaviour of devices containing an insulating HfO,
layer. The reference devices are composed of a similar TiN bottom electrode but a Pt top
electrode and a monoclinic HfO, layer without Zr grown at 300 °C. These stacks were not
post-deposition annealed. Additional experiments (as described in chapters 4.1.3, 4.2 and 4.3,
results not shown) resulted in similarly leaky P-E loops. Those experiments included the usage
of differently prepared TiN electrodes, increased temperature during TiN electrode and HZO
layer growth, different annealing procedures using an infrared laser, a furnace annealing step
or an annealing procedure performed using the heater of the MBE growth chamber, different
gases and pressures up to a maximum of the used systems (e.g., laser annealing in max.
380 Torr nitrogen/argon atmosphere) to maintain safe experimental environment, different
electrical measurement approaches like the usage versus avoidance of pre-poling, or the usage
of possible wake-up cycling or PUND measurements. These results are therefore not presented
in this work.
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However, the question arises why all P-E loops of potentially ferroelectric devices show a leaky

behavior. In general, reasons for leakage in dielectrics/ferroelectrics are manifold, including

different influences by charge carrier injection in the layer, which is dependent on a variety of

different mechanisms but also preferential breakdowns and leakage paths along grain

boundaries are possible. 13> 136.340 Additionally, dielectric materials tend to dissipate energy due

to the movement of electrical charges in the material stimulated by an alternating electric field

as a general principle. This leads to the generation of heat. The lost energy is called dielectric

loss.>*! Possible influences on the leakage of the presented stacks in this chapter can be also
found in the following points:

(1) HZO growth process in the MBE system:

Besides the Zr-doping and mentioned difficulties of the film growth control, which could
have an effect on the Hf/Zr distribution in the layer, especially the oxygen content is crucial
for the conductivity characteristics and leakage of the film. As known from literature!?® 145,
an increased number/density of oxygen vacancies in pure HfO; films can lead to an increase
in conductivity up to a fully conducting layer. As Kaiser et al. '?® 1% have shown, this is
especially true for the oxygen-deficient rhombohedral phase of hafnium oxide, showing
similar XRD patterns than they are obtained from measurements on polar orthorhombic
films. From the presented XRD results, no distinction can be made. A slight oxygen-
deficiency induced in ferroelectric films is believed to facilitate the formation of the polar
orthorhombic phase and potentially enhance ferroelectric properties, while a larger oxygen-
deficiency is proposed to be highly detrimental. 184 18192 Nevertheless, the presence of a
slightly decreased relative density of the HZO layers (compare Appendix Figure 1) compared
to fully stoichiometric HfosZrosO2 with a density of 9.79 g/cm3 % 13! does not directly point
towards an increased oxygen vacancy density in the presented layers. This is deduced from
observations made on oxygen-deficient HfOy, where an increased oxygen deficiency is
accompanied by an increase of the HfOx layer density.'*

As the growth of amorphous HZO films in the given stack configuration in a reactive MBE
chamber was performed for the first time, exact details on the influences were not known.
Therefore, a slight oxygen-deficiency (compare to chapter 5.1) cannot be fully excluded.
Recently, the preparation of stacks containing polycrystalline, ferroelectric Hf,«Zr<O> films
grown by plasma assisted atomic oxygen deposition was demonstrated.?®® The main
differences to the discussed stack growth (compare chapter 4.1.3) were the higher
temperatures used for oxide layer growth and the obtained growth pressures, which
Zacharaki et al. found to be one order of magnitude lower than observed during growth of
films presented in this chapter. Additionally, films were grown on single crystal Ge
substrates and not on TiN/c-cut Sapphire. Increasing growth kinetics could lead to the
desired results, which might be achieved by higher temperature growths of HZO and TiN
layers. This was not possible in this work as the HZO layers were found to be crystallizing
in the undesired monoclinic phase at increased temperatures, possibly due to the overall
increase of the temperature in the chamber during co-evaporation of Hf and Zr (two heat
producing sources simultaneously). Cooling of the MBE chamber wall by liquid nitrogen
during deposition could mitigate this issue. Reduced growth pressures could also allow a
better rate control during growth.
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TiN bottom and top electrode growth:

The top electrode is exposed to air immediately after removal of the TiN/HZO/TiN stack
from the growth chamber, while the bottom electrode comes into contact with atmospheric
oxygen after the preparation of an electrically contactable surface spot by ion beam etching
(IBE). In both cases, a formation of TiOxNy interface layers is possible, if the TiN is not fully
nitrogen-saturated. For the high temperature bottom electrode, 4-point resistivity
measurements revealed resistivity values of about 50 — 200 uQcm, which is in the expected
range for a stoichiometric TiN bottom electrode. Therefore, especially the low growth
temperature of the TiN top probably results in a poor layer quality and a potential nitrogen
deficiency. Indications for this were found in corresponding quick-tests utilizing a handheld
multimeter (increased electrical resistance). The TiN oxidation is likely to further increase
during the annealing process and the TiOxNy layer formed, thus functioning as a so-called
scavenging layer. This is directly related to the described phenomenon of a possible oxygen-
deficiency in the HZO layers, which means that the nitrogen-deficient TiN electrodes can
extract oxygen from the initially dielectric HZO layer, creating oxygen vacancies in the HZO
during annealing. This in turn would lead to the observed leakage currents. As an additional
consequence, the formation of a polar orthorhombic phase might be inhibited. In literature,
the formation of TiOxNy as an interface layer is known. However, its occurrence and effects
in the ferroelectric properties of the ferroelectric layers has been reported to be a quite
complex phenomenon!®® 342343 mostly due to the direct interaction of the TiN and TiOxNy
with the oxide layer. The movement of oxygen ions during P-E measurements can also lead
to a formation of an interface layer. These complex phenomena are not yet fully understood
and subject to further research as mentioned in chapter 2.2.

Post-deposition annealing process (temperature, time, gas background pressure):

In literature, a variety of different post-deposition annealing procedures using various
parameters are discussed, which strongly depend on the materials, stack design, growth
technique and subsequent further preparation of the stacks, where annealing temperature,
time and background gases etc. are adjusted to achieve the desired polar phase. A commonly
used annealing tool is flash heating. Possibly, annealing procedures used in this study are
not optimized to achieve an overall crystalline polar orthorhombic phase. As an example,
parts of the HZO layers could still be amorphous. The used ramping parameters as well as
holding time and annealing temperature might not result in a sufficiently high thermal
budget in the stacks allowing the required formation of a tetragonal phase during annealing
and the polar ferroelectric phase after quenching. Additionally, the background pressure
was limited to a maximum of 380 Torr due to the vacuum chamber limitations, which might
not be sufficient to prevent oxygen and nitrogen from being removed from the residual HZO
and TiN layers, respectively, during annealing.

Ion beam etching process:
In the IBE process used to provide an accessible spot for electrically contacting the bottom

electrode, two major detrimental effects on the HZO layer can occur. a) Increased heat can
be produced, which promotes diffusion processes and can increase leakage currents. This is
prevented by utilizing liquid nitrogen cooling of the samples during etching. b) The high ion
energy used for the etching process can additionally cause for example re-deposition of
material at the edge of an etched hafnium oxide layer (edge of a device). This could create
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a conductive path between top and bottom electrode and result in an unwanted overall
conductive device. This is believed to be prevented by stopping the etching process at the
hafnium oxide surface and not etching fully down to the bottom electrode surface (compare
chapter 4.3.). These problems arose after the study on HZO-containing stacks was
conducted and have therefore not been further included in the preparation of additional
samples. Further discussions regarding the influence of the IBE process on device properties
are presented in chapter 5.6.

Most likely, the overall leaky behavior of differently prepared stacks is a consequence of a
combination of several factors.

Further attempts: As seen from this quite extended list of possibilities, problems are manifold
and many different interconnected parameters influence the overall film properties. However,
a few further attempts to understand the behavior and to find solutions towards the
achievement of ferroelectric properties were conducted.

First, a further optimization of the TiN electrodes was aimed by increasing the temperature
during growth. As for the top electrode preparation by MBE this approach is quite limited, a
sputtering approach was used. XRD patterns of first TiN growth attempts on c-cut Sapphire
substrates utilizing RF sputtering in No/Ar-atmosphere at 5 different growth temperatures are
shown in Appendix Figure 3 (a). All films were found to be amorphous without any
characteristic cubic reflections visible in the XRD patterns. The corresponding lowest resistivity
values of about 1500 uQcm are therefore exceeding the values obtained for high temperature
TiN bottom electrode films grown in the MBE system (about 50 — 200 uQcm) by at least one
order of magnitude. A further optimization and crystallization of the layers with the used
sputtering system was not possible due to the limited background pressure and heating
capabilities. Quick XPS investigations (results not shown) also revealed Sn and Nb impurities
in the layers, which are most likely impurities originating from the inside of the sputtering
chamber itself. Additionally, a slight nitrogen deficiency was indicated, which is likely a result
of the utilized sputtering from a TiN target in an insufficient background pressure environment.
The performance of RF or DC sputtering using a pure Ti target with sufficient nitrogen
background pressure in a different sputtering chamber might be a more promising approach.

Second, Pt top electrodes were used to provide a more chemically inert top electrode material
(stacking from top to bottom: ex situ magnetron sputtered Pt/amorphous HZO grown in the
MBE system/(111)-oriented TiN bottom electrode grown in the MBE system/c-cut Sapphire
substrate). For direct comparison, post-deposition annealing (after electrode sputtering) was
performed in a similar manner (60 s at 500 — 600 °C in 380 Torr Ar atmosphere). The XRD
pattern of an annealed Pt top electrode-containing sample in comparison to the pattern
obtained from an annealed TiN top electrode-containing samples is shown in Appendix Figure
3 (b) as an example. The formation of a polar orthorhombic phase might be also possible in a
stack with a Pt electrode as reported by Park et al.'® Unfortunately, all tested stacks again
showed an unexpected high leakage. This indicates that the expected electrode-related
difficulties are not only limited to the top electrode, but additional challenges (HZO growth,
annealing process and bottom electrode) remain.
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In a final approach to obtain a better understanding of the HZO-containing stacks and the HZO
layer itself, DC leakage current measurements and resistive switching attempts were conducted
on post-deposition annealed TiN/HZO/TiN devices. This was also performed to test, if resistive
switching is possible. The general possibility to obtain resistive and ferroelectric switching in
doped hafnium oxide-based stacks was reported in literature!’?. Interestingly and in contrast to
the observed leaky behavior in P-V measurements (AC characteristics), the measured devices
were found to be in the HRS from DC leakage current measurements (around 101° - 107 A at
200 mV for a 30x30 um? top electrode area). Forming was achieved by applying a negative
voltage (Figure 5-5 (a)), however, the expected reset could not be observed. Increasing positive
or negative voltage applied did not result in a proper reset either (b).

The obtained current-voltage curves reveal kind of a step-wise reset with increasing absolute
values of negative voltage up to 20 V applied. This behavior was observed for multiple samples
and devices. Overall, resistive switching for all tested stacks containing post-deposition
annealed HZO layers failed with no real trend deducible. The reason for the failed reset
attempts and an absence of a hard-breakdown at such high applied voltages still remain unclear.
Nevertheless, the results reveal that the stacks are not fully conducting, neither as-prepared
devices nor devices after step-wise reset.
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Figure 5-5: Resistive switching characteristics of post-deposition annealed TiN/HZO/TiN devices with a potentially polar
orthorhombic crystalline structure. (a) Achieved forming step and failed first reset (reset try). (b) Partial/step-wise resets seen
for negative and positive voltage up to +20 V applied.

Summary: Hafnium oxide films were successfully doped with Zr to achieve Hf,Zr:.xO> films.
Overall, a good control of the composition was possible. Films with the most interesting
composition of Hfys5Zros02 (HZO) for ferroelectric applications were transferred to substrates
covered with a TiN bottom electrode. Different post-deposition annealing attempts on
amorphous stacks with a TiN top electrode grown on top, led to a possible formation of a polar
orthorhombic phase, characterized using XRD. Unfortunately, all devices were found to be leaky
in the subsequent voltage-dependent electric polarization measurements. Further attempts to
improve the stacks or to understand the obtained behavior revealed even more challenges. The
reason for the leaky P-E loops and the impossible reset obtained from resistive switching
attempts still remain unclear. Further comprehensive studies are required, as many different
parameters are influencing each other. There are several possible steps, that can lead to a better
understanding of the material system and potentially ferroelectric properties of TiN/HZO/TiN
devices with lower leakage:
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o It has been revealed that a stoichiometric TiN top electrode growth is mandatory to
prevent the formation of unwanted TiO.Ny layers, which could be achieved by DC
sputtering.

o An improved growth of low temperature HZO films can support the achievement of
better results. This could be done using parameters close to reported values®® and
additional chamber wall cooling.

o The high variety of influencing parameters and occurring challenges have revealed that
it is highly recommended to conduct further studies taking the described findings into
account; and to systematically change single parameters one after another in subsequent
studies, including especially detailed post-deposition annealing as well as IBE studies.

5.3 Resistive switching characteristics of Pt/HZO/Pt- and Pt/HfO./Pt-based devices

To get a better understanding of the HZO material system, resistive switching of non-annealed
HZO-containing devices was tested and compared to the behaviour of pure HfO,-containing
devices. The HZO and HfO- functional layers were grown in the MBE with different crystallinity
(amorphous films grown at RT versus monoclinic films grown at about 300 °C), and sandwiched
between sputtered Pt electrodes, providing a more inert electrode system than present for TiN
electrode-containing stacks. These devices are aimed to serve as proof of principle stacks for
resistive switching of HZO-containing stacks and to investigate possible impacts of the growth
kinetics, when an increased growth temperature is used (compared to films grown at room
temperature). Those stacks were not post-deposition annealed and are not aimed to be
ferroelectric.

In more detail, the different possible switching modes were investigated from voltage-
dependent resistive switching measurements (DC voltage sweeps). XRD patterns of the four
different stacks (Pt/stoichiometric HZO or HfO, films grown on Pt-covered c-cut Al,Os
substrates at 300°C and RT, respectively) are shown in Figure 5-6. XRR patterns of HZO or HfO,
films on Pt are shown in the insets. Those were measured without the top electrode layers to
simplify the extraction of film thicknesses, which becomes extensively harder with an increasing
number of layers. Schematic representations of the four different HZO-based stacks are also
given. The absence of characteristic reflections in the XRD patterns indicates that the HfO, and
HZO films grown at RT are amorphous, whereas the films grown at 300 °C are crystalline with
a characteristic (111) reflection of the monoclinic phase at around 28.33°. From the
characteristic XRR oscillations, a Pt bottom electrode layer thickness of about 60 nm and an
oxide layer thickness of about 11 — 12 nm was obtained, as well as a low (surface/interface)
roughness below 1 nm.
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Figure 5-6: XRD and XRR patterns of stacks with a) m-HZO film grown at 300 °C, b) a-HZO film grown at RT, (c) m-HfO, film
grown at 300 °C, (d) a-HfO; film grown at RT. The (111) reflection of the cubic Pt cubic electrodes and the c-cut Sapphire
substrates are also visible.

A schematic representation of the layer thicknesses of the stackings can be obtained from Figure
5-7 (a). The Pt bottom electrode quality, especially roughness, was checked additionally by
atomic force microscopy (see Appendix Figure 4). Crystalline HZO and HfO; films might in
general show a slightly lower roughness when compared to amorphous films, which is a result
of the different growth kinetics.

In Figure 5-7 (b) and (c), exemplary bipolar resistive switching current-voltage curves with set
with positive voltage polarity (blue) and reset with negative polarity (green) of devices
containing (b) m-HZO and (c) a-HZO are shown. In contrast to the switching attempts on post-
deposition annealed TiN/HZO/TiN samples presented in the previous chapter, proper bipolar
resistive switching including forming, set and reset operation is possible. All devices were found
to be fully functional. The as grown stacks are thus not fully conducting and the growth of HZO
films at both 300 °C and RT seems to result in well-defined dielectric oxide layer. An additional
interesting characteristic of the presented symmetric devices containing both a Pt bottom and
top electrode is the occurrence of non-polar switching. In other words, similar set and reset
operations can be performed regardless of the polarity, at least in a limited voltage range to
prevent set during the reset routine.
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Figure 5-7: (a) Schematic representation of the investigated stacks and corresponding BRS I-V curves of (b) m-HZO- and (c)
a-HZO-containing stacks. The color coding from dark to light blue/green indicates the increased number of cycles for
set/reset, respectively.

As an example, for the possible unipolar resistive switching characteristics obtained, current-
voltage curves of monoclinic HZO are presented in Figure 5-8, for (a) positive and (b) negative
voltages applied. Additional examples for the other stack types are shown in Figure Appendix-5.

Overall, the switching characteristics are found to be quite similar for all stack types,
independent of the polarity of the voltage or the type of oxide in the stacks. However, a large
set voltage variance and an overall high cycle-to-cycle variability is obtained, which is likely to
be a result of a Joule-heating dominated switching mechanism (TCM). The usage of Pt top and
bottom electrode as inert electrodes strongly promotes the formation and rupturing of an
oxygen vacancy filament dominated by thermal effects (Joule heating) especially in URS mode.
However, also for BRS, where the valence change mechanism can exist, a dominance of the
thermochemical mechanism is possible. This can be also seen from the required low reset
voltages around or below -1 V. The presented results are according to literature, where non-
polar switching was found in Pt/HfO,/Pt based devices. 153 15% 156
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Figure 5-8: Current-voltage curves for URS of m-HZO-containing devices under (a) positive bias voltage polarity and
(b) negative bias voltage polarity. The color coding from dark to light blue/green indicates the increased number of cycles.
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Additionally, a low endurance and a non-uniform behavior is typical. A deep reset seen as a
large current jump in the reset process is considered to be the result of a highly- or fully-
dissolved conductive filament, resulting in the presence of a deep HRS. The subsequent
(re)formation of a conductive filament is then achieved at increased set voltages. The high
current compliance required for a successful set operation and possible current overshoots are
likely to be contributing to the non-uniform behavior.

Cumulative probabilities of the forming, set and reset voltages obtained for devices of the four
different stacks for negative set and reset (URS) are shown in Figure 5-9. A cumulative
probability plot is a graphical representation of the empirical cumulative distribution function
of the data. It is created by plotting each measurement value against the fraction of all values
that are less than or equal to that value, therefore assigning probabilities to each data point.
With this, the probability of being above or below a particular value is given, which can be
useful for comparing different datasets.

The major difference in the presented dataset is found for the forming voltages (Figure 5-9 (a),
where devices containing amorphous oxide layers tend to shown larger forming voltages than
devices containing crystalline layers. This is in accordance with literature, where grain
boundaries present in crystalline oxides are seen as preferential sites for oxygen defect
agglomeration and potential paths for conductive filament formation. This position is believed
to be energetically more favorable than a segregation in bulk HfO,.”6 134137

For reset (b) and set (c) voltages, no direct impact of the Zr-content is observed for 30 measured
devices (of each sample). A reduction of the operation voltages by Zr-doping (mixing) cannot
be confirmed. However, in contrast to literature, the presented results were obtained from HZO-
containing devices and not from devices with a 9 at% Zr-doped HfO, switching layer.'4”-1°°
Comparing the forming voltages of devices containing crystalline m-HZO versus m-HfO,, lower
values are found for m-HfO,-containing devices. Due to the chemical similarity of Hf and Zr,
this was not expected to be seen for a Hf:Zr 1:1 mixture. The nature of this effect is yet unclear.
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Figure 5-9: Cumulative probability plots of (a) forming voltage, (b) reset voltage and (c) set voltage for the four different
investigated stacks. Values were obtained from URS with negative set and reset voltages for 30 devices each. Note that in the
shown plots absolute values are given.

Deeper analysis of these stacks including further switching measurements or any further
switching using annealed HfO.- or HZO-containing devices was not performed. However, the
obtained results of this comparative study have proven resistive switching functionality of
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amorphous and monoclinic hafnium oxide-based devices, mainly independent of the Zr-doping.
The results obtained from the working devices with chemically inert Pt electrodes have further
revealed that the amorphous film growth itself is most likely not directly causing the leakage
and switching problems discussed in the previous chapter 5.2 for P-E and I-V investigations.

5.4 Resistive switching characteristics of Pt/HfO./Pt devices and Cu/HfO,/Pt devices

As the resistive switching characteristics and corresponding mechanisms are not only depending
on the type of insulator but also on the nature of the top electrode (e.g., chemically active
electrode versus chemically inert electrode), electrode-dependent characteristics of Cu/10 nm
HfO,/Pt devices were studied and their behavior compared to the characteristics obtained for
Pt/10 nm HfO,/Pt devices, using different operation modes. The Pt/HfO,/Pt stack is similar to
the stack used for the investigations discussed in the previous chapter, but not the same sample.
In contrast to a Pt electrode, a Cu electrode can be used as an active electrode to establish a Cu
conductive filament. Those ECM devices show switching characteristics preferably based on an
electrochemical metallization mechanism and are of interest for non-volatile memory
applications. A further motivation for the conduction of this study is the potential use of
HfOx-based ECM devices as selectors, as they can show threshold switching behavior (compare
chapters 2.1.2, 2.1.3 and 2.4).

Schematic device stackings of both samples under investigation are shown in Figure 5-10 (a).
The stoichiometric hafnium oxide films are (111)-oriented (textured) monoclinic films, while
the Pt bottom electrode layer is cubic and (111)-oriented, as shown in the previous chapter. In
Figure 5-10 (b), the cumulative probability plots of Cu/HfO,/Pt (orange) and Pt/HfO./Pt (grey)
devices are shown.
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Figure 5-10: (a) Schematic device stacks with a Cu versus Pt top electrode and (b) cumulative probability plot of the leakage
current for the two different stacks. Pt top electrode-based devices have much higher leakage currents than Cu top electrode-
based devices. Note that the devices size (top electrode area) is 30x30 um?. The dotted line labeled cc marks the value of
1 mA used as the current compliance. (c) Cumulative probability plot of the forming voltage for both stacks for positive and
negative polarity with the lowest values obtained for Cu/HfO,/Pt stacks for positive voltages.

Overall, Cu/HfO,/Pt devices show lower initial leakage currents than Pt/HfO,/Pt devices. 88
out of 108 devices could be formed, while 20 devices were already stuck in the LRS with a high
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initial leakage current at the used current compliance of 1 mA. Pt/HfO,/Pt devices show a
comparably high average leakage current of about 0.35 mA (75 devices measured) with 31
devices with a leakage current above 0.01 mA and 27 devices with a leakage between 0.01 mA
and 10 nA. 17 devices were found to have low leakage of below 10 nA.

The reason for the high leakage currents in Pt/HfO./Pt-based devices when compared to
Cu/HfO/Pt devices could be related to the presence of different conduction mechanisms,
dependent on the top electrode to insulator interface. Due to the simultaneous growth of the
HfO, layers of both stacks (and the Pt bottom electrode underneath), the oxide layers have the
same properties. Further investigations are required in the future to fully understand the
obtained differences.

In Figure 5-10 (c), the forming voltage distributions (cumulative probabilities) of both device
types are shown for both polarities (negative and positive voltage). As most of the Pt/HfO,/Pt
devices showed a high initial leakage current, forming was performed on 23 devices only. For
devices with a higher initial leakage current, a reset step was first required (not included in the
presented plots). The obtained forming voltages are found to be around 1.5 - 3V (absolute
value). In contrast, the forming voltages of Cu/HfO./Pt devices are dependent on the applied
voltage polarity. For negative voltages applied, values are found between -2 and -4 V, which is
similar to the values obtained for Pt/HfO,/Pt devices. On contrast, slightly lower voltages are
obtained for positive polarity. This is in accordance to literature reports and most probably a
result of two different switching mechanisms occurring.®® 104 105 159,344 Both unipolar and BRS
switching in Pt/HfO,/Pt devices is dominated by thermal effects (TCM), which is stabilizing a
conductive filament composed of oxygen vacancies (Hf metal rich and O depleted volume). In
contrast, BRS with a forming/set under positive bias in Cu/HfO,/Pt devices is dominated by an
electrochemical metallization mechanism with a Cu metal filament being formed. If a positive
voltage is applied to the top electrode, Cu ions diffuse into the oxide layer from the top to the
bottom electrode during the forming process. In this case, the electrochemical metallization
mechanism is energetically dominating a potentially also relevant valence change mechanism.
Consequently, Cu ion formation and migration leading to the stabilization of a metal filament
is favored over the formation of an oxygen vacancy filament. In contrast, Cu ion migration
under negative voltage bias is suppressed, as the cations are repelled by electric field. The reset
under negative bias is occurring due to a mixture of effects from electric field and Joule heating,
often reported to be dominated by heat effects.10 104 105

Exemplary current-voltage curves are presented in Appendix Figure 6 and Appendix Figure 7,
which are in accordance with the discussed results presented in Figure 5-10 (c). It is shown that
a switching of devices of both device stack types under all possible polarities is possible
(negative forming/set & negative reset; positive forming/set & positive reset; negative
forming/set & positive reset; positive forming/set & negative reset). The reset voltage values of
all four operation modes for both stack types are similar and always below 1V (absolute
values). Larger absolute reset voltage values in the range of 1.2 V to 1.5 V lead to an undesired
set process after the actual reset. This results in a hard-breakdown of the devices that keeps
being stuck in the LRS afterwards. Therefore, applied voltages were chosen to not exceed 1.1 V
for all samples in the reset routine (absolute values). The occurring non-polar switching in
Pt/HfO,/Pt was already discussed in the previous chapter.
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Representative current-voltage curves (50 cycles) of a Pt/HfO,/Pt device are shown in Figure
5-11. Unipolar resistive switching (URS) was performed using negative set and reset (a), while
bipolar resistive switching (BRS) was performed using negative set and positive reset (b). As
this study focuses on the physical behavior of the switching to obtain a better understanding of
the device physics, the necessary performance of only a few numbers of cycles was sufficient
and a high endurance as required for real applications was not tested.
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Figure 5-11: Representative 50 endurance cycles of Pt/HfO,/Pt devices of (a) URS (negative set) and (b) BRS (negative set).
These results are indicating a non-polar switching behavior with a large operation voltage variance visible.

Overall, both switching operations lead to a stable switching independent on the operation
mode, however, a huge variance can be observed for both cases (set voltage: about 0.5 — 4 V;
reset voltage: about 0.4 — 1 V). The switching process is subject to a dominant thermochemical
mechanism, as discussed in chapter 5.3. As a consequence, it is reasonable to assume that a
valence change mechanism only plays a minor role. A large variance of the set voltage in
subsequent cycles occurs mostly when the corresponding reset after a set leads to either a high
or low current (in the HRS). For the subsequent set, a much lower or a much larger set voltage
is then required, respectively. The change is induced by temperature effects, where the highest
temperature region in the vicinity of the conductive filament leads to a change of the filament
shape or rupture length compared to the previous (or subsequent) cycle. A filament is ruptured
to a different length in the subsequent cycle(s), which is leading to different resistances of the
respective HRS. The occurring current jumps (high average resistance ratio of 10°) stress the
switched device in every cycle. However, more than 100 stable switching cycles could be
achieved.

As this chapter focuses on the switching characteristics of Cu/HfO,/Pt devices, all four possible
switching modes are shown in Figure 5-12. The behavior of Cu/HfO,/Pt devices is discussed in
more detail in the following. For all modes, stable resistive switching was found but not all
cycling operations lead to a similar result. In general, the bipolar resistive switching in
Cu/HfO2/Pt devices is found to be dependent on the initial forming/set polarity, where larger
voltages are required for negative polarity.
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Figure 5-12: Representative cycles of a Cu/HfO,/Pt devices of (a) BRS (negative set), (b) URS (positive set), (c) URS (negative
set) and (d) BRS (positive set), all showing a different behavior strongly dependent on the operation mode. After the last
shown reset routine in positive polarity ((a) and (b)), the devices face a hard-breakdown (permanent set to the on state).
First, the BRS with negative set (Figure 5-12 (a)) and the URS with positive set (b) show a low
endurance (max. 20 cycles before hard-breakdown; devices stuck in LRS). For the URS (c) and
BRS (d) with a negative reset operation, a better performance expressed by a larger number of
possible cycles is observed (50 shown, more than 100 cycles possible).

Second, the overall memory window of the devices (here given as a current ratio between the
LRS and HRS) is dependent on the operation mode. For the BRS (Figure 5-12 (a)) and URS (b)
with a positive reset operation, a high variance of the operation voltages in only a small number
of cycles and large variation of the HRS current after the reset processes is found. URS with a
negative reset operation (c) leads to a similar large current jump occurring during the reset
(= 10°), with a variance of the set voltage between 0.5 and 3 V (absolute values). In contrast,
this is not found for BRS with a negative reset operation (d), where the memory window is
much lower (= 10%). Therefore, also the set voltage variance is reduced (= 0.2 — 1 V). Smaller
current drops in reset lead to a more stable switching overall. However, there is a sufficiently
large current flowing for proper set and reset functionality and a large memory window is
maintained over more than 100 cycles.

While positive set operation leads to the stabilization of a conductive filament composed of Cu
in Cu/HfO/Pt (d), it is reasonable to assume that an oxygen vacancy filament is stabilized
when a negative voltage is applied for the set process (c). A rupturing of the metal filament in
the subsequent negative reset occurs predominantly by Joule heating for both cases. For BRS
with negative set and positive reset operation, an electrochemical mechanism is dominant, but
the motion of Cu ions during forming/set can lead to a possible superimposition of electro- and
thermochemical mechanisms. This could result in the presence of a mixed (hybrid) filament.
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The low endurance for positive reset (Figure 5-12 (a)) is therefore likely caused by a
detrimental interaction of Cu ion migration with the actual rupturing process of an oxygen
vacancy-based filament. This can lead to an unwanted set during the actual reset routine, which
is difficult to prevent. For URS using positive operation voltages, a Cu metal filament is formed
during set. In the dissolution/rupturing process caused by Joule heating during reset, Cu ions
move away from the conductive filament region close to the Cu top electrode, however metal
ions from the active electrode could re-stabilize a conductive filament (driven by a mixture of
thermal effects and electric field applied). This hypothesis could explain the resulting visible
hard-breakdown and low endurance found in URS for positive bias voltage polarity (Figure
5-12 (b)).

In summary, several differences were found when comparing the switching characteristics of
Pt/HfO,/Pt and Cu/HfO./Pt devices overall. Pt/HfO,/Pt devices show a thermochemical
mechanism-based non-polar switching behavior and a large memory window with a high
operation voltage variance. In contrast, investigations of especially the BRS characteristics
(positive set and negative reset) in Cu/HfO./Pt devices revealed an improved device stability.
In accordance with literature, this is attributed to an operation based on the formation and
rupturing of a Cu metal conductive filament. Further, the set voltages seem to be reduced with
increasing cycles, which indicates a formation and stabilization of a Cu conductive filament that
is probably not dissolved to a large extent in the reset process (quite conductive HRS after reset
and low forming voltage in subsequent set process). The complex switching mechanism and a
possible model for the filament formation and rupturing in Cu/HfO,/Pt-based devices, which
can be influenced by electric field and created heat, is further discussed in chapter 5.5 for stacks
containing dielectric layers of different thickness.

5.4.1 Current compliance-dependent switching and potential threshold switching

An additional motivation for the investigation of the presented stacks was the potential use of
HfOx-based devices as selectors (compare chapter 2.1.2 and 2.4), which will be now shortly
discussed. In the presented studies, the required threshold resistive switching (TRS) was not
observed.

For stable resistive switching in Pt/HfO./Pt-based TCM devices, a high current compliance in
the set processes (100 uA and 1 mA) lead to an instable switching, while for switching using a
lower current compliance (10 uA), no significant impact on the number of endurance cycles or
the stability was found for all switching polarities. During forming, stable filaments were
achieved by using a current compliance of 10 — 100 uA (stable LRS). This could be a result of
the conductive filament thickness achieved and the overall heat produced in the vicinity of the
filament during switching, both tending to increase with larger current compliance. A lower
current compliance is considered to result in the formation of a weaker filament and a reduced
heat production within the stack, which lowers the probability of unfavored ionic motion and
ion distribution effects. A very low current compliance however may lead to an insufficient
current flowing to establish a stable conductive filament in the dielectric layer. Therefore, the
cycling discussed in this chapter was performed using a current compliance of 10 uA for
Pt/HfO,/Pt devices.
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In contrast, the usage of current compliance of 10 uA and 100 uA for forming/set processes of
Cu/HfO,/Pt in ECM devices resulted in a lowered endurance. At a high current compliance of
1 mA, however, a more stable BRS (positive forming/set, negative reset) was achieved
(potentially leading to the formation of a thicker filament). Possibly, the creation of Cu ions at
the top electrode interface, their motion and the creation (nucleation and growth) of a Cu
filament starting from the Pt bottom electrode requires larger currents. The Cu/HfO/Pt
memory devices were therefore switched using a current compliance of 1 mA.

In literature®*, a current compliance dependence of the BRS (non-volatile switching with a
stable LRS) and TRS (filament formed in a set process, but volatile switching with unstable
LRS) in Cu/HfO,/Pt based devices is reported. Stable non-volatile switching was obtained using
a current compliance of 100 uA, while (volatile) TRS was reported for set operation with
current compliance of 10 A and 1 pA. This dependency could not be confirmed by the results
presented in chapter 5.4. Instead, stable memory switching with the mentioned lowered
endurance was obtained. A possible explanation could be an occurring current overshoot during
forming/set for higher current compliance values. The current compliance control of the
measurement setup has a delay that is expected to be in the us-range, during which a current
overshoot accompanied by high Joule heating can occur.'>* 332 A conductive filament can be
established on a shorter timescale and therefore continue growing during the delay time. This
can lead to thicker filaments formed than expected and a corresponding non-volatile memory
behavior. This is also valid for the tested Pt/HfO,/Pt devices. At even lower current compliance
values (e.g., 1 uA), no filament was formed at all, which was seen from conductance values that
were found to be far below 1Go (Go = 2e2/h with e being the elementary charge and h the
Planck constant). The formation of the thinnest possible conductive filament leads to a
conductance of about 1Go. This represents the narrowest point of the filament with one oxygen
vacancy or one metal atom connecting the electrodes and can be used as an indicator for an
established or ruptured filament.”> 34

In literature, different stackings with HfOx as a switching layer showing threshold switching are
reported>® 112 164,223,224 "ywhere TRS is not only dependent on the current compliance but also
on the ion species. The usage of a Ag electrode is reported to simplify the achievement of
threshold switching in comparison to Cu. This could stem from different effects: (1) A larger
work function difference between the used electrodes seems to support TRS. (2) The interface
energy of the filament should be much larger than the interface energy of a formed cluster.??*
(3) Additionally, the higher mobility of the Ag ions and the occupation of interstitial sites in the
HfOx layer might play a role. It was further shown that the switching performance in
Ag/HfO,/Pt films can be controlled by a preformed oxygen vacancy filament.>* 223 This can also
be a promising approach for Cu-based selector devices. Here, additional Cu-doping of the HfOx
layer'®* can increase ion mobility and potentially also necessary interface energies and trap
states. It should be kept in mind that these effects further depend on temperature and oxide
layer thickness.!!2 167
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5.5 Thickness-dependent resistive switching in Cu/HfO,/Pt-based ECM devices

As downscaling of devices is a key feature of electronics in general and also relevant for different
kinds of RRAM devices that are promising candidates for 3D-integration, there is a large interest
in related studies. Investigations of the switching properties of Cu/HfO./Pt-based devices can
help to get a better understanding of a) the underlying switching mechanisms of ECM devices
with a Cu conductive filament in general and b) the properties of HfO,-based dielectric layers
in dependence of the oxide layer thickness in particular. In the presented study, bipolar resistive
switching with positive forming/set and negative reset operation of Cu/HfO./Pt devices with
different HfO, layer thickness (20 nm — 3 nm) was conducted. The stacking of the electrical
devices is shown schematically in Figure 5-13 together with a HAADF-STEM and an ABF-STEM
image of atomic resolution of a stack containing a 10 nm thick HfO, layer sandwiched between
a Pt bottom and a Cu top electrode. A good crystallinity of the oxide is confirmed. Crystalline
grains with a length of 10 nm are connecting both electrodes.

250 nm Au
HfO, (20 nm)

HfO, (15 nm)

HfO, (10 nm)

HfO, (7 nm)

100 nm Pt

ﬁ" H‘ Q| ,:‘,,“ﬁ

60 nm Pt

_ HfO, (5 nm)
c-cut Sapphire
substrate

Figure 5-13 Schematic representation of the device stacks with different HfO; layer-thicknesses (20nm, 15nm, 10 nm, 7 nm,
5 nm, and 3 nm) on Pt bottom electrodes and c-cut Sapphire substrates, with Au/Pt/Cu top electrode layers. Additionally, a
high-angle annular dark-field image (HAADF) showing the presence of a crystalline 10 nm HfO,-film sandwiched between the
two metal electrodes (Cu - dark; Pt - bright) and a high crystallinity of the 10 nm thick HfO, film is given. In the annular
bright-field image (ABF), the crystalline nature of the electrodes can be seen. An Average Background Subtraction Filter (ABSF)
was applied to the initial STEM images.3*¢ Figure partially reproduced with permission from34’. The original publication is
licensed under a Creative Commons Attribution 4.0 License (CCBY) and published by AIP Publishing.

The hafnium oxide films were found to be monoclinic films (m-HfO2; space group P2:/c; XRD
patterns in Figure 5-14 (a)), while the Pt bottom electrode is cubic ((111)-oriented). The
intensity of the characteristic (111) reflection of monoclinic HfO decreases for thinner oxide
layers due to the lower crystalline volume (interaction volume with the X-rays). For the 3 nm
thin film, the reflection is of low intensity, which is additionally caused by the small crystallite
sizes and close to the resolution limit of the measurement setup. Representative switching
curves of devices containing hafnium oxide layers of different thickness are shown in Figure
5-14 (b). For all samples, the devices are working under positive set and negative reset, as
described in the previous chapter. Electroforming as well as subsequent reset and set was
performed on devices to investigate the resistive switching characteristics in more detail. To
allow a reasonable comparison, devices with a similar HRS current (1.0x10!! A) were used.
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Figure 5-14: (a) XRD patterns of the m-HfO, films of different thickness grown on top of cubic Pt bottom electrodes and c-cut
Sapphire substrates, (b) Representative current-voltage curves obtained from devices of the six different stacks. A change
from an abrupt to a more gradual reset with increasing oxide layer thickness is visible. Figure partially reproduced with
permission from347. The original publication is licensed under a Creative Commons Attribution 4.0 License (CCBY) and
published by AIP Publishing.

5.5.1 Bipolar resistive switching characteristics, filament formation and rupture in
Cu/HfO>/Pt ECM devices with varying oxide layer thickness

To get a first insight in the electrical device performance, the forming voltages of the six
different stacks were investigated. Those are found to be oxide layer thickness-dependent
(Figure 5-15), which is in accordance to literature on HfO»-based RRAM!% 132 162 Devyices
containing thicker hafnium oxide layers tend to require higher voltages to reach a critical
electric field in the dielectric HfO, for a successful forming process. This trend cannot only be
seen from the representative current-voltage curves for the six different stacks (a), but in more
detail also from the cumulative probability plot (b).
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Figure 5-15: (a) Current-voltage curves of the forming process (cc = 1 mA), (b) cumulative probability plot of the forming
voltage obtained from devices of all six samples with varied oxide layer thickness (10 devices each). Figure partially
reproduced with permission from347. The original publication is licensed under a Creative Commons Attribution 4.0 License
(CCBY) and published by AIP Publishing.

Devices containing 20 nm and 15 nm thick HfO; films have an average forming voltage of about
4V, while for thinner samples containing 10 — 5 nm thin HfO, and 3 nm thin HfO, films average
voltages of about 2.5V and 2V were found, respectively. Also, it becomes obvious that the
forming voltage variance is larger for thicker samples (voltages up to about 7 V).
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The most interesting feature was found in the current-voltage curves for the reset (Figure
5-16 (a)). With decreasing oxide layer thickness from 20 nm down to 3 nm HfO,, there is a
continuous change from an abrupt (sharp and deep reset, high nonlinearity) to a more gradual
reset visible. The current in the HRS after the reset ranging from 102 A to 10* A is therefore
by multiple orders of magnitude lower in thicker devices than in thinner ones. The
measurement curves were additionally compared to the quantum conductance Go (= 2e2/h),
which was used as an indicator for a ruptured or possibly non-ruptured (still connected)
filament. The current-voltage curve for Go was added to Figure 5-16 (a) in red. For stacks
containing HfO- films of 20 nm down to 7 nm thickness, the HRS current drops below Go during
the reset. The conductive filament can therefore be considered as being ruptured. For thinner
stacks, the current stays above Go even after the reset. It is reasonable to assume that the
conductive filament is not completely ruptured in 3 nm and 5 nm thick films. A thin connection
between both electrodes via an oxygen vacancy-based conductive filament in the actual HRS is
likely. The difference in the current levels of the LRS and HRS of such devices is then a result
of the filament width. Devices in the HRS contain a much thinner filament than devices in the
LRS. This is directly linked to the overall current flowing through the overall device during the
reset process. The cumulative probability of the maximum reset current (max. reset current) is
shown in Figure 5-16 (b), while the cumulative probability of the HRS current is shown in (c).
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Figure 5-16: (a) Representative current-voltage curves of the reset process for devices of the six different stacks. Additionally,
the curve of Go is included (red). For the reset, a maximum voltage of -1 V was applied to prevent a hard-breakdown of the
devices by oxygen vacancy filament-formation. (b) Cumulative probability of the maximum reset current and (c) cumulative
probability of the HRS current after the reset. Blue arrows label the increase of the oxide layer thickness. Figure partially
reproduced with permission from347. The original publication is licensed under a Creative Commons Attribution 4.0 License
(CCBY) and published by AIP Publishing.

The trend shows that in devices containing thicker oxide layers, a larger current of about
4.5 x 102 A is required to achieve a reset (compare also Figure 5-16 (b) to (a)) when using the
same reset routine (maximum voltage of — 1 V applied). The HRS current of devices containing
20 nm and 15 nm thick HfO, switching layers (1.6 X 10!2 A) is more than 1000 times lower
than the HRS current of thinner devices (8.0 x 10 A) after the reset. This corresponds to a
deeper reset in thicker films (Figure 5-16 (a)). Additionally, a broadening/larger variance of
the HRS current for thicker stacks is seen in Figure 5-16 (¢) when compared to thinner stacks,
which is equivalent to a higher HRS variance. In the subsequent set (see Figure 5-17 (a)), a
similar broadening is visible for thicker devices with 20 nm and 15 nm HfO; layers (up to 4 V),
while thinner devices show a uniform set voltage distribution in the cumulative probability plot

98



(in average about 0.5 V, maximum set voltage about 1.8 V). A good visualization of the larger
variance obtained for thicker devices is to use a HRS current versus set voltage plot as given
in Figure 5-17 (b). The different behavior can be easily seen from the clustering values and the
two ellipses drawn around them to represent values of thinner devices (dark blue) and thicker
devices (green). Data have been obtained from measurements of five devices per oxide layer
thickness.

It can be summarized that devices containing 10 nm, 7 nm, 5 nm, and 3 nm HfO, show a high
HRS current (average about 3xX10° A for 10 nm and 7 nm stacks and about 1x10® A for 5 nm
and 3 nm stacks), a small HRS current variance (about 1x10® A — 1x10!° A) and low set
voltages (about 0.3 V — 0.7 V). In contrast, thicker devices containing 20 nm and 15 nm HfO-
layers show lower HRS currents (average < 1x10° A) and a larger variance of about
1x10®% A -1x10'* A as well as larger values and variance of the set voltage (about 0.5 V-4 V).
These changes are accompanied by a more abrupt reset obtained for thicker devices, changing
to a more gradual reset visible in the current-voltage curves of thinner devices.
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Figure 5-17: (a) Cumulative probability of the set voltage. The blue arrow marks an increasing oxide layer thickness. (b) HRS
current versus set voltage correlation plot for devices containing HfO; layers of different thickness. Values of thinner films
are marked with a dark blue ellipse, while values of thicker films are marked with a green ellipse. Figure partially reproduced
with permission from347. The original publication is licensed under a Creative Commons Attribution 4.0 License (CCBY) and
published by AIP Publishing.

To explain the observed behavior, the following qualitative model is suggested for the presented
resistive switching series, where a change of the resistive switching mechanism with varying

oxide layer thickness is assumed (Figure 5-18).

When a positive voltage is applied to the top electrode of the devices, while the bottom electrode
is grounded, Cu atoms of the Cu electrode are ionized and migrating as Cu ions towards the Pt
electrode, where they start forming a conductive Cu filament, growing towards the Cu
electrode. As soon as the electric field reaches the critical required value, a conductive Cu
filament is established that connects both electrodes in this forming process. The forming (and
set) process is based on an electrochemical mechanism. During the subsequent reset process,
the conductive filament in thicker HfO, films (7 — 20 nm) is ruptured, while in thinner films
(3 nm and 5 nm) the filament is only getting thinned (not ruptured), as seen from the Go values
in Figure 5-16 (a). With decreasing oxide layer thickness, the ruptured conductive filament
shows a larger gap, i.e. a not or less conducting part between electrode and filament part. This
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is corresponding to an abrupt reset in the current-voltage curves. It is reasonable to assume that
the thickness-dependent reset behavior stems from the combination of two forces involved:
field-induced electromigration and thermal effects/Joule heating. In the reset process of thicker
films (15 nm and 20 nm HfO-), the conductive filament is ruptured by a combination of both
with a large contribution of Joule heating. A large current flow is required to reach the necessary
critical field for rupturing the filament. Therefore, large Joule heat is created in the vicinity of
the conductive filament, which strongly supports ion formation and migration, finally resulting
in the rupturing of the filament in a process including a comparably weak oxidation. This is in
accordance with the Joule heating-dominated reset behaviors reported in ECM devices
containing oxide switching layers of comparable or larger thickness (15 nm — 40 nm).!%* 1% As
a consequence, the filament is strongly dissolved (larger gap), which results in the
aforementioned deep HRS and the abrupt reset characteristics. The large fluctuations of the
HRS current levels after each reset in thicker stacks (20 nm and 15 nm) and the operation
voltage variance observed is then also directly related to a dominant thermal-based mechanism
and a quite brutally dissolution of the filament. In contrast, electric field-induced ion migration
dominates the reset process in thinner films (3 nm and 5 nm).

Initial State —» Forming Process —» Reset Process —» Set Process

- Pt + Pt - Pt
- Pt + Pt - Pt

HfO,
15, 20'hm
Pt

Pt
HfO,
5,3 nm
Pt - Pt + Pt - Pt
O Weak Oxidation & Medium Oxidation &
Strong Thermal Assistance Medium Thermal Assistance

Strong Oxidation & Electric Field
Weak Thermal Assistance Strength

Figure 5-18: Conductive filament formation and rupturing model (reset process) for Cu/HfO,/Pt devices containing HfO, layers
of various thickness (20 — 3 nm). In thick devices, the reset process is dominated by thermal effects, while with decreasing
thickness, the thermal assistance in the reset process is getting less dominant. After the reset in 3 nm and 5 nm thick films,
the filament is not completely ruptured, but thinned. The electric field influence on the reset process therefore increases.
Black arrows indicate the electric field strength in the oxide layer. Figure partially reproduced with permission from347. The
original publication is licensed under a Creative Commons Attribution 4.0 License (CCBY) and published by AIP Publishing.

The relatively large electric field present in the thinner films, leads to a strong electric field-
induced oxidation and only a weak thermal assistance, where the conductive filament is thinned
but not ruptured. In devices containing 7 nm and 10 nm thick HfO, layers, an intermediate
(medium) oxidation and Joule heating-assisted mechanism is present, in which the conductive
filament is ruptured in close vicinity of the Cu electrode. The overall mechanism can be called
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a thermally-assisted electrochemical mechanism. The conductive filament gets reconnected to
the top electrode (or thickened in 3 nm and 5 nm films) in the subsequent set process when the
required set voltage is applied. In the presented qualitative model, the conductive Cu filament
is not fully dissolved in the reset process. This is supported by the current levels of the HRS
found after the reset, which are higher than the ones observed in pristine devices. Therefore,
the forming voltages are higher than the set voltages required after the first reset. However, the
presence of conductivity-modifying remanent Cu ions or protons as reported in literature!®® 348
to influence resistive switching cannot be fully excluded, but it is unlikely to result in
conductance levels of several Go as observed in the presented study. It should be mentioned
that for the model as shown in Figure 5-18, a filament of similar diameter for all HfO, film
thicknesses and an overall uniform filament thickness (cylindrical shape in 3D) for each oxide
layer thickness was chosen to simplify the representation. The actual filament diameter can
slightly vary over its length, especially in 3 nm and 5 nm thin HfO; films, as discussed above.
Additionally, the shape of the conductive filament in 3D can be more cone-like.>*°

S. Chen and I. Valov have reported!® that the best overall switching performance, represented
by a compromise between a good resistance ratio and low and narrow operation voltages, is
found for 30 nm Cu/10 nm HfO,-based devices. This is in accordance with the results obtained
in this work. The used 30 nm thick Cu top electrode was chosen by coincidence, as the reported
literature study'® was published after the samples of the study presented in this chapter were
prepared. A 10 nm thick HfO, switching layer was believed to show the optimum performance,
as high leakage currents are suppressed (layer not too thin), while allowing a comparably
simple field-accelerated ion migration through the oxide (layer not too thick).

5.5.2 Conduction mechanisms in Cu/HfO,/Pt ECM devices with varied oxide layer thickness

As a second part of the thickness-dependency study, the conduction mechanisms of 20 nm,
10 nm and 3 nm thick HfO, films in the set process (positive voltage) were analysed from the
current-voltage curves of devices of the HRS to obtain a deeper understanding of the device
behavior. The current-voltage curves are given in Figure 5-19 in log-log scale.
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Figure 5-19: Representative current-voltage curves of the HRS obtained in the set process of devices containing (a) 20 nm, (b)
10 nm and (c) 3 nm thick HfO, layers. By fitting the slope plotted in log-log scale, ohmic (red fit) and trap-limited/trap-free
SCLC conduction (blue fit) can be assigned, dependent on the oxide layer thickness and the applied voltage. Additionally, the
slope corresponding to the trap-filled SCLC is shown in purple. This mechanism only occurs for a very short time between
trap-limited SCLC and trap-free SCLC. Figure partially reproduced with permission from347. The original publication is licensed
under a Creative Commons Attribution 4.0 License (CCBY) and published by AIP Publishing.
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From the slopes of the corresponding linear fits, an assignment to a certain conduction
mechanism is possible. For 20 nm thick HfO,, the current-voltage curve can be well represented
by a linear fit with a slope of 1, which corresponds to an ohmic conduction in the HRS, based
on thermally induced electrons (Figure 5-19 (a)). For 10 nm thick HfO,, the ohmic conduction
can be fitted with a slope of 1.03 up to 0.3 V, while a second fit is required for the data at higher
voltages which gives a linear fit with the slope of 2.25 (b). It is likely that this corresponds to a
trap-limited space-charge-limited conduction (SCLC), as the slope is close to 2. For 3 nm thick
HfO, (c), four linear fits are required to fit the data points. Up to 0.3V, a slope of 0.99 is
obtained indicating ohmic conduction, while at larger voltages three different slopes above 2
are present. From 0.3 V- 0.45V, a slope of 2.09 is obtained, corresponding to a trap-limited
SCLC. At a voltage of around 0.5 V, a current jump occurs, which is best fitted by using a linear
fit with a slope of 21.5. At around 0.55 — 0.7 V, the slope of the corresponding linear fit is 2.51.
These fits correspond to regions where a trap-filled SCLC and a trap-free SCLC are likely to be
present, respectively. The variation of the current-voltage curves is a result of the changed
conduction mechanism caused by different filling levels of the trap states with injected
electrons. At larger voltages, the conductive filament connects both electrodes and a current
jump to the current compliance of 1 mA is observed. A qualitative model is shown in Figure
5-20.
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Figure 5-20: Schematic representation of the conduction model for Cu/HfO,/Pt devices containing HfO, layers of three
thicknesses (20 nm, 10 nm and 3 nm). With increasing oxide layer thickness, the conduction changes from ohmic to ohmic
plus additional SCLC. Note that an additional representation for the trap-filled SCLC is not given, as it only occurs for a very
short time between trap-limited SCLC and trap-free SCLC. Figure partially reproduced with permission from347. The original
publication is licensed under a Creative Commons Attribution 4.0 License (CCBY) and published by AIP Publishing.
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In thicker films, the ohmic conduction occurs by thermally-induced electrons. The electric field
strength is not sufficiently large for an injection of electrons into the HfO. layer (weak
injection). Electron injection only occurs for thinner films (10 nm and 3 nm), when the electric
field strength is sufficiently high at higher voltages. Here, trap-limited SCLC is present, which
is accompanied by a filling of the trap states with electrons. As soon as all trap states are filled
(in 3 nm thick films), the current suddenly increases. At larger voltages, a trap-free SCLC is
present. When the set voltage is reached, the conductive Cu filament is connecting both
electrodes. The presented plots (Figure 5-19) are given as current versus voltage plots, while
theoretically an electric field-dependent current density is used. However, in real devices, a
rupturing of the filament leads to a gap after the reset process, which cannot be exactly
quantified. The real electric field present during the subsequent set process can therefore not
be determined. As a consequence, a real field-dependency cannot be given and fittings are
usually obtained from current-voltage curves. The presence of SCLC-based mechanisms
Cu/HfO,/Pt devices is in accordance with literature.!!® However, the presented results reveal a
thickness-dependence and a change of the conduction mechanism.

In summary, oxide thickness-dependent resistive switching characteristics were investigated in
the presented study, where stable BRS was obtained for all stacks and no TRS was found. For
this BRS, models for both the switching mechanism and the conduction mechanisms (set) of
Cu/HfO./Pt ECM devices were developed. The reset process in devices containing thicker HfO,
layers was found to be dominated by thermal effects (thermally-assisted mechanism) in ECM
resistive switching devices. With decreasing oxide layer thickness, the thermal effects were
found to be decreasing, while the reset process gets more and more dominated by oxidation
due to a comparably stronger electric field in the layers. The oxide layer thickness has also an
influence on the conduction mechanism. A change of the conduction mechanism in the HRS
was found, where thicker films show ohmic conduction and thinner films additionally show
SCLC conduction by injected electrons at increasing voltages applied.

5.6 Impact of the preparation workflow on electrical properties of devices

For the thickness-dependent resistive switching studies (chapter 5.5), initially two preparation
workflows were used to achieve two similar series of Au/Pt/Cu/HfO,/Pt/c-cut Sapphire stacks
with varying HfO- thickness (6 samples each — stack configuration shown schematically in
Figure 5-21 (a)).

The first series of samples contained 6 in vacuo-capped samples that were structured using an
ion beam etching (IBE) procedure (“with IBE”), introduced in chapter 4.3 (compare Figure
4-5). It was aimed to establish a procedure for future preparations of oxygen-deficient
HfOy-containing stacks with a Cu top electrode, where in vacuo capping is required to prevent
unwanted further oxidation of the oxide layers.

The second series of samples was designed as a reference series, containing samples that were
ex situ-covered with top electrode material after the optical lithography procedure, which does
not include an IBE step (“without IBE”). The different preparation of these two stacks was
further described in chapter 4.1.3 and 4.3. A schematic representation of the workflow was
presented in Figure 4-5.
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The 6 samples prepared “without IBE” could be used for switching investigations, showing
resistive switching (as presented in chapter 5.5). Most devices of those samples showed a
reasonably low initial leakage current (HRS) and could be formed. In contrast, devices prepared
from stacks “with IBE” for HfO, layer thicknesses of 15 nm — 3 nm showed high initial leakage
currents and were stuck in the LRS (in current compliance of 10 A). Representative current-
voltage curves of the corresponding leakage measurements are shown in Figure 5-21 (a). Only
for the sample containing a 20 nm HfO, switching layer, several devices were found to be in
the HRS (see cumulative probability plot in (b)).
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Figure 5-21: (a) Schematic device stack of “with IBE” and “without IBE” samples with corresponding leakage curves. 15—3 nm
thick HfO, samples prepared using IBE (“with IBE” -red) were found to be leaky, while all stacks prepared “without IBE” (black)
showed a reasonably low leakage. * Note that this is a simplified representation, as thinner layers were found to show an
increased leakage current in average for “without IBE” devices. However, several devices with a leakage current of 1011 A
were found for all stacks with different oxide layer thicknesses, as presented in chapter 5.5. (b) Cumulative probability plot
with leakage current values of “without IBE” and “with IBE” Cu/20 nm HfO,/Pt devices. Overall, “without IBE” devices show
lower leakage currents with most devices being found in the HRS with leakage currents around 10-15 A, which even might be
below the detection limit of the measurement system (insulating devices in their pristine state). About 10 of 50
Cu/20 nm HfO,/Pt devices prepared “with IBE” were found to be stuck in the LRS (green ellipse).

Devices from the samples containing 20 nm HfO, layers from both preparation workflows were
switchable. However, for the 20 nm “with IBE” sample, larger leakage currents were found
overall, with 10 devices stuck in the LRS (leakage at current compliance of 10 A, reset failure
for negative voltage with cc of 102 A). For thinner “with IBE” stacks containing HfO layers of
15 nm - 3 nm thickness, all measured devices (10 — 20 per stack) were found to be stuck in the
LRS (curve in Figure 5-21 (a)). To better understand the differences obtained for “without IBE”
versus “with IBE” samples and possible problematic preparational influences, the impact of the
two preparation workflows with a focus on “with IBE” samples was examined using scanning

precession electron diffraction (SPED). This is discussed in the following.

A closer look into the microstructure using the SPED technique revealed potential differences
of the “with IBE” versus “without IBE” samples (see Figure 5-22). SPED is used to obtain
nanobeam electron diffraction (NBED) patterns for each pixel of a 2D map. A template
matching routine combines these NBED patterns with a list of user-defined templates
(monoclinic for HfO, and cubic for Cu and Pt). Orientation and phase maps are generated
through probability values. For all presented stacks, the same pattern matching routine was
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used. The acquired experimental NBED patterns which are obtained locally from the
nanocrystal are matched with the simulated NBED patterns.
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Figure 5-22: Phase and orientation maps obtained for Cu/HfO,/Pt devices prepared “with IBE” and “without IBE”. Lamellae
were cut from the middle of 30 pum x 30 um devices. Phase maps of a Cu (red)/m-HfO, (blue)/Pt (green) (a) “with IBE” sample
containing 20 nm HfO,, (b) “without IBE” sample containing 20 nm HfO,, (c) “with IBE” sample containing 15 nm HfO,,
(d) “without IBE” sample containing 10 nm HfO,. (e)-(h) show the corresponding orientation maps. Color wheels for the
monoclinic (for HfO3) and cubic structure (for Pt and Cu) are given at the bottom of the figure. The knowledge about these
phases originates from XRD investigations (see chapter 5.5, Figure 5-14).

From the phase and orientation maps, three important features are revealed:

o All HfO; layers are closed, continuous layers with a monoclinic structure as seen from
the phase maps (blue layers).

o While for “without IBE” samples a clear distinction between the top electrode layers is
possible in the phase maps, a potential phase mixture of the Pt (green) and Cu (blue)
top electrode layers is obtained for “with IBE” samples in the phase maps (Figure 5-22
(a) — (d)). This is generally possible but considered unlikely and will be discussed in the
following in more detail.

o From the orientation maps, different grain sizes are indicated for the Cu top electrode
for “with IBE” versus “without IBE” samples. This could stem from the different growth
methods used to prepare these Cu layers (MBE versus sputtering — compare
chapter 4.1.3).
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In this context, two explanations can be given for the observed differences of the leakage values

for

€Y

(2)

“with IBE” versus “without IBE” devices:

The high leakage currents found in “with IBE” devices could be a consequence of a possible
intermixture of the top electrodes, as seen in Figure 5-22 (a) and (c). Increased heat induced
during IBE could have led to the movement of Cu ions through the thin HfO; layers, forming
a conductive path. This narrow path might not be distinguishable from the HfO- layer in
the presented phase maps, but a temperature-induced intermixing of Cu and Pt could be
visible. However, a clear reason for such an intermixture during layer growth or during IBE
cannot be given. A direct damage of the top surface of the HfO, switching layer, potentially
creating oxygen vacancies, is not possible, as the device surface is protected by a photoresist
layer during etching. This is supported by the presence of working 20 nm HfO,-containing
devices. Additionally, there are a few more things that argue against this first potential
explanation:

First, high temperatures are required for sufficient Cu ion movement that could have led to
a visible intermixture with Pt or even a filament formation in the HfO, layer. Additionally,
this increased temperature has to be present for a longer time than the maximum used
etching time of 15 min.3>%32 This is not likely, as during the short IBE process cooling of
the sample stage with liquid nitrogen was used to prevent undesired heating effects.
Furthermore, increased heat is believed to lead to a further hardening of the photoresist
(further cross-linking). As a consequence, the photoresist would only be hardly removable
afterwards which was not the case. Thus, also a failure of the cooling during etching is very
unlikely. Additionally, a very similar IBE process led to a successful preparation of working
Pt/PZT/LNO (lanthanum nickelate) ferroelectric®*! and Pt/HfOx/TiN VCM devices (not yet
published). However, these stacks do not contain a Cu top electrode layer.

Second, the visible intermixture of Cu and Pt in the orientation maps of “with IBE” samples
could be a result of misindexing during pattern matching. The same matching routine was
used for all stacks, established from the “without IBE” SPED dataset. However, the Cu top
electrodes of “with IBE” and “without IBE” samples were grown using two different
deposition techniques (MBE versus sputtering — compare chapter 4.3), which results in at
least slightly different layers. A potentially larger misindexing than expected could be
present for “with IBE” results, which is especially supported by the quite chaotic image
shown in Figure 5-22 (c), where a kind of disarranged HfO, layer can be seen.

The high leakage currents found in “with IBE” devices could also be a consequence of a
variety of other detrimental damages induced by IBE, like the creation of potential leakage
paths at the side parts of devices. In general, IBE can lead to different damages. A schematic
representation of some potential effects at the surface of the HfO; layer of the prepared
devices is given in Figure 5-23.

In this work, IBE was carried out using a 150 W Ar plasma. The etching process for the
preparation of Cu/HfO./Pt devices was stopped at the HfO, surface controlled by endpoint
detection (compare chapter 4.3). The stopping was done by closing the shutter in front of
the substrate as soon as no Cu signal is present in the spectra detected by a mass
spectrometer. However, at this point also the HfO layer is partially etched away. This
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becomes more severe for higher roughnesses of the layers, where the endpoint detection is
more challenging.

Ar ion bombardment from plasma
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Figure 5-23: Schematic representation of an |IBE process to create devices from a stack
(photoresist/Au/Pt/Cu/HfO,/Pt/substrate) right before the end. Effects (represented by red dots) like a deposition and
movement of impurity atoms and ions, redeposition of material, defect-creation or charge-buildup can occur, likely at
the edges and in a small volume of the HfO; layer (dashed line). Figure/layer thicknesses are not drawn to scale.

At the edges of the devices, where the HfO; layer is in contact with the Cu top electrode
layer, several detrimental effects induced by IBE can occur.?®” A few examples are listed in
the following:

o Impurities can be deposited on top of any layer and metal atoms/ions can penetrate and
move inside the layers. This can lead to conductive paths in the oxide layer or to a
modification of the conduction mechanism of the devices due to dopants. In principle,
impurities can stem from etching of the sample holder, stage, shutter or the chamber
wall.

o Additionally, a redeposition of etched material like Hf is possible, which would result in
similar effects. Further, the occurrence of preferential sputtering®* of HfO, can lead to
the creation of a conductive path at the edges (oxygen removed preferentially),
consisting of a Hf-rich volume.

o A charge-buildup can occur at the interface between conducting and insulating materials
as a result of ion exposure. This can lead to increased leakage currents or even result in
a dielectric breakdown.

Although the IBE process is similar for all samples (20 — 3 nm HfO, thickness), the induced
damage is likely to more heavily impact thinner stacks. This is supported by the presence of
switchable devices found in “with IBE” 20 nm thick HfO,-layer containing devices, while
devices of thinner stacks (15 nm HfO- thickness and below) were found to be stuck in the
LRS. The thickness of 20 nm for the HfO- layers could be close to or at the layer thickness
limit for still working devices.

If stacks are etched down to the bottom electrode surface, the potential damaged edge
surface area increases. Then, effectively the full dielectric/oxide layer thickness is
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potentially affected, which is believed to increase the possibility to render devices non-
functional. This could have been the case for some of the TiN/HZO/TiN stacks (compare
chapter 5.2, next to the potential TiOxNy interlayer formation). In general, the induced
damage is likely to be increased by higher etching powers. A reduction of the etching power
could therefore be beneficial.

In summary, the high leakage found in etched devices (“with IBE”) could be related to induced
effects such as heat (and a potential intermixture of the top electrode layers) or complex
damage effects, like impurity deposition or charge-buildup at the edges of devices or interfaces.
Further studies can give further insights in the driving forces leading to these leakage currents.
Energy-dispersive X-ray spectroscopy (EDX) studies performed on the (S)TEM lamellae could
reveal a potential intermixture. Of particular interest would be an investigation by EDX with
high resolution of the edge region of devices to possibly detect signals from impurities.
Additionally, more information could be collected from repetitions of the IBE process with new
stacks and changed etching parameters (e.g., lower power). Another etching step at low power
after the main etching procedure could be included to clean the edges of the prepared devices
from possibly conductive material. The obtained results are a solid basis for the creation of a
functioning device preparation workflow using dry etching, which is required for the successful
reproducible production of (in vacuo-capped) oxygen-deficient HfOx.based devices.

5.7 Summary and Outlook — Mixed Hf\Zr1xOz films and resistive switching of hafnium
oxide-based memory devices

In the first part of this work, different influences on the properties of hafnium oxide-based films
and devices for potential ferroelectric or resistive switching applications were investigated.

First, a co-deposition process of Hf and Zr using two separate electron guns and in situ oxidation
utilizing an oxygen plasma was successfully established. Mixed Hf,Zr:1.xO> thin films of desired
compositions were achieved in a controllable manner, which was validated by XPS results. XRD
investigations revealed the polycrystalline nature of these films grown on c-cut Sapphire
substrates. In a second step, the growth of HfysZros0. (HZO) films with the probably most-
interesting composition for ferroelectric applications was transferred to highly-oriented TiN
bottom electrodes and another TiN layer was grown as a top electrode, which resulted in the
creation of TiN/HZO/TiN stacks. These stacks were post-deposition annealed to potentially
achieve a ferroelectric orthorhombic phase of the HZO-films. Unfortunately, all devices were
found to be leaky in voltage-dependent electric polarization measurements. Additionally,
proper resistive switching was found to be inhibited. This is most likely a consequence of a
combination of different influencing factors, like top electrode and oxide layer growth, post-
deposition annealing steps and the used ion beam etching procedure. The growth of
stoichiometric TiN top electrodes as well as HZO films at potentially higher growth
temperatures seems mandatory, potentially using recently published literature values?®
additional chamber wall cooling. The conducted studies provide important insights into the
growth of HZO films and TiN/HZO/TiN stacks in the MBE system and point out preparation
aspects that need to be included in new systematic growth series as well as annealing and ion
beam etching studies for the achievement of ferroelectric devices.

and
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In a third part, the resistive switching properties of monoclinic and amorphous HfO,- and HZO-
containing stacks with Pt electrodes were investigated. Devices of all four different stacks were
switchable with the expected trend towards higher forming voltages in devices containing
amorphous layers compared to crystalline (monoclinic) layers. This study further revealed no
significant influence of the Zr-doping (mixing) on the switching properties of the TCM devices,
which were subject to a large (expected) set voltage variance. The most important result of this
study is that the growth of a-HZO at RT results in a good layer quality and switchable devices.
Therefore, the leakage problems obtained in previous potentially ferroelectric TiN/HZO/TiN
devices and the inhibited resistive switching are most likely not directly caused during the
growth of the HZO films.

In a forth study, the switching behavior of Pt/HfO,/Pt and Cu/HfO./Pt devices was investigated.
Dependent on the top electrode material Pt or Cu, different switching mechanisms (TCM versus
ECM) were found for URS (negative operation voltages) in Pt/HfO./Pt and BRS (positive
forming/set and negative reset voltages) in Cu/HfO./Pt devices as the most-stable switching
modes. Additionally, the potential appearance of threshold resistive switching (TRS) was
investigated by varying the current compliance during forming/set. However, TRS was not
observed in Pt/HfO,/Pt and Cu/HfO,/Pt devices, which could be related to occurring current
overshoots during forming/set.

A fifth study was focusing on the resistive switching behavior in Cu/HfO./Pt devices with
different oxide layer thickness. A qualitative model for the observed transition from a gradual
reset to an abrupt reset occurring with increasing oxide layer thickness was developed, with a
strongly Joule heating-assisted resistive switching in ECM devices containing thicker oxides and
an electric field-dominated process in devices containing thinner oxides. Additionally, a change
of the conduction mechanism(s) in the set process was found, again dependent on the oxide
layer thickness. Thicker films have ohmic conduction, while thinner films show SCLC
conduction by injected electrons at increasing field.

In a sixth part, it was found that different leakage currents observed in devices are dependent
on the preparation workflow (“with IBE” versus “without IBE”). By utilizing SPED, a potential
intermixture of the Cu and Pt top electrode layers was found in etched samples, which could
have a crucial impact on the electrical properties of the device stacks. Moreover, more complex
damage effects could occur during etching with high power, like impurity deposition or
charge-buildup at the edges of devices. The occurring detrimental effects should be further
investigated and have to be prevented in the future to achieve a well-reproducible preparation
workflow for devices structured by ion beam etching.
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6 Heavy ion irradiation of HfOx- and Ge-Sb-Te-based materials and emerging memories

Different types of ionizing radiation are ubiquitous in our daily environment from natural
sources or artificial sources. This includes nuclear power plant, aviation/aerospace and medical
environments. In the frame of the project WAKeMeUP, this work provides a comparative study
on the radiation resilience of emerging non-volatile memory technologies towards ionizing
radiation and their suitability for potential applications in harsh-radiation environments. The
heavy ion irradiation experiments were performed at the XO-beamline at the UNILAC
accelerator of the GSI Helmholtzzentrum fuer Schwerionenforschung in Darmstadt (Germany).
Phase-Change Memory (PCM/PCRAM), Oxide-based Random-Access Memory (OxRAM) and
ferroelectric capacitors were exposed to high-energy (1.635 GeV) Au ions using a constant flux
of 5x10% ions/cm?2s, and varying the fluences from 1x10° up to 1x10'® ions/cm? to investigate
potential changes on the electrical device performance. Heavy ion radiation is characterized by
a high energy and a high ionization potential. As for the investigated emerging memories, the
information storage is not directly charge-based, an increased resilience towards ionizing
radiation was expected when compared to charge-based memories.

Next to the evaluation of the suitability for harsh environmental applications of the emerging
non-volatile memory technologies, a second purpose of the heavy ion irradiation study was to
investigate possible mechanisms of data loss due to heavy ion irradiation and induced changes.
The properties of hafnium oxide-based resistive and ferroelectric memories as well as
Ge-Sb-T-based phase change memories strongly depends on the crystal structure/crystallinity,
microstructure and composition of the active material. Potentially induced phase transitions
and defects in general can have a direct influence on the functionality of the emerging
memories. So far, reports on these phenomena are scarce. Therefore, full-sheet layer samples
were exposed to heavy ions for investigations of the effect on the structural properties of the
hafnium oxide- and Ge-Sb-Te-based materials used as oxide-based resistive and ferroelectric as
well as phase-change layers.

In this chapter, structural (XRD), microstructural (STEM) and electrical investigations are
combined and the results compared to obtain a better understanding of general mechanisms in
emerging memory technologies exposed to heavy ions. In a first study, irradiation-induced
phase transitions in highly-textured (section 6.1.1) and less textured/polycrystalline,
stoichiometric and oxygen-deficient HfOx full-sheet layers (sections 6.1.2 and 6.1.3) are
presented. These structural results are combined with electrical results obtained from
HfO,-based OxRAM (section 6.2). Similar studies connecting structural and electrical
investigations are presented for Si- and Zr-doped HfOy ferroelectric layers and capacitors
(section 6.2.2) as well as Ge-Sb-Te-based phase-change materials and memory arrays
(section 6.4). Finally, the results are summarized (section 6.5).

6.1 Phase transitions in HfO, films exposed to Au swift heavy ions

In this chapter, phase transitions induced by Au heavy ions in HfOy films are presented. First,
the phase transition of textured, (stoichiometric) monoclinic films to (substoichiometric)
oxygen-deficient rhombohedral films grown on c-cut Sapphire substrates is discussed and
compared to as grown (oxygen-engineered) oxygen-deficient films. Additionally, results
obtained for irradiated textured, oxygen-deficient rhombohedral films are shown. Those
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experiments were designed to obtain a better understanding of the phase transition mechanism
in HfO, films exposed to heavy ions.

Second, phase transitions obtained for films of less textured/polycrystalline nature grown on Si
substrates (wafers) with and without a TiN bottom electrode are discussed. Investigations of
the micro- and nanostructure give more insights into the nature of the phase transition, also
with respect to applications. The structural results are directly connected to electrical results of
irradiated OXRAM and to structural and electrical results obtained for non-irradiated (as grown)
hafnium oxide films and single devices (capacitor stacks).

6.1.1 Crystalline-to-crystalline phase transition in textured, stoichiometric HfO, and
oxygen-deficient HfOy films exposed to heavy ions

To obtain a better understanding of the reported ion-beam induced phase transition in hafnium
oxidel!?l 238-240, 249, 250 and to investigate if the reported results on hafnium oxide powders also
apply to thin films, stoichiometric hafnium oxide films were irradiated with Au ions of
1.635 GeV energy with fluences ranging from 1x10° to 7x10'? ions/cm?. As the dependency
on the oxygen content is of great interest, an additional series of oxygen-engineered
(intentionally grown oxygen-deficient) hafnium oxide films were irradiated. The textured film
growth on c-cut Sapphire substrates facilitates the analysis of structural changes by XRD
(characterized by a low number of orientations/reflections). As shown schematically in Figure
6-1, three sample series (A, B, C) were investigated.

Series A contains textured, stoichiometric monoclinic HfO, films (m-HfO.). Those samples have
been exposed to Au ions of different fluence to investigate the effect of the heavy ions on the
crystalline structure.

Series B contains oxygen-engineered HfOyx films. This series contains samples ranging from
stoichiometric HfO, to substoichiometric HfO1.1. The highly-textured films were grown under
controlled, continuously decreasing oxidation conditions (compare chapter 4.1.3). The good
controllability of the growth parameters opens the possibility to achieve a set of films within a
broad range of oxygen content (engineering the oxygen content). The substoichiometric films
are named “oxygen-deficient HfO,” in the following. These oxygen-engineered samples were
not irradiated but used as a comparison series for the irradiated films. In combination with in
vacuo XPS investigations, the oxygen-deficiency can be directly verified. Due to the similarity of
the XRD patterns of oxygen-deficient hafnium oxide films with hafnium oxide powders (and
the polymorph zirconium oxide), it was believed that oxygen-deficient HfOx films are also of
tetragonal nature.'®® However, it was recently published!?® 14°, that the oxygen-deficient phase
of hafnium oxide is a (oxygen vacancy) defect-stabilized rhombohedral phase, which was first
described as a slightly distorted low temperature cubic phase (called a pseudocubic phase;
compare chapters 2.1.5 and 4.5.1). The determination of the crystal structure of thin hafnium
oxide films is in general challenging due to the low crystalline volume and the similarity of the
crystal structures like the cubic, tetragonal and several orthorhombic phases of hafnium oxide,
differing only by relatively small structural distortions. Those phases are hardly distinguishable
by XRD as discussed in chapter 4.5.1. Texture, strain and a low interaction volume in XRD leads
to various changes in the XRD pattern, like a shift of the reflection positions, additional
reflection broadening or the absence of reflections in patterns obtained for highly-textured

111



films. In the original publication®® connected to the presented data in this chapter, the
substoichiometric phase of hafnium oxide was labeled to be a tetragonal phase. In this work
and the following discussion, the suboxide will be labeled as r-HfOy, according to the current
state of research.?®

Series C contains highly-textured, oxygen-deficient, rhombohedral HfOx films. These films
were irradiated at different ion fluences from 1x10? to 7x 10! ions/cm?2 and structural changes
were investigated using XRD.

irradiated irradiated
textured, defect-stabilized
substoichiometric r-HfO, films

A m-HfO, v C rHfO, V.

investigations: XRD investigations: XRD

textured, stoichiometric m-HfO, films

o oxygen-engineered

% HfO, films grown at varied oxidation

0 conditions, ranging from m-HfO, to
‘9/./. substoichiometric HfO,

®O

05)

B m-HfO, / r-HfO,

investigations: XRD & XPS

Figure 6-1: Schematic overview of sample series A (irradiated stoichiometric, monoclinic hafnium oxide), series B (non-
irradiated oxygen-engineered hafnium oxide) and series C irradiated (oxygen-deficient hafnium oxide) mainly containing
monoclinic and rhombohedral hafnium oxide films grown on c-cut Sapphire substrates. Series A, B and C were characterized
using XRD, while for series B containing oxygen-engineered films, XPS investigations were performed. Partially reproduced
from?293 with permission. The original publication is licensed under a Creative Commons Attribution 4.0 License (CCBY) and
published by IEEE. In the original publication, the rhombohedral phase was labeled as a tetragonal phase.

The results obtained after irradiation for series A and series C can be directly compared to as
grown, oxygen-engineered films of series B, as presented in the following. In Figure 6-2, the
XRD patterns of all three series are shown. The irradiation-induced structural changes of
m-HfO; films irradiated at high fluences of 3x 10! up to 7x10'? ions/cm? are visible in Figure
6-2 (a). Reflections of the as grown film (black curve) can be assigned to the (111), (111),
(200) and (020) planes of the monoclinic phase (space group: P2:/c) at diffractions angles of
20 =~ 28.4°, 31.7°, 34.4° and 34.8°, respectively. A beam-induced crystalline-to-crystalline phase
transition from the monoclinic to a phase of higher symmetry is observed with increasing
fluence, where the intensities of the monoclinic reflections decrease, while those of the
reflections visible at 26 ~ 30.3° — 30.5° and 26 ~ 35.3° — 35.5° increase. Those can be assigned
to reflections of different phases (compare chapter 4.5.1), corresponding e.g., to the (101) and
(002) planes of the tetragonal phase (P4»/nmc) or the (111) and (200) planes of the
rhombohedral phase (R3m) of HfO,'?®, respectively. A detailed discussion on these phases is
given later in this chapter.

Analogous to the increasing irradiation fluence for series A, a similar trend is visible with
decreasing oxygen content (HfO, — HfO1 ;) for oxygen-engineered HfO, films of series B (Figure
6-2 (b)). For the highest oxidation conditions, the monoclinic phase of stoichiometric HfO- is
present (grey curve), while the monoclinic reflection is gradually reduced in intensity with an
appearance of a rhombohedral phase for decreasing oxidation conditions, as shown in
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literature!?® 1%, The corresponding (111) reflection shifts towards larger diffraction angles with
decreasing oxygen content of the layers. For the least oxidized HfO:, film, a transition to a
hexagonal closed packed hafnium oxide phase (hcp-HfO,) is visible.
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Figure 6-2: (a) XRD patterns of textured m-HfO, films revealing a phase transition from the monoclinic (m) to most likely the
rhombohedral (r) phase of hafnium oxide with increasing fluence. As a comparison, the reflections corresponding to the
tetragonal (t) phase of HfO4are given, as for irradiated HfO, powder samples, a phase transition from the monoclinic to the
tetragonal phase was reported.!! (b) XRD patterns of as grown, oxygen-engineered HfOy films of four different compositions,
showing a similar phase transition with decreasing oxidation conditions and a shift of the rhombohedral (111) reflection
towards larger diffraction angles. (002), marks the diffraction angle of the hexagonal (002) reflection of hexagonal HfOy close
to metallic Hf (ICDD 00-038-1478). (c) XRD patterns of irradiated r-HfOy films, showing a shift of the (111) reflection. Dotted
red lines are guides to the eye. Partially reproduced from?223 with permission. The original publication is licensed under a
Creative Commons Attribution 4.0 License (CCBY) and published by IEEE. In the original publication, the rhombohedral phase
was labeled as tetragonal.
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Changes in the XRD patterns can also be seen in irradiated, directly grown defect-stabilized
r-HfOx films of series C (Figure 6-2 (c)). The reflection at 26 = 30.3° corresponds to the (111)
reflection of rhombohedral HfO,!28. At fluences below 1x10'2ions/cm?, the rhombohedral
phase seems to be stable, with no visible changes in the XRD patterns. At a fluence of
1x10' ions/cm? and above, the (111); reflection gradually shifts towards larger diffraction
angles (26 = 30.3°, 30.55° 30.9°, 31.0° 31.1°). Additionally, a broadening of the reflections
visible after irradiation can be a result of an increased number of defects in the crystal lattice.

Based on these obtained changes, the following points will be discussed in further detail:

M

o Due to the similarity of the XRD patterns obtained from series A and series B, the two
sample series can be compared. Including the XPS results obtained from series B, a
description of the irradiation-induced phase transition in HfO, films from the monoclinic
to the most likely rhombohedral phase can be given. - see (1)

o The monoclinic to rhombohedral phase transition found in films is directly comparable
to the irradiation-induced transition from the monoclinic to tetragonal phase reported
for powder hafnium oxide.!* Additionally, a rough quantitative description of the phase
transition can be given. - see (2)

o The XRD results obtained from as oxygen-deficient rhombohedral HfO films of series C,
which were exposed to heavy ions can be directly compared to results obtained from
oxygen-engineered films of series B. - see (3)

As recently reported!?® 1% and discussed above, the substoichiometric phase in hafnium
oxide is found to be a rhombohedral phase. Due to the similarity of the XRD patterns of
series A and series B (Figure 6-2), the beam-induced phase transition observed for thin films
exposed to heavy ions can be assigned to a crystalline-to-crystalline phase transition from
the monoclinic to the rhombohedral phase of hafnium oxide.

Further, the direct growth of oxygen-engineered HfOy films in combination with in vacuo
XPS investigations allows the estimation of the oxygen content of the films of series B. The
obtained values can be directly related to irradiated films of series A (and C), even though
such XPS measurements could not be performed on irradiated HfOx samples due to a
significant surface oxidation oxygen-deficient layers of several nanometers after getting in
contact with air.!®> %> To prevent this for series B, a vacuum transfer unit was utilized to
maintain ultra-high vacuum conditions avoiding surface oxidation during sample transfer.

The Hf 4f and O 1s spectra of the four samples of series B with differing oxygen content
have been plotted in Figure 6-3 (a). More details on the ratios of the peak areas used for
the calculation of the oxygen content are given in (b). Pictures of the vacuum suitcase and
transfer chamber used for the transfer from the MBE to the XPS vacuum chamber are shown
in (c). After subtraction of a Shirley-type background, peak fitting with a Gaussian-
Lorentzian function (GL(30)) for all Hf** and HF** (x < 4) states and with a Doniac-Sunjic
(DS(0.16)) function were performed. The area ratio for the Hf 4f;,, to Hf 4fs/»-peak is 4:3.
Position constraints (energy difference) for the Hf** peak splitting of 1.71 €V and for Hf° of
1.67 eV were used based on literature reports.!38 311,312
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Figure 6-3: (a) XPS spectra with fits of the Hf 4f;/, and Hf 4fs/; (left) and O 1s (right) lines of the oxygen-engineered films
of series B. The purple area corresponds to the Hf** state, orange to metallic Hf® and green is the convolution of Hf**
sub-oxide states. The O 1s fits include contributions from oxygen bound to Hf (grey) and to surface adsorbates
(turquoise). (b) Decreasing oxidation conditions during the growth of the oxygen-engineered films result in an increased
ratio of the Hf 4f to O 1s area, compared to the initial ratio for stoichiometric HfO, (dotted grey line), and obtained
varying composition of HfOy films (HfO,, HfO1 s, HfO1.6s, HfO1.1). (c) Vacuum transfer unit with turbo pump and vacuum
chamber as used for the in vacuo transfer from MBE to XPS system. (a) and (b) reproduced from?2°3 with permission. The
original publication is licensed under a Creative Commons Attribution 4.0 License (CCBY) and published by IEEE.

In all films, the Hf** state of the Hf 4f signal is the predominant in the spectra. For the
stoichiometric HfO, sample only Hf** states (purple) are observed, while the areas of
possible Hf** sub-oxide states (convolution given in green) and Hf° metal states (orange)
increase with decreasing oxidation conditions. The Hf** suboxide states could be fitted by
using one or two doublets for all films. From the area ratio (Figure 6-3 (b)) and the atomic
sensitivity factors for Hf and O (2.639 and 0.711, respectively®'?) using equation (9) —
chapter 4.5.3, the approximate film compositions were calculated to be HfO, (fully oxidized
reference sample), HfO1.s, HfO1.65 and HfO1.1, respectively. The XPS results therefore reveal
a gradual decrease of the oxygen in the HfOy layers with decreasing oxidation conditions
during film growth. In combination with the XRD results (Figure 6-2), a stabilization of the
rhombohedral phase by oxygen defects (most likely oxygen vacancies) is likely, which is
according to latest literature reports.!?8 14>

In the context of the described analysis, the following points should be mentioned: a) The
values were obtained using the O 1s peak of oxygen bound to hafnium (grey), excluding
the surface contribution part of the O 1s peak (adsorbates/hydroxide - light blue). b) Due
to the usage of an insulating Sapphire substrate and the absence of a reference C 1s signal,
the spectrum of the most oxidized (HfO,) sample was aligned to the energy of the valence

band maximum of the O 2p band prior to the analysis (compare chapter 4.5.3). For all other
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(2)

samples, the positions were matching well already. c¢) For XPS analysis, in general an error
of about 10 % is considered. Absolute values may slightly vary. However, the obtained
results are reasonable and in accordance to expectations with a clear trend obtained for a
sample series of four samples.

Comparing the results of series B (XRD and XPS) with those of series A (XRD), the following
conclusions can be made:

o Due to the similarity of the XRD patterns of irradiated hafnium oxide of series A and
oxygen-engineered films of Series B, a similar phase transition from the monoclinic to
rhombohedral phase of hafnium oxide can be assumed.

o This transition is likely to be a result of induced oxygen vacancies. For series A, these
are beam-induced defects, while for series B, the oxygen vacancies are introduced
during the growth of oxygen-deficient films directly. From the similarity of the XRD
patterns of series A and B, also an approximate composition of the film exposed to
7%x10'? jons/cm?2 can be assumed (as an example). The (111);, reflection is located at
26 = 30.6° in the XRD patterns of the oxygen-engineered HfO1 65 film (series B, compare
Figure 6-2), which matches well with the diffraction angle obtained for the reflection
of the sample exposed to 7x10'% ions/cm? (series A). Therefore, a similar composition
of HfO1 .65 can be assumed after irradiation.

The phase transition observed in films of series A (as shown in Figure 6-2 (a)) can be
compared to literature results obtained from irradiated HfO, powder (bulk) samples!!: 238
240 where a strikingly similar trend in the XRD patterns is found (similar reflections visible).
However, a monoclinic to tetragonal phase transition is reported for powders. As discussed
above, the phase transition in films is believed to be also a crystalline-to-crystalline phase
transition but from the monoclinic to the rhombohedral phase of HfOy. This assumption is
based on the latest results obtained for as grown oxygen-engineered films.!28

For HfO, powder samples, A. Benyagoub!' has described the irradiation-induced phase
transition mechanism from the monoclinic to the tetragonal phase based (also) on the
creation of oxygen defects. Defects are expected in the films after a first ion impact, while a
subsequent second impact of the defective volume leads to the transformation of the phase.
This is a double-hit process, corresponding to defective track overlaps (compare
chapter 3.2). Such double impacts are likely to be dominant for fluences
around 10'2 ions/cm2 and above. This is matching the presented results for HfO, films.
Further, for the conducted experiments with heavy ions with an energy in the GeV range,
the interaction of the ions with matter is also dominated by ionization and electronic
excitation processes (electronic energy loss). For 1.635 GeV Au ions, the electronic energy
loss in m-HfO, films with a density of 9.68 g/cm?3 is about 52.8 keV/nm, according to TRIM-
2010 code?® calculations. This value is by far exceeding the reported threshold of about
18 keV/nm for the phase transition in hafnium oxide powders!!, pointing out that a beam-
induced phase transition is expected.

For a quantitative analysis of the phase transition, a statistical approach (based on Poisson
statistics - compare chapter 3.2) can be used as done for powder hafnium oxide.'! ?*° For
thin films, a similar approach is chosen, where the overall integral intensities of the
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monoclinic and rhombohedral reflections (or tetragonal in the original publication?®) were
used to determine their respective phase fraction as a function of the ion fluence (using
equation (5), chapter 3.2). In Figure 6-4, the rhombohedral phase fraction in dependence
of the fluence is shown with additional values calculated from literature reports'®24° for the
tetragonal phase for comparison. With increasing fluence, a larger amount of rhombohedral
phase is found (about 51 % at 3x10'? ions/cm2, 71 % at 5x 10'? ions/cm? and 80 % at the
highest chosen fluence of 7x10'? ions/cm?2). At the same time, the amount of monoclinic
phase is reduced. The plotted phase fraction data points of the rhombohedral phase can be
fitted using a sigmoidal function as described by Gibbons?*, following equation (6) — see
chapter 3.2. It is assumed that (i) the spatial distribution of the ion impacts is stochastic and
characterized by Poisson statistics and (ii) the phase transition occurs only in track
overlapping zones. For the given fit (red curve), n = 2 represents the double impact
scenario, while AC(o) (the maximum concentration increase at saturation) is 80 %. A
damage cross section ¢ of about 7.4(%0.25) X103 cm2 (or 74(*2.5) nm?) is deduced.
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Figure 6-4: Representation of the increasing rhombohedral (red) phase fraction in hafnium oxide films (this work) with
sigmoidal fit and comparison to literature values obtained from powder samples (green) showing an increasing tetragonal
phase fraction after irradiation. These were calculated from data reported in literature!®. 240 of experiments with 250 MeV |
and 2.31 GeV Pb ions. Linear connections between stars are a guide to the eye. Partially reproduced from2%3 with permission.
The original publication is licensed under a Creative Commons Attribution 4.0 License (CCBY) and published by IEEE.
To get an idea how meaningful these results are, a comparison to literature results is
reasonable. Therefore, tetragonal phase fraction values were calculated using the given
parameters by A. Benyagoub'" 2** and B. Schuster'" 2*° for the sigmoidal function. The
results are plotted in Figure 6-4 in green in direct comparison to the data presented in this
work (red). Overall, the obtained values are in good accordance with the values estimated
from literature reports, considering the high electronic energy loss of the presented
irradiations with Au ions. Damage cross-sections are found to be in the lower nm2-region.
However, the obtained rhombohedral phase fractions in irradiated hafnium oxide thin films
are slightly larger than the values calculated from literature (51 - 61 % at about
7%10'2 ions/cm2, with o = 4.8X1013 - 1.01x102cm?2) for the tetragonal phase fraction.
It needs to be noted that the comparisons for volume fractions in this work are determined
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(3)

for thin films to give a rough approximation, whereas the referenced studies use power
diffraction data.

Irradiated defect-stabilized r-HfOx films of series C are showing similar features, like shift
or broadening of reflections in the XRD patterns (as shown in Figure 6-2 (c)) as described
for series A and series B. The as grown rhombohedral phase is stable with no visible changes
of position or intensity in the XRD patterns below a fluence of 1x10!2ions/cm?
(26 = 30.3°). At higher fluences of 1x10'? to 7x10'? ions/cm?, the diffraction angle 26 of
the (111); reflection shifts towards larger values (26 =~ 30.55° 30.93°, 31.0°, 31.1°; see red
dotted line in Figure 6-2 serving as a guide to the eye for the gradual shift). This shift
represents a decrease of the out-of-plane lattice constant of the rhombohedral phase and is
visualized in Figure 6-5 (red; as a relative shift to the (111); 20 angle of irradiated films)
together with the oxygen-engineered results for comparison (blue; 26 = 30.17 ° (HfO1.),
30.6 ° (HfO165) and 30.9 ° (HfO1.1)).
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Figure 6-5: Relative (Rel.) 20 diffraction angle of the rhombohedral (111) reflection as a function of fluence (red dots).
With decreasing oxidation conditions in oxygen-engineered films and corresponding lower oxygen content, the
rhombohedral reflection (blue triangles) shows a similar shift. The dotted black line marks the position of the as grown
references. Figure partially reproduced from2%3 with permission. The original publication is licensed under a Creative
Commons Attribution 4.0 License (CCBY) and published by IEEE. In the original publication, the rhombohedral phase was
labeled as tetragonal.

Combining again XRD and XPS results, the creation of oxygen vacancies is the predominant
mechanism for structural changes caused by heavy ion irradiation also in r-HfOx films of
series C, which are transformed to even more oxygen-deficient films. Similar to series A, the
fluence threshold where changes are observed (around 1x10!2ions/cm?) seems to be
linked to a track overlapping phenomenon. In the case of irradiated r-HfOy films, the
similarity between related phases (cubic, tetragonal,
rhombohedral) does not allow a distinction from the XRD patterns. Therefore, a clear
description of a possible phase transition from the rhombohedral to any other phase is not
possible at this point. A further transition towards a hexagonal phase might be possible, as
seen from the results obtained from oxygen-engineered films of series B, which might not
yet be visible in the XRD of films exposed up to 7x10' ions/cm2. Therefore, additional
irradiation experiments at much higher fluences are expected to be necessary.

structural orthorhombic,
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The results presented on irradiated textured stoichiometric and (substoichiometric)
oxygen-deficient hafnium oxide films can be summarized as follows:

Textured, monoclinic hafnium oxide films exposed to Au ions likely undergo a defect-induced
(oxygen vacancies) phase transition from the monoclinic to a rhombohedral phase. This
transition is fluence-dependent, starting in the region where defective track overlapping occurs.
A first ion impact leads to the creation of a defective volume, while a second impact leads to a
transformation of the phase. For as grown, textured, defect-stabilized rhombohedral hafnium
oxide films exposed to heavy ions, the XRD patterns reveal a decrease of the out-of-plane lattice
constant with increasing irradiation fluence. The observed changes can be directly correlated
to an induced further decrease of oxygen content in the HfO films. These conclusions are based
on a comparison to XRD and XPS results obtained from non-irradiated, oxygen-engineered HfOx
films, revealing a strikingly similar phase transition occurring with decreasing oxygen content.

6.1.2 Irradiation-induced phase transition in polycrystalline stoichiometric HfO, films
grown on SiOy/Si and TiN/SiO/Si

To come closer to real applications, where the growth on Si wafers (also with an additional
bottom electrode) is relevant, HfO, films were grown on SiOx/Si and TiN/SiO./Si substrates
and irradiated with Au heavy ions of similar conditions as presented in the previous chapter. A
schematic representation of the stacks is shown in Figure 6-6 (a). The thickness of the
stoichiometric monoclinic hafnium oxide films grown in the MBE system on SiO,/Si was chosen
to be 200 nm to provide sufficient probing volume for structural investigations. Those are
referred to as 200 nm thick m-HfO- films. In contrast, 10 nm thin m-HfO, films were grown on
industrial TiN bottom electrodes on SiO,-covered Si wafers. Those stacks are close to stackings
used for the preparation of real devices (but without a top electrode).

In Figure 6-6 (b), (c¢) and (d) the XRD patterns of samples before and after irradiation with
different fluences are shown. As grown 200 nm thick m-HfO, films grown on (001)-oriented Si
and the native SiOx layer are polycrystalline (Figure 6-6 (b) and (c)), showing reflections of the
monoclinic phase (space group P2:/c). Similar to XRD data shown for films grown on c-cut
Sapphire (chapter 6.1.1), the (111)x, reflection at 28 = 28.4° has the highest (integral) intensity.
Heavy ion irradiation with 1.635 GeV Au ions again induces a crystalline-to-crystalline phase
transition again to the rhombohedral phase of HfOx, starting at fluences around
1x10' ions/cm2. With increasing fluence, a gradual progress is obtained, with the highest
intensity of the (111); reflection at 26 =~ 30.5° (at 8 x10'? ions/cm?). The reflection visible in
the range of 26 ~ 32° — 34° corresponds to the forbidden Si (200) reflection of the Si substrate
to due Umweganregung®?. Intensity and shape are dependent on the ®-position (planar
horizontal rotation of the sample during XRD).

As discussed already in chapter 6.1.1, it is difficult to distinguish various similar phases of the
polymorphic hafnium oxide in thin films by XRD 26-scans. However, due to the similarity to the
results presented in the previous chapter for irradiated monoclinic HfO, and rhombohedral
oxygen-engineered HfO films, it is reasonable to assign the crystalline phase occurring after
irradiation in the polycrystalline films again to the defect-stabilized rhombohedral phase of
hafnium oxide.
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Figure 6-6: (a) Schematic representation of the two series of samples containing 200 nm thick m-HfO; and 10 nm thin m-HfO,.
(b) Detailed views of the XRD patterns in the region of the (111),, and (111), reflections as marked in (c) & (d) with a black
box. Similar changes as discussed in chapter 6.1.1 are visible. Reflections corresponding to the monoclinic and rhombohedral
phase are marked with m and r, respectively. Trends occurring with increasing fluence are illustrated with black arrows. The
potentially occurring (111), reflection position is also labeled. (c) XRD patterns of thick HfO, films before (1) and after
irradiation ((2)-(7)) on SiO4/Si substrates. A phase transition from the monoclinic (orange ticks)123:124 to a rhombohedral phase
(blue ticks) 128 of hafnium oxide after irradiation is visible. Additionally, due to the similarity of the rhombohedral to the cubic
crystal structure, the reference pattern of a cubic phase of hafnium oxide is given (green ticks)26. Note that the given
rhombohedral reference is created based on theoretical DFT results for r-HfO15.128 In real films, diffraction angles in
experimental patterns are closer to those seen in the cubic reference pattern. (d) XRD patterns of 10 nm thin HfO, films on
TiN/SiO,/Si. A decrease in intensity is visible with no directly observable crystalline-to-crystalline phase transition. Si substrate
reflections are marked with a *. TiN electrode reflections are marked with an x. Figures (a) and (b) are partially reproduced
with permission from354, https://doi.org/10.1021/acsnano.2c04841. The original publication is licensed under a Creative
Commons Attribution 4.0 License (CCBY) and published by American Chemical Society. The rhombohedral (111) reflection
was initially labeled as cubic (111). A simulated reference pattern of the rhombohedral structure was added.

Additionally, a slight increase of the reflection located at 20 ~ 31.5° for the highest fluence of
8% 10'? ions/cm? could indicate the presence of a rhombohedral (111) reflection. However, a
clear statement is challenging and in the theoretical pattern, the rhombohedral (111) and (111)
reflections are found at 20 ~ 30.8° and 31.3° and the intensities are reversed (I(111), > I(111),,
compare Figure 4-8). From reported experimental data'?® (similar reported lattice parameters
as theoretical data), a lower difference of the diffraction angles of the rhombohedral (111) and
(111) reflections (20 = 30.6° and 30.8°) was revealed, which could be a result of a different
oxygen content of the layers and thus a differing unit cell. The difference observed in films
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could also be a matter of texture, as even polycrystalline films can show a preferential growth
direction (presented later in this chapter as obtained from electron microscopy results).

The phase transition from the monoclinic to the rhombohedral phase is accompanied by
reflection shifts in the XRD patterns for both phases with increasing fluence. This could be an
indication for an increased number of induced defects (like oxygen vacancies) in the crystalline
structure with changing unit cell parameters. In terms of absolute values, reflections
corresponding to the rhombohedral phase are always located at 26 angles between the
diffraction angles of reflections of the reference cubic and rhombohedral powders. This points
to slightly different unit cell constants and correspondingly to different unit cell sizes, which
might indicate that the phases have different oxygen contents. The absolute diffraction angle
of the (111), reflection is more in accordance with the experimental results obtained from
highly-textured r-HfO ;7 than to the calculated rhombohedral reference pattern.!?® Additionally,
a broadening of the reflections visible after irradiation (Figure 6-6) can be associated to a
reduced average grain size (of the grains corresponding to each phase, respectively) on one
hand, or on the other hand again to an increased number of defects in the crystal lattice and a
larger variation of lattice parameters (potential coexistence of several HfOx phases with
different values of x).

As grown 10 nm thin m-HfO; films deposited on TiN/SiO,/Si by ALD are also polycrystalline,
but with a lower number of reflections visible in the XRD patterns (Figure 6-6 (b) & (d)) and a
much lower intensity due to the lower interaction volume when compared to 200 nm thick
films. At a fluence of 1x10'?ions/cm?, the intensity of the monoclinic (111) reflection at
20 ~ 28.45° starts to be reduced until it is no longer visible. This study was conducted in close
collaboration with CEA-Leti — Grenoble, where the ALD grown films have been prepared (see
chapter 4.7). These layers are relevant for resistive switching studies as presented in
chapter 6.2.1. For comparison, 10 nm HfO, films grown in the MBE setup on TiN/SiOx/Si (for
growth parameters see chapter 4.1.3) were irradiated. The corresponding XRD patterns are
given in Appendix Figure 8. Overall, both series containing 10 nm thin HfO, films are showing
very similar changes of the crystalline structures visible in XRD, as the intensity of the
monoclinic reflections decrease continously with higher fluences. In contrast to the observations
made in thicker films, there is no evidence for a crystalline-to-crystalline phase transition in
thinner films. This can be a result of different effects, like an overall reduced intensity and
signal-to-noise ratio due to the lower crystalline quality, amorphization or a fragmentation of
the crystalline grains. An overall reduced intensity and a poor signal-to-noise ratio due to the
lower crystalline quality can be excluded. However, amorphization and grain fragmentation
need to be still considered.

As the precise nature of the ion-induced changes on the nm-scale cannot be resolved by XRD,
additional STEM investigations were performed, allowing a microstructural analysis based on
a spatially resolved dataset. First, BF-STEM (Figure 6-7 (a)) and HAADF-STEM ((b)-(d))
analysis was performed on the as grown 200 nm thick HfO,/SiO,/Si stacks with a Pt protection
layer on top, revealing columnar HfO, grains with a length of several tens of nm to more than
100 nm (in vertical direction).
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Figure 6-7: (a) BF-STEM image of the as grown HfO,/SiO,/Si stack with a Pt protection layer on top. Columnar grains of the
HfO; films are visible. (b) HAADF-STEM image of the same area. (c) High-resolution HAADF-STEM image of the area marked
by a red square in (b), revealing the polycrystalline nature of the HfO, film, an amorphous SiO; layer and a single crystalline
Si substrate. The dashed line indicates a change in displayed contrast. (d) High-resolution HAADF-STEM image of the area
marked by a red square in (c), with lattice spacings.

From the red square in Figure 6-7 (b) right across the HfO,/SiO./Si interfaces, an atomic-
resolution image was acquired as seen in (c). The HfO; film is found to be highly crystalline
and of polycrystalline nature as seen from XRD analysis (compare Figure 6-6). Two lattice
spacings for HfO, and Si are given exemplarily. The dashed line in Figure 6-7 (c) indicated a
change in displayed contrast to allow for a visualization of the lattice planes in both HfO, and
SiOy/Si. This is necessary due to the difference in Z-contrast of these layers as '4Si is light
compared to 72Hf. The SiO; is found to be amorphous while the Si substrate is a single crystal.
A high magnification HAADF-STEM image of the area marked by a red square in Figure 6-7 (c)
is given in (d), with different lattice distances marked for the visible HfO, grains. In the inset
in (d), a multislice simulation of the given (111) viewing direction is given. It is important to
mention that the lattice planes of (111), (111), (111) and (111) are identical in the monoclinic
crystal structure (hkl = -hk-l = -h-k-l = h-kl). A differentiation is only possible from high-
resolution images acquired from two dimensions of the same area.

To obtain a better understanding of the phase transition on a microstructural level, further
STEM investigations, including automated crystal orientation mapping (ACOM) were
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performed on samples containing 200 nm thick (Figure 6-8) and 10 nm thin (Figure 6-9 — ALD
HfOy) hafnium oxide films before and after irradiation. Template matching during ACOM allows
the extraction of two types of information from the scanning precession electron diffraction
(SPED) datasets: orientation and phase information.

Due to the gradual changes observed in the XRD patterns (compare Figure 6-6) and the high
chance of detecting different crystalline phases after the phase transition at high fluences above
1x10'? ions/cm2, irradiated samples which were exposed to 5x10'? ions/cm? were chosen and
compared to as grown, non-irradiated samples. In the XRD patterns (Figure 6-6) these films are
labeled with (6) and (1), respectively.

It is important to mention that for the pattern matching routine next to the monoclinic phase
(P21/c), a cubic phase of hafnium oxide was used (space group Fm3m, ICDD 04-011-9018), as
the rhombohedral nature of substoichiometric hafnium oxide was not known at that time.
Oxygen-deficient HfOx was reported to be present in a defect-stabilized cubic structure.'*> The
lattice parameters were believed to be very similar to the cubic phase used as an input for the
pattern matching, probably with a slight distortion of the unit cell. Therefore, also in the original
publication of the ACOM and XRD data, the oxygen-deficient phase of hafnium oxide was
labeled to be a cubic phase (c-HfOy).>>* This phase can be described as a pseudocubic phase due
to the only slightly distorted nature when compared to a perfectly cubic symmetry (a = 89.56°,
compare Table 2-1, chapter 2.1.5). In this work and the following discussion, it will be named
again r-HfOy, according to the recently reported rhombohedral phase of hafnium oxide.!?®
However, the input structure for the pattern matching is labeled as the used cubic phase.

In Figure 6-8, cross-sections of 200 nm thick HfO, films before (a) and after irradiation (b) are
presented in HAADF contrast. Grain boundaries are visible as dark lines in (a), while a rather
diffuse image with only a small number of dark lines is found in (b). In the ACOM orientation
map of the as grown sample (c), the granular microstructure can be identified, showing the
columnar HfO- grains in more detail. It becomes evident that the texture of the as grown m-HfO,
films grown on SiO./Si is given in the columnar grain structure mainly, which is present
after/above the first 20 nm of smaller HfO, grains. After irradiation (d), a significant grain
fragmentation is visible (grains reduced to sizes below 10 — 30 nm). Orientations of the grains
can be seen from the given color wheels for both the monoclinic and cubic crystal structure
(input). Overall, the grain orientations are more randomized and an increased grain boundary
density is present after irradiation when compared to as grown films. In the phase map of the
as grown sample (e), approximately 91 % of the phase is assigned to the monoclinic phase,
while 9 % is cubic. The crystalline-to-crystalline transition obtained from XRD is directly
confirmed by the ACOM phase map results after irradiation (f) with 58 % monoclinic and 42 %
cubic phase fractions.
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as grown 5x10'? jons/cm?

Figure 6-8: (a) HAADF-STEM image of the as grown 200 nm HfO,/SiO,/Si stack with a Pt protection layer on top, revealing
columnar grains of the HfO, films. (b) HAADF-STEM image of the Pt/Hf0O,/Si0,/Si stack exposed to 5x10%2 ions/cm?. (c) ACOM
orientation map of the as grown sample each color represents an orientation. A significant grain fragmentation after
irradiation is revealed. Color wheels for the cubic and monoclinic structures are included. (d) ACOM orientation map of the
sample exposed to 5x10'2 ions/cm?. (e) ACOM Phase map of as grown sample with a high fraction of m-HfO,. Misorientation
parts (>10°) and phase boundaries are given in grey. (f) ACOM phase map of the sample exposed to 5x102 ions/cm?, revealing
a higher fraction of the cubic phase. * Note that the pattern matching routine was performed using a cubic structure of
hafnium oxide (space group: ICDD 04-011-9018, a = 5.06 A) as first reported in literatures for the oxygen-deficient phase
occurring in HfO,. Lattice parameters are close to the recently found rhombohedral phase.28 Due to this similarity, the
cubic and rhombohedral phases can hardly be distinguished in STEM/SPED (ACOM). Figure reproduced with permission
from34, https://doi.org/10.1021/acsnano.2c04841. The original publication is licensed under a Creative Commons
Attribution 4.0 License (CCBY) and published by American Chemical Society.

The ACOM phase maps were created using the ASTAR software package®!’ from the SPED
dataset acquired on the as grown (non-irradiated) sample. Visible colors mark the grains for
which the given monoclinic and cubic HfOx and cubic Si crystal structures are matched. A
template matching routine was followed using template databases for both the monoclinic and
cubic hafnium oxide phases, assigning probability values for each real space position (each pixel
of the map). Simulated nanobeam electron diffraction (NBED) patterns were matched to
experimental NBED patterns acquired at the nanocrystals of the samples. The same image
processing and template matching parameters were used for the pattern matching of both
ACOM maps.
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In addition, the positionally averaged, azimuthally-integrated NBED patterns (position
averaged NBED — PANBED) for the monoclinic and cubic phase were extracted by applying the
ACOM map labels from (f) (see Appendix Figure 9). Those were used to confirm the validity of
the recognized phases (monoclinic versus cubic) in the dataset. Therefore, XRD patterns of the
as grown and irradiated (5% 10! ions/cm?) sample and theoretical positions of reflections as
well as Bragg intensities are given as bar plots together with the converted 26 plots of the
PANBED diffraction data. These results clearly reveal that a distinction of the two phases in
question was possible by this method. Additional information on the workflow of integrating a
4D-STEM SPED dataset is provided in an open repository including the raw data of the
presented study on 200 nm thick hafnium oxide films.*?° It should be mentioned that the
analysis is limited in diffraction angle resolution by the used beam convergence in the SPED
experiment of 5 mrad at 200 kV electrons equaling 17° Cu K, radiation. Based on this, a
distinction of the cubic and rhombohedral phase by means of SPED techniques is not possible,
however, a pattern matching routine using structural model of the rhombohedral phase is
believed to lead to similar results.

Using the obtained pattern matching routine that led to the presented phase and orientation
maps (Figure 6-8), it was also possible to achieve a good phase recognition of the as grown
oxygen-deficient films presented by Kaiser et al.'?® '** (corresponding ACOM results are not yet
published), well-separated from the monoclinic phase of hafnium oxide. Those films have a
lower film thickness of 20 nm, which is increasing the difficulty to create a reasonable pattern
matching routine due to the low probed volume and consequently lower number of grains (less
data points). Therefore, it was easier to establish a pattern matching routine from the SPED
dataset of 200 nm thick films and apply this routine to thinner films. The successful transfer
further underlines the similarity of the cubic and rhombohedral phase, as the pattern matching
routine created from a cubic phase well-matches films experimentally found to be of
rhombohedral nature. Therefore, the usage of a cubic phase in the pattern matching procedure
is reasonable.

In a similar fashion, the obtained pattern matching routine was applied also for the as grown
and irradiated 10 nm thin HfOy films. Corresponding HAADF-STEM images and orientation
maps are shown in Figure 6-9. Initially (Figure 6-9 (a)), the grains in 10 nm thin HfO; films
were vertically at least as large as the film thickness and horizontally larger than the image field
of view. The microstructure of the thin films before irradiation resembles the initial 10 nm of
the as grown 200 nm thick films (compare Figure 6-8) with an overall slightly lower texture.
This could be a result of the growth by ALD, utilizing organic precursors and a much faster
growth rate. Therefore, on one hand more defects and impurities are probably present in the
films and on the other hand the different growth kinetics led to a lower texture, when compared
to films grown in an MBE setup by electron evaporation of the metal plus oxidation via oxygen
plasma.

After ion exposure, again an occurring grain fragmentation with a lateral size reduction is
revealed by high-resolution STEM images and phase orientation maps, similar to the findings
in 200 nm thick films (Figure 6-9 (b)). In vertical direction, the film thickness of 10 nm
determines the (maximum) size of the grains. It is important to mention that for all films (shown
in Figure 6-8 and Figure 6-9), the microstructural investigations reveal crystalline grains after
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irradiation and consequently a pure crystalline-to-crystalline phase transition. There are no
traces of amorphization visible after irradiation.

as grown 5x10"'2 jons/cm?
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Figure 6-9: (a) HRTEM image of the as grown 10 nm HfO,/TiN stack with a Pt protection layer on top. One single grain is visible
in the given field of view. (b) Representative HRTEM image of the Pt/HfO,/TiN stack exposed to 5x10%2 ions/cm?. Significantly
smaller grains are identified. Grain boundaries in the HfO; layer are highlighted by the green lines. (c) ACOM orientation map
of an as grown stack. Each color represents a different orientation as seen from the color wheel for the cubic and monoclinic
structures. Grey indicates misorientation (>20°) and phase boundaries. (d) ACOM orientation map of a sample exposed to
5x10%2 jons/cm?. Note that the TiN and Pt layer are also included in the map. * Note that the pattern matching routine was
performed using a cubic structure of hafnium oxide (space group: ICDD 04-011-9018, a = 5.06 A) as first reported in
literature#> for the oxygen-deficient phase occurring in HfO,. Lattice parameters are close to the recently found
rhombohedral phase.!28 Figure reproduced with permission from34, https://doi.org/10.1021/acsnano.2c04841. The original
publication is licensed under a Creative Commons Attribution 4.0 License (CCBY) and published by American Chemical Society.

Due to the low volume of the films and consequently a lower number of data points usable for
pattern matching, the obtained phase information have lower statistical significance. However,
it is reasonable to assume a similar phase transition as obtained from 200 nm thick films also
occurring in 10 nm thin films. Therefore, the vanishing of the intensities of the monoclinic
reflections in the XRD patterns of 10 nm thin HfO, films at high fluences (see Figure 6-6) is not
a result of an overall reduced intensity and signal-to-noise ratio due to the lower crystalline
quality and not a result of irradiation-induced amorphization, as all films are found to be
crystalline. The vanishing intensities can solely be explained by a beam-induced grain
fragmentation of the crystalline grains. A pure crystalline-to-crystalline phase transition is
revealed, which is directly confirmed by the presented STEM (ACOM) results. This could have
been otherwise falsely identified as amorphization.

The STEM investigations have been proven to be extremely valuable to get a detailed picture of
the nature of the phase transition, as the interaction volume of coherent crystalline regions of
one orientation has shown to be not sufficient to obtain resolvable intensities in the XRD
patterns. The ACOM maps further confirm the elongated grains grown along the (111) direction
for 200 nm thick films (and 10 nm thin films, where grains have the lateral size of the thickness
of the layer) being present in the films before and after irradiation. This is in accordance with
the observations made from the XRD patterns.
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In literature, different transitions are reported, depending on the used irradiation parameters,
HfO, material and initial crystal structure. Dhanunjaya et al.?* reported a topological grain
fragmentation in HfO, films exposed to 100 MeV Ag heavy ions with fluences of
3x10'% ions/cm? - 1x 10 ions/cm2, revealed by field emission scanning electron microscopy.
These results are in accordance with the presented results. In this work, the presented pattern
matching results from SPED datasets additionally show a beam-induced grain fragmentation at
nanometer resolution on cross-sections of HfOx films.

(HR)TEM-based studies, like presented by Suvorova et al.?*? also focus on the structural
evolution in hafnium oxide-based films. A possible transition from an orthorhombic to the
tetragonal phase of HfO, was found after 160 MeV Xe ion exposure in La-doped HfO, films,
obtained by a utilizing HRTEM and electron diffraction. No grain fragmentation or indications
of amorphization were observed. The films were found to be of nanocrystalline nature. Ion
energies were changed between 24 and 160 MeV and a constant fluence of 5x 10! ions/cm?
was used. In comparison to the experimental results presented in this work, this fluence is below
the expected threshold fluence in the 10'? ions/cm2-range (assuming similar energies and ions),
where grain fragmentation was found. It is reasonable to assume that the observed beam-
induced crystalline-to-crystalline phase transition based on a double impact (as discussed in
chapter 6.1.1) is directly connected to the grain fragmentation observed in films, occurring only
at high fluences (as presented in this chapter).

The results of this study can be summarized as follows:

o A beam-induced crystalline-to-crystalline phase transition from the monoclinic of
hafnium oxide to the most-probably rhombohedral phase occurs in 200 nm thick and
10 nm thin HfO, films at high fluences, similar to the results presented in chapter 6.1.1.

o The vanishing of the intensities of the monoclinic reflections in the XRD patterns of the
10 nm thin HfO, films at high fluences (see Figure 6-6) are the result of a beam-induced
grain fragmentation of the crystalline grains. A pure crystalline-to-crystalline phase
transition is revealed, which is directly confirmed by the presented STEM (ACOM)
results.

o Overall, it is clearly revealed that a full set of structural data consisting of both XRD
results combined STEM-ACOM results for micro- and nanocrystalline analysis is
beneficial for reliable interpretations of irradiation-induced changes.

6.1.3 Irradiation-induced phase transition in polycrystalline oxygen-deficient HfOyx films
grown on SiO,/Si and TiN/SiOy/Si

Similar to the experiments already presented for stoichiometric 200 nm thick HfO. films,
oxygen-deficient HfOx films grown on SiO/Si substrates were irradiated. This is also directly
comparable to results obtained from the irradiated highly-textured, oxygen-deficient series of
samples grown on c-cut Sapphire substrates as presented in chapter 6.1.1. Schematic stacks of
the samples and corresponding XRD patterns of the investigated series containing 200 nm thick
HfOy and HfOy films are shown in Figure 6-10. Both non-irradiated films contain rhombohedral
and monoclinic hafnium oxide phases. However, HfOx films are less oxygen-deficient than HfO,
films, as they are grown using a lower oxygen flow (compare chapter 4.1.3).
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Figure 6-10: XRD patterns of 200 nm thick m/r-HfOx and m/r-HfO, films grown on SiO,/Si substrates before and after
irradiation with up to 8x10%2ions/cm?. A shift of the rhombohedral (111) reflection is visible. Note that there were no
experiments performed with 5x10°and 5x10'2 ions/cm? for the HfO, sample series.

HfOy films consist of a mixture of monoclinic and rhombohedral phases, visible from the
characteristic (111)m and (111), reflections with the highest intensity at 26 = 28.3° and 30.3°,
respectively. At fluences above 1x10'2 ions/cm2, the monoclinic (111) reflection is shifted to
20 =~ 28.8° and its intensity decreases. The phase fraction is reduced, accompanied by the
already described phase transition to the rhombohedral phase. In the XRD patterns of HfOy
films in contrast, only a low intensity is found for the (111) and (111) reflections of the
monoclinic phase before irradiation. The presence of a phase mixture in as grown films could
be related to the large film thickness, as the influence of strain from the substrate on the grown
layer is reduced with increasing thickness, resulting in a relaxed structure. Additionally, a
polycrystalline layer is likely to be grown on top of an amorphous interlayer (oxidized Si
surface).

For both series, a shift towards larger diffraction angles of the (111); reflection (26 ~ 30.3° (as
grown) — 30.6° (3x10' ions/cm?)), comparable to the result obtained after irradiation of
rhombohedral hafnium oxide films grown on c-cut Sapphire substrates (compare Figure 6-2 in
chapter 6.1.1) is visible. Additionally, a broadening of the reflection occurs. Interestingly, the
(111),reflection shifts towards lower angles at higher fluences of 5x 10'? ions/cm2 (26 = 30.4°)
and 8x10' ions/cm? (26 = 30.4°). This could be a result of a relaxation of the out-of-plane
lattice parameter of the rhombohedral phase occurring, if a large number of defects is
introduced in the structure.

Furthermore, the occurrence of an increased intensity for the reflection at 26 ~ 31.7° is seen
(red ellipses). This reflection can either be assigned to the (111)n reflection of as grown layers
(26 = 31.6°) or to a potentially occurring (111), reflection. This is best seen for HfOyx films
exposed to 5x10'2 jons/cm2. At 8 X 10'? ions/cm2, the intensity of this reflection is reduced. For
the observed (200) reflections, it is difficult to determine a clear trend, mainly due to the low
intensities and additional broadening. The transition to a monoclinic phase showing a (111)m

128



reflection is unlikely due to the reverse transition occurring in irradiated monoclinic films
(compare previous chapters) with decreasing oxygen content in the structure at higher fluences.
The presence of a rhombohedral (111) reflection is more likely. The quite large film thickness
and the growth on SiO4/Si substrates seem to be favoring this kind of transition, possibly due
to the polycrystalline nature (and behavior closer to bulk) of the 200 nm thick hafnium oxide
films. This seems to be not or less significant in irradiated textured films grown on c-cut
Sapphire substrates (chapter 6.1.1). However, more experiments are required to provide a more
fundamental understanding.

As an additional series, 10 nm thin oxygen-deficient HfOx films grown in the MBE system on
top of a TiN electrode were irradiated to discuss the structural changes based on XRD
investigations. The corresponding XRD patterns of the fluence study can be seen in Figure 6-11
together with a schematic representation of the as grown stack. This study is directly
comparable to the irradiation studies performed on 10 nm thin HfO, films (MBE — Appendix
Figure 8 and ALD - Figure 6-6) as described in the previous chapter.
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Figure 6-11: XRD patterns of as grown and irradiated 10 nm thin oxygen-deficient HfOy films grown on TiN/SiO,/Si with a low
overall intensity of the hafnium oxide reflections due to the low volume of the layer. The (111), reflection shifts towards larger
diffraction angles with increased fluence. Note that the highest fluence is 5x1012 ions/cm? and no sample was exposed to
8x1012 jons/cm?. Substrate reflections are marked with a *, while x marks the cubic (200) reflection of the TiN bottom
electrode.

Overall, reflections that can be assigned to the hafnium oxide layer are of low intensities due
to the low thickness of the layers and the resulting low interaction volume in XRD. The small
crystallite size and increased oxygen-deficiency further leads to a reflection broadening in the
as grown film. For non-irradiated films, a low intensity reflection at 26 ~ 28.8° is visible, which
could be assigned to the (111)n, reflection (usually found around 28 = 28.3°). However, the
used growth conditions are similar to the ones used to prepare the oxygen-deficient films as
shown in Figure 6-10 (b) and this deficiency is expected for this series as well. Due to the low
interaction volume, potentially occurring low intensity features can hardly be observed. Two
reflections (26 = 28.8° and 26 ~ 30.3°) could be identified in the pattern of the as grown film
and the patterns of films exposed to 5x10? and 1x 10! ions/cm2. The reflection at 26 =~ 28.8°
vanishes at increased fluences, while the one at 28 ~ 30.3° seems to increase in intensity. This
could indicate a crystalline-to-crystalline phase transition as seen for the monoclinic to
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rhombohedral transition. Additionally, the presence of strain induced during growth of the
quite thin layers can lead to a shift of the reflection (changed unit cell parameters). The
observed reflection at 26 ~ 28.8° could therefore correspond to a (111), reflection of (strained)
monoclinic phase overlapping with a (111), reflection of the defect-stabilized rhombohedral
phase (mixture of monoclinic and rhombohedral phases). This becomes more evident when
looking at the shape of the (111);reflection at higher fluences, which are less broadened and
of higher intensity. With increasing fluence, a shift towards larger diffraction angles is again
observed, starting at a fluence around 1x 10! ions/cm?2.

The observed grain fragmentation in 10 nm thin monoclinic films exposed to 5x10'? ions/cm?
as presented in chapter 6.1.2 and the accompanied vanishing intensities of the (111), reflection
in the XRD patterns at high fluences raise the question why there are reflections visible in XRD
patterns of 10 nm thin oxygen-deficient rhombohedral films. Grain fragmentation might be
hindered by the presence of sub 10 nm sized grains that might be growing with increasing
radiation fluence instead. Additional investigations are required in the future to obtain a better
understanding of the observed behavior for both 200 nm thick oxygen-deficient hafnium oxide
films grown on SiO./Si as well as 10 nm thin oxygen-deficient hafnium oxide films grown on
TiN/SiOx/Si. This could include the irradiation of oxygen-deficient amorphous films, where a
rhombohedral phase could be stabilized at high fluences, similar to the monoclinic phase
stabilized after the irradiation of stoichiometric amorphous HfO; films, reported in literature>°.

6.2 Correlation of induced structural changes in HfO2> with electrical properties of OXRAM

Irradiation experiments on full-sheet layers have revealed ion-induced changes such as a phase
transition from the monoclinic to the rhombohedral phase of hafnium oxide by means of XRD
and STEM investigations. For real applications, working devices have to be created, which
require the presence of electrodes. Further the size of the devices is much lower when compared
to full-sheet layer samples. However, irradiation-induced changes of e.g., the electrical
performance of devices can occur. For the 10 nm thin m-HfO, films grown by ALD (compare
XRD pattern in in chapter 6.1.2), 1T1R arrays based on access transistors and corresponding
OxRAM cells are tested. Additionally, electrical measurements on irradiated single 1R memory
cells with 10 nm m-HfO, films prepared in the MBE system are performed. The results can be
correlated directly to the structural findings discussed in chapter 6.1.2 and also to the shown
XRD results in Appendix Figure 8.

6.2.1 Resistive switching behavior of 1T1R arrays with HfO2-based OXRAM cells exposed to
heavy ion radiation

4kb 1T1R arrays (660 nm transistor gate width) were irradiated with 1.635 GeV Au ions of
three different fluences (5x%10%ions/cm?2, 5x10°ions/cm? and 1x10'ions/cm?). NMOS
transistors are used to access the TiN/Ti/HfO./TiN memory cells and limit the current during
forming and set. The resistance values over 10* cycles for the 1T1R arrays exposed to
5% 10%ions/cm? and 5% 10'°ions/cm? are given in Figure 6-12. The median as well as quartile
1 and 3 are given for the more than 3000 tested devices for 10* cycles. Scanning electron
microscopic cross section images showing the OxRAM integration scheme and the memory stack
can be found in the conference paper by Guillaume et al.®®
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After irradiation with a fluence of 1x10° ions/cm? (Figure 6-12 (a)), the 1T1R arrays are fully
functional. Compared to the usual behavior of non-irradiated arrays (not shown) there are no
irradiation-induced resistance changes detected. The LRS mean values are about 7.9 — 8.0 k(,
while the HRS values vary from about 500 kQ — 580 k. The memory window (HRS to LRS
resistance ratio) of about 70 is maintained for at least 10* cycles. These results can be given
with a good statistical certainty®>®, as more than 3000 devices were measured. A good
performance is still preserved after irradiation with 5x10'°ions/cm? (b). Here, a slightly larger

fluctuation of the HRS values (29400 V kQ - 42000 kQ) is visible, resulting in a memory
window of 33 - 50.
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Figure 6-12: Resistance versus 10* cycles for a 1T1R array with HfO,-based OXRAM devices. A clear memory gap is present
between the LRS (grey) and HRS (blue) mean values (as well as quartile 1 and 3) for 3072 devices after irradiation at a fluence
of (a) 1x10%ions/cm? and (b) 5x10%° ions/cm?. Data presented at RADECS conference with similar figure printed in the
conference proceedings®. Partially reproduced with permission from3>4, https://doi.org/10.1021/acsnano.2c04841. The

original publication is licensed under a Creative Commons Attribution 4.0 License (CCBY) and published by American Chemical
Society.

At higher fluences, a significant impact on the access transistor functionality is observed (Figure

6-13), as seen from the drain current versus drain voltage curves of irradiated transistors (1T)
with a gate width of 660 nm.
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Figure 6-13: Drain current-drain voltage curves of single NMOS transistors with a gate width of 660 nm after irradiation (at a
gate voltage of 1.3V). The curve obtained for 1x10° ions/cm? also represents a curve typically observed for a non-irradiated
transistor (not shown). With increasing fluence, lower currents are measured overall. Data presented at RADECS conference
with similar figure printed in the conference proceedings®. Partially reproduced with permission from3%4,
https://doi.org/10.1021/acsnano.2c04841. The original publication is licensed under a Creative Commons Attribution 4.0

License (CCBY) and published by American Chemical Society.
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With increasing fluence, lower output currents can be achieved (1.7x10°, 2.4x107 and
2.4x10" A at a drain voltage of 4 V after exposure to 1x10° 5x10'° and 1x10' ions/cm2,
respectively). This result is in accordance with literature results obtained on silicon oxide gate
transitors!®, where a reduced conduction was attributed to a creation of interface defects
between gate oxide and channel. Additionally, a shift of the threshold voltage can occur due to
defects induced in the gate oxide (not shown; compare additional electrical results presented
in literature®®). These effects can explain the minor fluctuations of the resistance values after
irradiation with 5x 10! ions/cm2, as the access periphery might be partially damaged already.

The impact on the access transistors further leads to a loss of the automated access routine used
to address the memory cells via the 660 nm gate width transistors for the arrays exposed to the
highest tested fluence of 1x10'? ions/cm2. However, single memory cells could still be accessed
by connecting a larger gate width transistor (6700 nm) in series. With this, sufficiently high
current could be provided to switch and cycle the cell even after ion exposure to
1x10'ions/cmz2. Exemplary resistance versus 10* cycles are shown in Figure 6-14. For the first
10 cycles, the memory cell seems to be stuck in the LRS. However, a recovery probably due to
a redistribution of oxygen vacancies by cycling of the cell is visible, accompanied by two distinct
resistance states. For at least 10* cycles, a memory window of 5 — 20 is maintained. Additional
electrical results regarding the transistor performance, the impact of the irradiation on the 1T1R
arrays programmed in three different states (LRS, HRS, pristine state), the impact of Si
implantation of the HfO, layer on the switching properties as well as the performance of 1R
cells for up to 107 endurance cycles can be found elsewhere®.
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Figure 6-14: Resistance versus 10 cycles of a 1R HfO,-based OxRAM cell irradiated at a fluence of 1x10'2jons/cm? and
accessed by utilizing a 6700 nm gate width transistor. Data presented at RADECS 2020 conference. Data presented at RADECS
conference with figure printed in the conference proceedings®3. Partially reproduced with permission from34,
https://doi.org/10.1021/acsnano.2c04841. The original publication is licensed under a Creative Commons Attribution 4.0
License (CCBY) and published by American Chemical Society.

Compared to full-sheet layers, device sizes for electrical applications are much smaller. In
chapter 6.1.2, the fluence-dependent impact on the crystal structure of 5x5 mm?2 full-sheet
layers was discussed. Device sizes of the OxRAM cells in the 1T1R arrays are only about
160000 nm2 (1.6%x10° cm?) small. This results to a much lower number of ions impacting on
each device (e.g., 1600 ions in average at a fluence of 1x10'? ions/cm?2). Assuming a damage
cross section of about 74 nm? of the ion tracks in HfO, as deduced in chapter 6.1.1 in irradiated
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hafnium oxide films, the areal track coverage can be calculated. Considering the occurrence of
overlapping tacks, a coverage of about 52 % at a fluence of 1x10'? ions/cm? and 100 % at the
highest fluence for full-sheet layers of 8 x10'? ions/cm? can be assumed. A similar calculation
with the cross-section value of 48 nm?2 given by Benyagoub for powder HfO, in literature!! leads
to calculated coverage values of 52 % (at 1x10'? ions/cm2) and 98 % (at 8 X 10'? ions/cm?).
This clearly shows, that track overlapping cannot be ignored and effects like an increased
number of irradiation-induced defects or a phase transition become more severe at higher
fluences.

In this context, it is remarkable that the functionality of OXRAM devices that were exposed to
1x10'% ions/cm? is still preserved. The results show that the HfO,-based resistive memory
devices are very radiation hard. For even higher fluences, it is reasonable to assume that the
induced defects and the increasing track overlap, which are resulting in a phase transition from
the monoclinic to the rhombohedral phase in HfOy, leads to a drastic change of the electrical
properties. According to investigations on as grown samples including oxygen-deficient HfOx
films by Sharath et al.'* and also from the physical property (electrical conductivity) results
reported by Kaiser et al.'**, the memory device conductivity is expected to increase drastically
with decreasing oxygen content. Assuming a similar behavior after 1.635 GeV Au heavy ion
irradiation, where more oxygen defects are introduced in the HfO, layer and the phase
transition observed in irradiated monoclinic HfO, films (see chapter 6.1.2) to the rhombohedral
phase, the following conclusion can be drawn: Up to a fluence of 1x10'?ions/cm?, the memory
devices are overall functional but the CMOS transistors (access periphery) fail. At higher
fluences, when a larger amount of rhombohedral phase is formed, the resistive memory cells
are expected to get/remain fully conducting. This would correspond to a loss of the memory
state (HRS) and a lost functionality of the devices.

6.2.2 Resistive switching behavior of an irradiated single 1R memory cell containing 10 nm
m-HfO; films grown in the MBE system

1R memory cells (Au and Pt top electrode layers/10 nm HfO, layer/TiN bottom electrode grown
on a Si substrate as seen from the schematic in Figure 6-15 (a)) were tested before (as grown
reference) and after irradiation (5% 10'%2ions/cm?2).
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Figure 6-15: Current-voltage characteristics of a Pt/10 nm HfO,/TiN device (a) before (as grown Reference) and (b) after being
exposed to 5x1012jons/cm?. Resistive switching is achieved in both devices.
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Two current-voltage curves are shown in Figure 6-15, revealing a similar behavior of both stacks
(a) before and (b) after irradiation (10 cycles tested each). It is important to mention that the
devices for the resistive switching experiments were prepared using the full-sheet layer
HfO,/TiN/SiOx/Si samples after the irradiation experiments and after the XRD investigations
performed. Corresponding XRD results are shown in Appendix Figure 8.

First of all, both devices could be switched and there is no big difference visible in the current-
voltage characteristics. After irradiation with 5x10'%ions/cm2, the presence of an electrically
conductive rhombohedral phase is expected to lead to a high conductivity'?® *> of the hafnium
oxide-based device and most likely to a non-recoverable loss of the memory (no HRS, no reset
would be possible). Such an extremely detrimental characteristic is not observed in the given
case. Devices were found to be in the HRS with an acceptably low initial leakage current
measured. The presence of an electrically conductive rhombohedral phase of oxygen-deficient
HfOx phase is not seen. This phenomenon is most likely a result of a passivation layer
(significant surface oxidation layer)'®> 14> that has formed on top of the of the oxygen-deficient
HfOx when the samples were exposed to air before device preparation (top electrode growth,
more than one year after the irradiation experiment). This almost perfectly stoichiometric HfO,
layer most probably acts as the active switching layer in devices after heavy ion exposure of
5X10%ions/cm2. Thus, a conductive layer with a modified electronic structure by introduced
oxygen vacancies is not obtained.

However, there are some differences visible in the current-voltage characteristics. The set
distribution obtained after irradiation seems to be narrower, with a possibly larger overall HRS
current (6-18x10°A versus 1-3x10°A; HRS in kQ-range, LRS below 1KkQ). This is
accompanied by an overall lower memory window (max. 40 versus max. 120). Additionally, for
the first few cycles after irradiation, an abrupt switching was obtained, which is not seen in the
current-voltage curves of the as grown reference device. This could be related to a redistribution
of oxygen vacancies. Overall, a further discussion of the switching data and a possible
connection to the beam-induced phase transition (chapter 6.1.2 and Appendix Figure 8) is only
reasonable with sufficient statistical evidence. Thus, further investigations on irradiated devices
that were prepared with electrodes before the irradiation experiments are required. With this,
also the performance of memory cells exposed to ions of high fluence can be tested, giving
results independent of degraded CMOS transistors. Moreover, a comparison of resistive
switching results of non-irradiated and irradiated in vacuo capped oxygen-deficient
HfOx-containing devices can be useful.
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6.3 Heavy ion irradiation induced phase transitions in doped hafnium-oxide ferroelectric
layers and electrical properties of ferroelectric capacitors

The influence of (1.635 GeV Au) heavy ion irradiation on the stability of the hafnium oxide-
based ferroelectric layer and capacitor functionality was investigated, connecting irradiation-
induced phase changes observed by XRD with ferroelectric properties of three different
ferroelectric stacks (see Figure 6-16). These stacks contain a) a 20 nm thick Si-doped HfO- layer
(HSO; in the following Figures marked in a reddish colour scheme), b) a 20 nm thick
Hfo.5Z10502 layer (HZO; yellowish/sand colour scheme) and c) a 10 nm thick HfosZros0- layer
(brownish colour scheme) sandwiched between TiN electrodes, grown on SiO./Si substrates
cut from Si wafers. This extensive study was performed in collaboration with Fraunhofer IPMS
CNT in Dresden (external samples — see chapter 4.7) with the aim to better understand beam-
induced changes in hafnium oxide-based ferroelectrics.

20 nm HSO 20 nm HZO 10 nm HZO

10 nm TiN / / /
10 nm TiN 1-2 nm SIO / / /

Figure 6-16: Schematic drawings showing the irradiated ferroelectric stacks containing 20 nm HSO (Si-doped HfO;), 20 nm
HZO or 10 nm HZO (Zr-doped HfO,) layers sandwiched between two TiN electrodes on top of a SiO/Si substrates.
Structural investigations using XRD: The XRD patterns of the investigated stacks are shown
in Figure 6-17 with a non-irradiated (as grown) reference given in grey and increased ion
fluences ranging from 1x10'° to 7x 102 ions/cm?2. As grown stacks with 20 nm HSO and 20 nm
HSO (Figure 6-17 (a) and (b)) consist of a mixture of the monoclinic phase (space group P2./c,
ICDD 00-034-0104) with characteristic reflections at 20 = 28.5° and 206 = 34° — 35°, and a
possible mixture of tetragonal, cubic and orthorhombic phases (characteristic reflections at
20~ 30.5° and 26 = 35° — 36°). For the as grown stack containing 10 nm thick HZO (Figure
6-17 (c)), there is no or only a very small amount of the monoclinic phase present (low intensity
between 20 = 34°-35°). The main characteristic reflection is located at 20 = 30.5°.
(Theoretical powder) reference patterns of the monoclinic, ferroelectric orthorhombic,
tetragonal and cubic phase of HfO, based on reported structures are shown in Figure
6-17 (d).123124.126,130,356 Ag already discussed, the ferroelectric orthorhombic, tetragonal, other
non-polar orthorhombic or the cubic structure of thin film HfOx can only be hardly distinguished
by means of XRD. In the given 20-scans of these thin, strained and oriented films, a separation
of the phases is not possible (compare chapter 4.5.1). However, the presence of a large amount
of the polar orthorhombic phase is confirmed by the measurable electric polarization of the
samples, which is presented later in this chapter. Therefore, the reflections found at 26 = 30.5°
and 26 = 35° — 36° can be mainly assigned to the (111) and (200) planes of the orthorhombic
phase (Pca2.). This result is in accordance with literature results obtained from films which
were prepared with the same preparation workflow.!3°

135



N
t

T T
[20 nm HSO === oNg ]
[ —O0 /_\EOOO J
[ ~£ =To ¢ _g0ld2gy ]
%102 = TR S S A= 1
- /X = N — o=/ XTIN 1
. - . °

F ions/cm? < o\ Ve (N 5 1

Intensity (arb. units) &£

.
.
.

rd

—~

Intensity (arb. units) &

[20 nm HZO =% oSNNS A
3 ~ -
-— N N N
A ~
=
- X

ol

(©) 110 nm Hzo

2|

=

>S5

ot

L

21

‘®

c

(]

=
@A

2 [reference

c

S patterns | .
o '.p tetragonal]
S - - .
21 l orthorhombic
A " y
2+t k k monoclinicA
— [ | Y W ~

26 28 30 32 34 36 38
26 (°)

Figure 6-17: XRD patterns of doped ferroelectric hafnium oxide films before and after irradiation, containing (a) 20 nm HSO,
(b) 20 nm HZO and (c) 10 nm HZO. With increasing ion fluence, a shift of the initially (111), reflection towards larger diffraction
angles occurs. Monoclinic reflections vanish at fluences above 5x10%! ions/cm?. (d) Theoretical powder reference patterns of
the monoclinic, polar orthorhombic, tetragonal and cubic phase of HfO,, created based on previously reported structures.123
124, 126, 130, 356 The (111). reflection of the TiN electrode is marked by x. The Si-substrate reflections located between
20 =32.5° - 34° are assigned to the Si (200) reflection due to Umweganregung3>3 and is not related to the ferroelectric layer.
Partially reproduced with permission from131, The original publication is licensed under a Creative Commons Attribution 4.0
License (CCBY) and published by AIP Publishing.
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After ion exposure, four visible major characteristics in the XRD patterns can be pointed out:

o Up to a fluence of 5x10'2? ions/cm?2, no intensity changes or shifts of the reflections in
26 are recognisable.

o At increasing fluences, the reflections assigned to the monoclinic phase disappear (at
26 =~ 28.5° and 26 = 34° - 35°) from the XRD patterns.

o A continuous shift of the reflection located at 26 = 30° towards larger diffraction angles
is visible (starting above 5x 10! ions/cm2).

These observations are described in more detail in the following and connected to the
ferroelectric properties, such as the field-dependent electric polarization results (P-E
characteristics) of devices to obtain a more extensive understanding of the basic physical
mechanisms present in hafnium oxide-based ferroelectric memories exposed to heavy ion
radiation.

Electrical investigations of ferroelectric capacitors: In Figure 6-18, the P-E characteristics
obtained before (grey - Ref.) and after heavy ion irradiation are presented. Additionally, the
results obtained after 10000 post-cycles after the irradiation and tests shown are provided.
These experiments were performed for devices based on 20 nm HSO, 20 nm HZO and 10 nm
HZO exposed to heavy ions of different fluences (1x10'°, 5x 10! and 2.4x10'? ions/cm?2).
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Figure 6-18: Field-dependent electric polarization curves before (grey — Ref.) and after exposure to different fluences (top)
and after 10000 post-cycles (bottom). The induced pinching of the polarization hysteresis loops is reversed after cycling and
the loops are re-opened, showing ferroelectric behavior. Additionally, the loop of a non-irradiated, but cycled reference
sample (grey) is shown. Partially reproduced with permission from?31, The original publication is licensed under a Creative
Commons Attribution 4.0 License (CCBY) and published by AIP Publishing.

Overall, all stacks were found to be ferroelectric, showing a typical ferroelectric loop with two
distinct remanent polarization states. Consequently, the observed reflection in the XRD patterns
at around 20 = 28.5° and 26 = 34°-35° (Figure 6-17) can be assigned to the non-
centrosymmetric ferroelectric orthorhombic (space group Pca2:) phase of the ferroelectric
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layers. Fractions of other phases are likely, especially at higher fluences, which will be discussed
further in this chapter.

At a fluence of 1x10%¥ ions/cm? no significant influence of the heavy ions on the P-E
characteristics are visible, while at increased fluences (5x10!!' and 2.4x10'2? ions/cm?) a
pinching of the loops accompanied by a gradual reduction of the remanent polarization (Pr)
and saturation polarization (Ps) are observed for all three stacks. The characteristic values are
listed in Table 6-1. In this study, only positive polarization and coercive field values are given
from the representative plots. To carry out a detailed analysis, absolute values are listed
However, absolute values can suffer from statistical errors. Therefore, the discussion is limited
to observed trends.

Table 6-1: Remanent polarization (P;) and saturation polarization (Ps) values obtained for the three stacks before irradiation
(Ref.) and at various fluences.

Ferroelectric | Ref. 1x10%ions/cm? | 5x10!ions/cm2 | 2.4%x10'2 ions/cm?
20 nm HSO | P, = 3.7 uC/cm? P; = 3.0 uC/cm? P, = 1.7 uC/cm? P; = 0.6 uC/cm?
Ps=16.6 uC/cm2 | Ps= 15.8 uC/cm? | Ps=13.9 uC/cm? | Ps~= 10.9 uC/cm?
20 nm HZO | P;= 7.6 uC/cmz2 P:= 7.1 uC/cm? P; = 5.9 uC/cm? P: = 3.4 uC/cm?
Ps~15.1 uC/cm? | Ps=15.1 uC/cm? | Ps=13.7 uC/cm? | Ps= 11.8 uC/cm?
10 nm HZO | P;~=10.7 uC/cm2 | P,=10.4 uC/cm2 | P;~ 9.8 uC/cm? P: = 6.2 uC/cm?
Ps~23.1 uC/cm? | Ps~23.1 uC/cm? | Ps~19.0 uC/cm2 | Ps~ 19.1 uC/cm?

Overall, HZO-containing stacks show larger values when compared to the HSO-containing
stacks, as also known from literature, which could be related to a different crystallographic
texture of the films."®® Especially the stacks containing 10 nm thin HZO films show a high
polarization, both before and after being exposed to Au heavy ions. This is related to the lower
or missing monoclinic phase fraction in thinner films.*°

Remarkably, the reduced polarization values can be recovered, and the pinching of the P-E
loops can be reopened by applying wake-up field cycles (Figure 6-18). The P; and Ps values are
increasing (e.g., P of 20 nm HSO: 8.2 uC/cm2 (1x10Y ions/cm?), 7.3 wC/cm?2
(5%x10'" ions/cm?), 4.6 uC/cm? (2.4%x10'2 jons/cm?)) when compared to the values of non-
cycled samples. The characteristic polarization values obtained after 10000 post-cycles are
listed in Table 6-2.

Table 6-2: Remanent polarization (P;) and saturation polarization (Ps) values obtained for the three stacks after 10000 post-
cycles after irradiation at various fluences. Additionally, values of a non-irradiated, but cycled reference sample (Ref.) are

shown.

Ferroelectric

Ref.

1x10° jons/cm?

5% 10! jons/cm?2

2.4x10'2 jons/cm?2

20 nm HSO

P, = 7.7 uC/cm?
Ps = 16.5 uC/cm?

P, = 8.2 uC/cm?
Ps~17.3 uC/cm?

P, = 7.3 uC/cm?
Ps~ 16.4 uC/cm?

P; = 4.6 uC/cm?
Ps =~ 13.3 uC/cm?

20 nm HZO

P; = 11.0 uC/cm?
Ps =~ 16.9 uC/cm?

P; = 11.5 uC/cm?
Ps =~ 17.2 uC/cm?

P = 10.3 uC/cm?
Ps = 16.5 uC/cm?

P. = 7.9 uC/cm?
Ps= 15.4 uC/cm?

10 nm HZO

P, ~ 16.8 uC/cm?
Ps ~ 25.1 uC/cm?

P: = 16.8 uC/cm?2
Ps~ 25.7 uC/cm?

P, ~ 15.6 uC/cm?
Ps ~ 23.5 uC/cm?

P, =~ 14.3 uC/cm?
Ps = 24.5 uC/cm?
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Such a trend can also be observed for the coercive field values (Ec of 20 nm HZO (non-cycled):
1.1 MV/cm (Ref.), 1.0 MV/cm (1x10'° jons/cm?), 1.0 MV/cm (5% 10" ions/cm?2), 0.7 MV/cm
(2.4x10' ions/cm?) vs. Ec (post-cycled): 1.3 MV/cm (Ref.), 1.3 MV/cm (110 ions/cm?),
1.2 MV/cm (5% 10! ions/cm?2), 1.0 MV/cm (2.4%x10'? ions/cm?2). All stacks showed slightly
pinched P-E loops prior to ion exposure and cycling, which can be called an antiferroelectric-
like behavior. The loops are opening during cycling, which is especially visible for 20 nm HSO-
and 10 nm HZO-containing films. This is a commonly observed wake-up behavior in hafnium
oxide-based ferroelectrics. 13°

A similar behavior is seen after post-cycling after irradiation. More statistics of the remanent
polarization values after irradiation and subsequent post-cycling are given in the boxplots
shown in Figure 6-19. The general trend towards a reduced polarization with increasing fluence
is visible for all tested devices.
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Figure 6-19: Values of the remanent polarization after irradiation and 10000 post-cycles for 6 to 10 devices per fluence. A
clear trend to lower values with increased fluences is visible. Partially reproduced with permission from3. The original
publication is licensed under a Creative Commons Attribution 4.0 License (CCBY) and published by AIP Publishing.
Additionally, the measured P; values after post-cycling are found to not only be recovered but
exceeding the polarization values of the non-irradiated and non-cycled reference samples. In
the case of 20 nm thick HSO films, this result can be partially explained by the missing
monoclinic phase fraction in the ferroelectric layers after irradiation and post-cycling, as
discussed in the context of the XRD results shown in Figure 6-17. The non-irradiated reference
stacks initially contained a small fraction of the non-polar monoclinic phase, which was reduced
during irradiation and is not recovered during post-cycling. A detailed explanation is given in
the following.

By correlating the beam-induced as well as the cycling-induced changes of the electric
polarization to the XRD results, the following explanations for the described observations can
be given:

(1) All prepared ferroelectric layers contain a large amount of the polar orthorhombic phase,
which is mostly unaffected up to a fluence of at least 5x10'? ions/cm2. However, oxygen
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(2)

(3

4)

defects (most likely oxygen vacancies) are likely to be introduced by the electronic
interaction of the Au ions with the layers as further described in (3) — see below. The
observed minor changes of the polarization are a consequence of this increase of defects.

The initially present monoclinic phase is most likely transformed to a phase of higher
symmetry after 1x10!? ions/cm?2 exposure and above. This could be similar to the results
discussed in chapters 6.1.1 and 6.1.2 for non-doped hafnium oxide film, where the presence
of a rhombohedral phase after irradiation is likely. However, ferroelectric films contain
additional dopants and are crystallized in the polar orthorhombic phase, which potentially
leads to a different transition than obtained for initially monoclinic pure HfO, films. This
could also lead to differences compared to the beam-induced transition of a rhombohedral
phase of HfO, to an even more oxygen-deficient phase as described in chapter 6.1.1.

The visible shift of the orthorhombic (111) reflection from 20 = 30.5° - 30.75° (before
irradiation) to 26 = 30.75° — 30.9° after being exposed to 7x 10'? ions/cm? (compare Figure
6-17) can at first glance be a result of a) an introduction of oxygen vacancies or b) an
induced phase transition. As discussed in chapter 6.1.1, irradiated rhombohedral hafnium
oxide films show a similar shift of the reflections in the XRD patterns which could be
connected to a decreasing oxygen content of the layers (increasing with increasing
irradiation fluence). This could be accompanied by a further phase transition. As described
by Nico Kaiser et al.}?® %5 a further decrease of the oxygen content in as grown, non-doped
HfOy films, which is equivalent to a further introduction of more oxygen vacancies, is
directly accompanied by a continuous shift of the corresponding position of the reflection
in the XRD patterns and a phase transition. Therefore, a beam-induced phase transition can
be also presumed in ferroelectric hafnium oxide-based films exposed to heavy ions. The
electronic energy loss in the ferroelectric layers is about 53 keV/nm (using a ferroelectric
layer density of 8.79 g/cm?). The nuclear loss is as low as 68 eV/nm and the number of
displacements per atom (dpa) in HfosZros0- is only about 1x10*. Overall, a comparable
crystalline-to-crystalline phase transition as described in chapter 6.1.1 (monoclinic to
rhombohedral and rhombohedral to an even more oxygen-deficient phase) and in
literature!! (monoclinic to tetragonal) could be also induced in orthorhombic films. This
transition is likely to be also relying on a defective track overlap, which becomes more
probable with increasing ion fluence especially for values above 1x10'? ions/cm2. However,
the question arises to which phase the orthorhombic phase is transformed.

A partial phase transition from a polar orthorhombic to a non-polar cubic or tetragonal
phase is possible, which in accordance with the observation of the reduced polarization
values after irradiation at high fluences and the visible shape of the loops. As the
polarization is not fully vanishing after irradiation (7x10'?ions/cm2), the polar
orthorhombic phase seems to be partially preserved even after extensive ion exposure. This
is hardly visible in the XRD patterns, however, a split of the initially present orthorhombic
(111) reflection into a defect-rich orthorhombic (111) and a cubic (111) reflection can be
presumed, which are located at a very similar diffraction angle.

Vice versa, a reopening of the P-E loops by electric field cycling is a clear indication for a
field-induced phase transformation to the ferroelectric orthorhombic phase. This has been
shown in non-irradiated films for the transition from a tetragonal to the polar orthorhombic
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phase.*® %7 In the presented cases, this corresponds to a transformation back from a non-
polar phase to the initially present polar orthorhombic phase.

It cannot be clearly stated which non-polar phase is (partially) present after irradiation. The
presence of a tetragonal phase is possible (comparable to non-irradiated stacks*® 3°7),
however, also a cubic phase is possible. The latter is supported by the relative reflection
angles of the phases in question. The presence of a cubic Fm3m phase with an expected
(111). reflection appearing at slightly larger angles than the coinciding (111), and (101),
reflections is likely. In general, also a transition to the oxygen-deficient rhombohedral phase
of hafnium oxide might be possible. However, the measurable electric polarization after
irradiation confirms the presence of an insulating phase but the rhombohedral HfO:.; (or
HfO:.5) phase is reported to be electrically conducting.'?® *> The presence of a small fraction
of the rhombohedral phase (with e.g. a lower oxygen-deficiency) cannot be fully excluded,
however, a beam-induced transition from the polar orthorhombic to a non-polar tetragonal
or cubic phase is more likely.

(5) The intensity of the (111) reflections corresponding to the initial orthorhombic phase is
decreasing and the peak width is increased. The full width at half maximum (FWHM) is
changing from about 0.32° — 0.46° in 20 nm HSO, 0.34° — 0.45° in 20 nm HZO and
0.43° - 0.49°in 10 nm HZO films. A broadening of reflections was reported in chapter 6.1.1
in the context of introduced defects and a beam-induced grain fragmentation at ion fluences
above 1x10'?ions/cm2. Such a grain fragmentation is also presumed to occur in
ferroelectric hafnium oxide-based films.

A direct connection to the ferroelectric properties is possible when looking at the P-E curves
of HSO-containing stacks. Here, an interesting detail is visible. While all three stacks have
initially shown a similar pinching of the loops (antiferroelectric-like behavior before
irradiation or cycling), the slope of the loops differed. This indicates a difference of the
relative permittivity, which is decreasing with increasing ion fluence. At the highest fluence
of 2.4%x10' ions/cm? the reduction of permittivity even persists post-cycling. As a general
trend, a lower relative permittivity indicates a reduction in symmetry. This could be related
to an amorphization in ferroelectric hafnium oxide.**® However, this effect can also be a
result of the presence of a grain fragmentation and consequently nanocrystalline grains and
an increased number of grain boundaries. This is equivalent to a larger disordered volume
in the ferroelectric layer, leading to a reduction of permittivity.

Additionally, the Ps values are reduced initially, even though the same ferroelectric behavior
is reached after post-cycling. This indicates a reduction of switchable orthorhombic phase
in the initial case. In general, this can be explained again by the presence of phase transitions
or by domain wall pinning effects due to the generation of oxygen vacancies. However, an
increase in mechanical stress would alter the ferroelastic switching behavior®?, which does
not match the observed behavior, as the values of the displacement current peaks do not
shift in position (not shown).

(6) The increased polarization after cycling of irradiated films compared to the initial
characteristics can be explained by a combination of different mechanisms, which become
more obvious when analyzing the cycle-dependent Ps values (Figure 6-20). It should be
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mentioned that an analysis of the Ps values was carried out instead of an analysis of the P;
values, as the P; values consist of undesirable antiferroelectric components next to the
ferroelectric components.
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Figure 6-20: Evolution of the saturation polarization Ps in dependence of up to 10000 field-cycles (post-cycling) using an
amplitude of 3 MV/cm. A significant increase after cycling is observed with a saturation reached after about 1000 cycles.
For the largest fluence of 2.4x10'2ions/cm?, Ps is even after cycling lower compared to samples exposed to lower
fluences for all stack types. Partially reproduced with permission from131, The original publication is licensed under a
Creative Commons Attribution 4.0 License (CCBY) and published by AIP Publishing.

The obtained results validate the aforementioned trends (in (5)), as for all three sample
stack configurations the initial reduction of Ps after ion exposure is visible. Upon post-
cycling, a large increase of the Ps after 1000 cycles occurs, while there are no significant
changes observed for further cycling up to 10000 cycles (see values listed in Table 6-1 and
Table 6-2). This is a contradiction to the common wake-up behavior, where a constant Psis
expected during electric field cycling.>*® Hence, the trend observed for irradiated and post-
cycled samples has to be explained in a different way, either by a sudden wake-up or a
superposition of classical and partial sudden wake-up. Sudden wake-up has only been
observed when an electric field was applied to initially amorphous hafnium oxide-based
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stacks, leading to a field-induced crystallization, where the applied voltage allows a precise
control of the crystallization process. This effect is usually showing Arrhenius-like behavior
with an activation energy barrier of 0.45 V.>* For the ferroelectric stacks presented in this
work, the required amplitudes reported for this crystallization process are not reached.

In the given case, an irradiation-induced crystalline-to-crystalline phase transition
accompanied by grain fragmentation occurs at large fluences. The grain fragmentation leads
to an increased number of grain boundaries. Since the reduction of the Ps persists even after
post-cycling for the samples exposed to large fluences above 1x10'% ions/cm2, a phase
transition from a non-polar phase (like the cubic or tetragonal phase) to the polar
orthorhombic is much more likely to occur than an electric field-induced crystallization. The
induced fragmentation of grains cannot be reversed. This field-induced phase transition
appears to be consistent to the reported irreversible phase transition from the non-polar
tetragonal phase to the polar orthorhombic phase in non-irradiated hafnium oxide-based

ferroelectrics.360: 361

Additional polarization measurements of pre-poled capacitors: To get insights into the
influence of the polarization state of the devices on their properties after heavy ion irradiation,
pre-poled devices were investigated. In Figure 6-21, the field-dependent polarization hysteresis
loops of devices poled negatively (neg.) and positively (pos.) prior to irradiation are shown.
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Figure 6-21: Field-dependent electric polarization hysteresis of capacitors poled prior to Au irradiation. A shift of the coercive
fields to more positive or negative values are visible for samples poled negatively (top) or positively (bottom), respectively.
Trends obtained for increasing fluences are similar to non-poled samples. Partially reproduced with permission from13!, The
original publication is licensed under a Creative Commons Attribution 4.0 License (CCBY) and published by AIP Publishing.

Overall, similar trends compared to the discussed results can be seen (compare to Figure 6-18).
Additionally, a clear imprint is visible by the curve asymmetry, which is especially seen for HZO-
containing samples compared to HSO-containing samples. Remarkably, there is a steeper
switching transition for values around E¢ found for all irradiated stacks. Additionally, the
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coercive field window (2Ec¢) is lower. In literature, imprint has been related to the presence of
oxygen vacancies in ferroelectric layers.!*® The observed trend visible after irradiation of pre-
poled samples cannot be explained by this only. Instead, again the induced phase transition
next to the generated oxygen vacancies influence the domain dynamics, which results in the
observed behavior. To get a deeper understanding of this behavior, further in-depth analysis of
the oxygen vacancy dynamics in hafnium oxide-based films will be required in future studies.

Model and Summary: The results presented on irradiated ferroelectric Si-doped hafnium
oxide- and hafnium zirconium oxide-based stacks can be summarized in a simplified model
(Figure 6-22).

Au lon Electric Field
Irradiation Cycling
TiN TiN TiN

b LY Y RSO

Figure 6-22: Schematic of the changes induced by heavy ion irradiation and post-cycling in ferroelectric hafnium oxide-
containing stacks. A beam-induced phase transition of the monoclinic (red) and polar orthorhombic (blue) phase to non-polar
a cubic or tetragonal (green) phase occurs, accompanied by grain fragmentation at high fluences. The non-polar phase can
be (re)transformed to the polar orthorhombic phase upon field-cycling. In contrast, the induced grain fragmentation appears
to be irreversible. Partially reproduced with permission from®31. The original publication is licensed under a Creative
Commons Attribution 4.0 License (CCBY) and published by AIP Publishing.

High-energy heavy ion irradiation leads to a phase transition from the polar orthorhombic to
likely a non-polar cubic or tetragonal phase, which is accompanied by grain fragmentation. As
a consequence, the ferroelectric properties degrade. These results were obtained from detailed
electrical investigations combined with XRD analysis. Upon cycling, the non-polar phase is
transformed back to the polar orthorhombic phase. Moreover, grain fragmentation and an
increased fraction of grain boundaries can explain the reduction in remanent polarization, and
the not fully-recoverable polarization for high fluences, while ferroelectric properties can be
fully recovered by post-cycling for lower fluences. The study points out the high radiation
resilience of hafnium oxide-based ferroelectric materials and capacitors and gives detailed
insights into material characteristics after heavy ion irradiation in the electronic energy loss
regime as well as device properties of ferroelectric capacitors upon cycling in general.
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6.4 Heavyionirradiation induced phase transitions in Ge;Sb,Tes and Ge-rich GST layers and
electrical properties of phase-change memory

The influence of heavy ions on the stability of Ge-Sb-Te-based layers and corresponding phase-
change memory devices in a 1T1R-array were investigated. Similar to the experiments
conducted for hafnium oxide-based samples, fluence-dependent beam-induced crystallinity
changes of full-sheet layers were investigated by XRD and STEM and connected to the switching
performance of PCRAM. In contrast to hafnium oxide-based stacks, not only crystalline but also
amorphous Ge-Sb-Te-based layers were investigated, as PCRAM is strongly dependent on the
reversible amorphous-to-crystalline transition. Additionally, the composition of the phase-
change layer plays an important role in the observed electrical behavior of PCRAM. Therefore,
four different stacks were investigated (about 100 nm thick amorphous Ge;Sb,Tes (a-GST)
films, crystalline Ge,SboTes (cry-GST) films, amorphous Ge-rich GST (a-GGST) films and
crystalline Ge-rich GST (cry-GGST) films; all capped with SiN encapsulation layer — see Figure
6-23) grown on SiOx/Si (001) substrates cut from Si wafers.

10 nm SiN 10 nm SiN 10 nm SiN 10 nm SiN
100 nm a-GST 100 nm cry-GST 100 nm a-GGST 100 nm cry-GGST
1-2 nm SiOy 1-2 nm SiOy 1-2 nm SiOy 1-2nm SiOy

Series A& C Series B Series D Series E

Figure 6-23: Schematic representations showing the irradiated phase-change memory stacks containing 100 nm a-GST,
cry-GST, a-GGST and cry-GGST (full-sheet) layers with a 10 nm SiN encapsulation layer grown on top of a SiOy/Si substrates.

Structural investigations using XRD: The XRD patterns of the GST-films are shown in Figure
6-24. Interestingly, dependent on the initial crystalline or amorphous nature of the phase-
change layers, different trends are observed.
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Figure 6-24: XRD patterns of as grown and irradiated GST-based samples consisting of amorphous Ge,Sb,Tes (a-GST, Series A)
and crystalline Ge,Sb,Tes (cry-GST, Series B) with changes occurring at increasing fluence. Si substrate reflections are marked
with a *. Partially reproduced with permission from3%4, https://doi.org/10.1021/acsnano.2c04841. The original publication is
licensed under a Creative Commons Attribution 4.0 License (CCBY) and published by American Chemical Society.

Initially amorphous GST (a-GST, series A) undergoes a crystallization to a cubic phase (space
group Fm3m, ICDD 00-054-0484) after exposure to 1Xx10'?ions/cm? and above (Figure
6-24 (a)). In contrast, initially crystalline GST layers (cry-GST, series B) do not face such drastic
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structural changes (Figure 6-24 (b)). Ion irradiation only leads to minor shifts and slight
broadening of reflections attributed to the hexagonal phase of GST (space group P3m]1, trigonal
crystal system, ICDD 04-020-8161) above 1x10'? ions/cm?2.

Since a threshold fluence for the observed phase transition in a-GST films is not visible from

the XRD results with the chosen fluence steps, an additional sample series (C; XRD patterns in

Figure 6-25) was irradiated including fluences of 5x10° 3x10'! and 5x10'! ions/cm?.
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Figure 6-25: XRD patterns of as grown and irradiated amorphous Ge,Sbh,Tes (a-GST) films of Series C, with different fluence
steps compared to Series A. Starting at fluences of 3x10%! ions/cm? and above, a-GST films crystallize in the cubic phase.
Partially reproduced with permission from3%4, https://doi.org/10.1021/acsnano.2c04841, https://pubs.acs.org/doi/suppl/10
.1021/acsnano.2c04841/suppl file/nn2c04841 si 001.pdf (supporting information). The original publication is licensed
under a Creative Commons Attribution 4.0 License (CCBY) and published by AIP Publishing.

Combining the results of series A and C, the fluence threshold of phase transition of initially
a-GST films to the cubic phase of GST can be narrowed down to a fluence between 5x10'° and
3x10" ions/cm2. For GGST-films differing trends are observed in the XRD patterns (Figure
6-26).
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Figure 6-26: XRD patterns of as grown and irradiated GGST-based samples consisting of amorphous Ge-rich GST (a-GGST,
Series D) and crystalline Ge-rich GST (cry-GGST, Series E) with changes occurring at increasing fluence in cry-GGST films only.
Si substrate reflections are marked with a *. Partially reproduced with permission from3>4, https://doi.org/10.1021/acsnano
.2c04841. The original publication is licensed under a Creative Commons Attribution 4.0 License (CCBY) and published by

American Chemical Society.
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In initially amorphous Ge-rich GST (a-GGST, series D) films, there are no changes visible in the
XRD patterns. The amorphous nature of these films seems to be still maintained even after
exposure to a fluence as high as 1x10* ions/cm2. In contrast, for initially crystalline Ge-rich
films (cry-GGST, series E), the reflections corresponding to the cubic phase of GST and cubic
Ge (space group Fd3m, ICDD 00-004-0545) vanish after ion exposure to more than
1x10' ions/cm?2. Already at a fluence of 1x10! ions/cm2, gradual changes of the crystalline
GST and Ge (typical phase separation in GGST) are visible when compared to the XRD patterns
obtained at lower fluences.

From the four different sample series shown, dependent on the initial amorphous or crystalline
nature as well as the composition of the Ge-Sb-Te-based films, different behaviors were found
after exposure to high-energy heavy ions. This could be a result of three different phenomena,
which will be discussed in the following:

(1) an overall temperature increase of the sample during ion irradiation
(2) bond-breaking occurring in the crystalline structure due to local temperature spikes
(3) a crystallization due to significant local temperature increase

As the ion flux during irradiation was not exceeding 5x10%ions/cm2s, beam-induced
temperature effects (overall sample heating) can be excluded. The overall sample temperature
is estimated to be not higher than 60 °C and therefore far below the crystallization and melting
temperature of the phase-change materials. Instead, the observed behaviors can be described
as a result of two competing mechanisms - bond-breaking versus crystallization/bond-formation
- caused by local thermal spikes around the ion trajectory. This is a consequence of the
dominating electronic interaction of the high-energy Au ions with the Ge-Sb-Te-based layers,
as the electronic energy loss in these films is as high as 34 keV/nm. The result is then
determined by the dominating process (bond-breaking or crystallization).

In cry-GGST films, bond-breaking seems to be dominant, as the reflections of the crystalline
phase vanish from the XRD patterns of cry-GGST films (see Figure 6-26) and an amorphous film
is obtained after ion exposure of 5x10'?ions/cm? and above. Gradual changes, as seen for the
cry-GGST films exposed to 1x10'%ions/cm? and for cry-GST films for fluences exceeding
1x10'ions/cm? (see Figure 6-26 and Figure 6-24, respectively) can again be a result of a
starting or partial bond-breaking.

In a-GST films (see Figure 6-24 and Figure 6-25), crystallization effects seem to be dominant,
as a cubic crystalline structure is obtained after irradiation. It is reasonable to assume that the
induced thermal spikes lead to a nucleation process and crystallite growth with corresponding
bond formation. Interestingly, the necessary fluence for the amorphous to crystalline phase
transition is significantly lower than the fluences observed for the transitions obtained for
crystalline films (series B and E). For a-GGST films of series D (see Figure 6-26), there are no
indications for a crystallization in the XRD patterns.

Overall, GGST films tend to have a higher radiation resilience than GST films, which especially
holds true for the amorphous state. GGST layers tend to maintain the disordered phase, while
this is less favorable in GST layers, where the crystalline phase seems to be more stable.
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Investigation of microstructure and composition: To obtain a more detailed understanding,
microstructural investigations were conducted and results combined with the XRD data to give
possible explanations for the observed changes. EDX and HAADF-STEM images of a-GST
exposed to 1x10* ions/cm? and of cry-GGST exposed to 7x10'? ions/cm? are presented in
Figure 6-27. For initially a-GST films, a crystalline structure with large grains is revealed after
irradiation (a). The crystallization process is validated by the corresponding nano-diffraction
patterns. Ge, Sb and Te are found to be well-distributed in EDX mappings. For initially
cry-GGST, nm-sized crystallites are present, which is especially visible in the NBED patterns by
few and low intensity nano-diffraction features (b). In EDX mappings, the characteristic
segregation of Ge and Ge-Sb-Te phases in GGST is revealed, which is maintained even after
irradiation at high fluences. These results confirm the aforementioned behavior of GGST films
having a higher thermal stability also on a microscopic scale. The high thermal stability of the
a-GGST films in particular is likely to be associated with the general higher temperature stability

due to the higher binding energies of these films when compared to a-GST films.2!1: 212,362

(a) a-GST 1x10'® ions/cm? (b) cry-GGST 7x10'? ions/cm?

Figure 6-27: EDX and HAADF-STEM images with nano-diffraction patterns of (a) as grown amorphous Ge;Sb,Tes (a-GST)
exposed to 1x1013 ions/cm? showing a crystalline structure with large grains and of (b) crystalline Ge-rich GST (cry-GGST)
exposed to 7x10%2 ions/cm? with nm-sized crystallites (visible from few and low intensity NBED patterns). EDX maps reveal a
uniform  distribution of elements for (a) a-GST and (b) a-Ge/GST segregation in  cry-GGST.
Reproduced with permission from3>4, https://doi.org/10.1021/acsnano.2c04841. The original publication is licensed under a
Creative Commons Attribution 4.0 License (CCBY) and published by American Chemical Society.

A comparable crystallization was observed by De Bastiani et al.**® in as grown (non-irradiated)
a-GST by Raman spectroscopy, where a reduction of initially present Ge-Te tetrahedral bonds
occurred. Those tetrahedral bonds are a characteristic property of a-GST. Similar structural
characteristics are likely in the presented a-GST films after ion exposure indicated by the
obtained crystallization (XRD and STEM results) and the maintained uniform elemental
distribution (of Ge, Sb and Te seen from EDX).

In contrast, the STEM results obtained from the initially cry-GGST films exposed to
7%x10'% ions/cm? (Figure 6-27 (b)) show nanocrystalline features, which are not obtained in
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the XRD patterns. It is reasonable that the overall crystalline long-range order is affected by
heavy ion irradiation at high fluence, while the short-range order is preserved. Additionally, the
typical elemental distribution with Ge/GST-segregation is maintained as confirmed by EDX.
Although the definition of phase-change materials includes the change between an amorphous
and a crystalline state, the term “amorphous” may also relate to a nanocrystalline structure of
still highly-disordered nature, especially if samples are only characterized by XRD. A preserved
short range order in the films is also believed to be the origin of the increased background
intensity visible in the XRD patterns 20 =~ 25° — 35° of all amorphous films, as it is present in
reported XRD patterns of amorphous Ge-Sb-Te-based phase-change layers.?”-2°® Similar to the
results obtained from irradiated m-HfO,, phase transitions in cry-GST and cry-GGST occur at
fluences above 1x10'? ions/cm2, which is likely to be related to a mechanism based on defective
track overlapping (as discussed for hafnium oxide in chapters 6.1.1 and 6.1.2). This is likely to
be also the case in Ge-Sb-Te-based phase-change layers, where a large localized temperature is
assumed to be required to induce a phase transition.

When directly comparing irradiated crystalline and amorphous films, ion irradiation is expected
to introduce a higher disorder in crystalline layers (short- and long-range order is affected),
where bond-breaking is likely. Reflection shifts or broadening in the XRD patterns can be a
result of a gradual change of the out-of-plane lattice parameter, increasing with higher fluences.
In cry-GST films, a hexagonal structure is still maintained, with only a slight loss of the initial
order (larger diffraction angle corresponds to a smaller lattice constant). At larger fluence a
larger damage is expected, especially at fluences, where track overlapping occurs (10'?ions/cm?
region). In amorphous films with an initially higher disorder, localized heating (thermal spike)
can lead to a crystallization. In a-GST films, a significantly lower threshold fluence (between
5x10'° and 3x10'" ions/cm?2) is necessary for the amorphous to cubic GST transition (as
mentioned above). This seems to be likely connected to single event effects than to the discussed
defective track overlapping.

It is reasonable to assume that the different behavior observed for different phase-change layers
after ion exposure is based on the different thermal conductivities of the materials. Heat transfer
and corresponding local heating is dependent on the thermal conductivity of the individual
material. A lower thermal conductivity in e.g., a-GST (about 0.19 W/m*K) when compared
to cry-GST (about 1.58 W/m*K; hexagonal)3¢*, leads to an increased temperature of the ion-
induced localized thermal spike. As a consequence, cubic nano-crystallites are formed in initially
amorphous films. This trend is also valid for GGST-based films but with the addition of having
larger binding energies when compared to GST-based films.

Electrical investigations of integrated 1T1R PCRAM: As phase-changes are the fundamental
mechanism behind the functionality of phase-change memory cells, electrical tests of irradiated
devices are required to assess their radiation hardness. Induced changes may have a crucial
impact on the overall functionality, especially in terms of distinguishability of the on state
(crystalline phase corresponding to the LRS) and off state (amorphous state corresponding to
the HRS). Electrical measurements on as grown and irradiated state-of-the-art wall-based
phase-change memory devices in a 1T1R arrangement were performed (compare chapter 4.7).
Resistance values obtained as a function of fluence are shown in Figure 6-28. It should be
mentioned that in GST-based PCRAM switching is often performed by reversibly changing

149



between the cubic phase and the amorphous state, while irradiation and XRD investigations on
full-sheet layers were performed only on hexagonal crystalline films. The initial crystal structure
is a result of the preparation process. It is reasonable to assume a similar behavior of both, the
hexagonal phase and the cubic phase of GST (e.g., with a thermal conductivity of about
0.57 W/m*K)364,
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Figure 6-28: Median device resistance values including +1c values of (a) GST- and (b) GGST 4kb (1T1R) arrays for the LRS (after
set) and HRS (after reset) as a function of fluence (250 devices each). The resistance values of GST-based devices decrease
with increasing fluence, while for GGST-based devices, the resistance values increase.
Reproduced with permission from3>4, https://doi.org/10.1021/acsnano.2c04841. The original publication is licensed under a
Creative Commons Attribution 4.0 License (CCBY) and published by American Chemical Society.

Similar to the radiation resilience of the full-sheet materials, integrated GGST-based PCRAM
devices (electrode area 103 um?2) also show a higher radiation resilience than GST-based devices.
For both cases, a clear memory window is found for all samples. Before discussing the trends
and possible reasons, it should be mentioned that only three (fluence) data points per memory
stack were determined, which can only grant an observation on the overall trend and a larger
data set would be required to be statistically more reliable. Electrical investigations 1T1R-arrays
exposed to fluences above 5x10'°ions/cm? were tried, but the access transistors were
damaged. This led to an inhibited data readout due to readout errors and even a full loss of
addressing the transistors in several cases. However, the presented data with certain trends of
the device resistances can function as a basis of a discussion, relating heavy ion irradiation-
induced structural and electrical property changes.

In general, two different trends are visible in Figure 6-28. For GST-based films, a decrease of
the overall HRS and LRS resistance occurs, while for GGST-based devices HRS and LRS
resistance values increase (values given in Table 6-3).

Table 6-3: HRS and LRS resistances of as grown and irradiated PCRAM devices based on 100 nm thick GST and GGST films.

material & state/fluence as grown 1x10° ions/cm? 5%10° ions/cm?
GST HRS 3.2x100Q 9.8x10° Q 4.2x10°Q
GST LRS 4.4x10% Q 1.1x10°Q 1.9x10* Q
GGST HRS 3.8x10° Q 7.1x10° Q 3.1x10% Q
GGST LRS 2.8x10% Q 3.2x10% Q 8.8x10%Q
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The increase of the resistance in GST-based devices in the LRS after 1x10° ions/cm?2 exposure
is likely to be a result of a structural relaxation. The drastic decrease of the LRS resistance and
the reduced memory window occurring with increasing fluence can easily result in a loss of the
memory state in GST-based devices at the highest fluence.

For GGST-based devices, the memory window is maintained or even increased. Two factors can
explain this opposite trend:

(1) a possible irradiation-induced phase transition as seen from full-sheet layer experiments
(2) beam-induced detrimental effects on the CMOS access transistor functionality

In cry-GST and cry-GGST, phase transitions have only been observed at higher fluences than
the ones used for electrical experiments of PCRAM. However, as the observed transition in
a-GST films to the cubic phase of GST occurs at lower fluences between 5x10' and
3x 10 ions/cm?2, which is close to the highest fluence of the electrical measurement, the
resistance reduction especially of the HRS is likely to be caused by a possible begin of a phase
transition (just initiated transition). The increased device conductivity occurring with higher
fluence can be a result of an increasing number of localized structural changes. However, the
detrimental effect on the access transistors cannot be excluded to have an influence on the
measurement of the 1T1R-arrays. As described in chapter 6.2.1, OXRAM characterization has
revealed that transistors are affected at 5x10'° ions/cm? and 1x10'2 ions/cm?, leading to an
increasing overall resistance. As for GST-based devices the overall resistance is decreasing with
increasing fluence also in the LRS, the detrimental process seems to be dominated by a starting
or ongoing phase transition. In GGST-based devices, the resistance values of both, the HRS and
LRS increase with increasing fluence, which is likely to be dominated by failures induced by
affected access CMOS transistors. This is most likely caused by single event effects, as seen from
the fluence range and also the small electrode area of about 10 um? (10 nm?). At a fluence
of 5x10' ions/cm2, only about 50 ions hit one memory cell on average. Despite the detrimental
effects induced by the heavy ions in transistors of the 1T1R-arrays, the memory gap of GGST-
based devices is maintained (good resistance range and ratio) and the device performance can
be rated as excellent, even after 5x10'° jons/cm? exposure.

In literature, investigations of phase transitions in combination with electrical data are scarce.
Some studies, using different projectiles such as light ions of low energy ions or protons?>® 257
365 report that no significant changes occur in irradiated PCM. Even for high-energy heavy ions,
only minor changes and small indications of a radiation-induced crystallization of amorphous
Ge-Sb-Te-based layers were reported.*® In context to literature, the presented irradiation
experiments on PCM full-sheet layers were conducted at higher ion energy and in a similar
fluence range (when compared to Kanda et al.?*®), clearly showing ion-induced phase
transitions (amorphous-to-crystalline, crystalline-to-crystalline, and crystalline-to-amorphous
phase transitions) as well as microstructural changes for films of different composition and
crystallinity irradiated using identical ion beam conditions. This shows the importance of
considering structural investigations of phase-change materials after irradiation experiments.
This holds true in the given case especially for a-GST with a crystallization occurring at fluences
right above 5x10'° ions/cm?2. Regarding literature reports on irradiated phase-change memory,
mostly single event effects occurring at low fluences were reported with no significant changes
of the electrical properties and functionality.?”>%’”> 272 For Ge-Sb-Te-based devices that were
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affected by 1.2 GeV Xe ions, again single event upsets were reported.?’® The reason for the
memory loss was assumed to be a radiation-induced localized amorphization at the interface of
the heating element and the phase-change layer.

The presented heavy (1.635 GeV Au) ion irradiation experiments in this chapter using clearly
revealed beam-induced changes of the electrical characteristics of phase-change memory
devices as a result of possible localized phase-changes due to bond-breaking and bond-creation
in GST-based films, which is strongly supported by structural results obtained, while for GGST-
based devices, changes are most likely (only) caused by affected CMOS access transistors.
Overall, the presented memories are found to be radiation-hard, withstanding the exposure to
large energy heavy ions and fluences.

6.5 Investigations of emerging memories exposed to heavy ions

On a greater, more general picture, some common but also differing effects occurring in
hafnium oxide- and Ge-Sb-Te-based memory materials and electronics after ion exposure were
revealed (as presented in sections 6.1 — 6.4).

In HfOx-based materials and devices, no matter if serving as a dielectric, resistive switching or
ferroelectric layer, two main influences on the characteristics are of great relevance: 1) induced
defects and 2) induced phase transitions. Heavy ion irradiation induces defective tracks with
defects in oxides, as preferentially oxygen vacancies. This can have a crucial impact on the
materials properties. With increasing fluence, an increased number of defects is created.
Especially resistive switching in oxide-based RRAM devices, where a conductive filament
composed of oxygen vacancies is created and ruptured, is dependent on the number,
distribution and movement of oxygen defects. Defect-induced phase transitions e.g., in hafnium
oxide occur, if a specific electronic energy loss threshold is exceeded and at the same time the
number of impacting ions is sufficient to achieve defective track overlapping,'! which is the case
for fluences around 10 ions/cmz2.

In highly crystalline HfO; films, a defect-induced crystalline-to-crystalline phase transition from
the monoclinic to a potentially rhombohedral phase accompanied by a significant grain
fragmentation occurring in the high fluence regime was revealed by combining conventional
methods such as XRD probing a macroscopic volume with high spacial resolution (S)TEM
analysis. The study further underlines the drastic changes in the microscopic structure and
induced phase transitions of the active materials. Especially in HfO.-based ferroelectric
memories, investigations of the crystal structure are of high importance, as ferroelectrics rely
on a good crystalline quality. Additionally, the composition of the active layer has a direct effect
on the ferroelectric properties of devices.

For Ge-Sb-Te-based phase-change materials, a quite similar conclusions can be drawn. Similar
to ferroelectrics, their functionality relies on crystallinity (changes) and phase stability. The
processes are not dominated by oxygen vacancies (in contrast to HfOx-based materials) but by
bond-breaking and bond-(re)creation, which is directly related to changes of the ordered or
disordered state. Properties and ion irradiation-induced phase transitions strongly depend on
the initial crystallinity and composition of the active layers. Changes can vary significantly and
are found to be present within a larger fluence range when compared to results from
experiments on HfO.-based layers.
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A good comparison of all memories can be done by comparing XRD patterns, which are showing
different (but connected) beam-induced phase transitions. An overview of exemplary stacks and
corresponding XRD patterns that serves as a summary for the observed phase changes as
described in sections 6.1 — 6.4 is given in Figure 6-29.
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Figure 6-29: Schematic overview of HfO,-, HfOx-, Zr-doped HfO, (HZO)-, Si-doped HfO, (HSO)-, Ge;Sb,Tes (GST)-based and
Ge-rich GST-based sample series. Representative XRD patterns of samples exposed to heavy ions are given, showing different
structural changes. Note that these are only a few examples.

Overall, the Au heavy ion irradiation experiments have revealed that for all presented material
systems the irradiation effects strongly depend on the initial crystallinity/crystal structure and
composition of the active layers. Therefore, a combination of XRD, STEM and electrical
investigations is highly adviced to overall obtain a clear picture in irradiated stacks as part of a

general roadmap when interpreting irradiation data. This is not only of interest for the given
case of high-energy heavy ions at high fluence, but also for other lighter ions or protons of lower
energy and fluence. (Similar) irradiation-induced phase transitions accompanied by variations
of physical or electrical properties can still occur but those are based on different mechanisms.
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7 Conclusion and Outlook

In this work, relevant influences on the switching characteristics of three emerging memory
types, in particular HfO,-based resistive and ferroelectric memories as well as Germanium-
Antimony-Tellurium (Ge-Sb-Te)-based phase-change memories and their response to heavy ion
irradiation were investigated.

First, different influences such as doping, the electrode choice and the oxide layer thickness on
the properties of hafnium oxide-based films and devices relevant for potential ferroelectric and
resistive switching applications were addressed. Therefore, specifically designed HfOx-based
model systems were investigated. Second, heavy ion irradiation-induced effects on material
characteristics with a focus on phase transitions as well as electrical switching properties of
emerging memories were studied. The most important findings of this work are summarized in
the following and an outlook for some attractive future studies is given.

7.1 Summary of the conducted studies

Synthesis of mixed Hf.Zr:xO2 thin films and electrical properties of Hfo.5Zro502-based
devices: A co-evaporation process yielding HfxZr1xO- films was successfully established using a
reactive molecular beam epitaxy deposition system. This routine is based on the simultaneous
evaporation of material from a Hf and a Zr metal source using electron beams and a direct
oxidation via a provided oxygen plasma. Hf,Zr,.xO thin films of 11 different compositions were
grown in a controllable manner on c-cut Sapphire substrates. The good control of the
composition and layer thickness was validated by XPS and XRR investigations, respectively. As
the potentially most-promising compound for ferroelectric applications in BEOL integration is
Hfo5Zr0502 (HZO), the established Hf,Zr,.<O, growth recipe was used to grow HZO films on a
TiN bottom electrode and the layer was capped with an additional TiN or Pt top electrode. Post-
deposition annealing studies of TiN/HZO/TiN stacks were performed, aiming a polar
orthorhombic phase of the HZO-films and therefore measurable ferroelectric properties.
However, all devices were found to be leaky in voltage-dependent electric polarization
measurements and repeatable resistive switching was found to be not possible. These
observations could be attributed to different potentially interconnected phenomena such as a
formation of a non-stoichiometric and poorly conducting TiONy or insufficient post-deposition
annealing and quenching steps.

Resistive switching in HfOs-based TCM and ECM devices: To address possible influences on
the resistive switching behavior of HfO,-based devices, three different switching studies were
conducted, focusing on the influences of crystallinity and doping, the electrode choice as well
as the oxide layer thickness on the switching behavior.

o Devices of four different stacks containing monoclinic and amorphous HfO,- and HZO-
switching layers sandwiched between two Pt electrodes (Pt/HfO, or HZO/Pt) were found
to be switchable with a non-polar behavior, which was attributed to a dominant
thermochemical mechanism in devices with two chemically inert electrodes (TCM). A clear
influence of the Zr-content on the switching behavior was not observed. The most important
result of this study is that the growth of amorphous HZO at room temperature leads to a
good layer quality and switchable memory devices could be prepared. Therefore, the high
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leakage and inhibited switching obtained in annealed TiN/HZO/TiN devices of the previous
study are most likely not directly caused by the growth conditions of the HZO films.

As the choice of the electrode can significantly affect the switching behavior of devices by
determining the dominating switching mechanism, the resistive switching properties of
HfO,-based devices with a Pt top electrode and with a Cu top electrode were compared
(Pt/HfO./Pt versus Cu/HfO2/Pt). Two different dominating switching mechanisms were
found i.e. a thermochemical mechanism in Pt/HfO,/Pt (TCM) versus an electrochemical
mechanism in Cu/HfO,/Pt (ECM) devices, which is further depending on the switching
mode. Most stable switching was found for URS for Pt/HfO./Pt (negative operation
voltages) and BRS in Cu/HfO./Pt (positive forming/set and negative reset voltages).
Additionally, the potential appearance of threshold resistive switching (TRS) was
investigated. However, TRS was not observed for the tested devices, which could be related
to occurring current overshoots during forming/set.

A resistive switching study focusing on the influence of the oxide layer thickness in
Cu/HfO2/Pt ECM devices was conducted, revealing a transition from a gradual to a more
abrupt reset occurring with increasing HfO, layer thickness. A qualitative model was
developed for the underlying switching mechanism, which includes a strongly Joule
heating-assisted resistive switching in ECM devices with thicker HfO, layers and an electric
field-dominated switching in devices with thinner layers. Additionally, an oxide layer
thickness-dependency of the conduction mechanisms was found, where devices containing
thicker films show an ohmic conduction, while devices containing thinner films show SCLC
conduction by injected electrons at increasing electric field in the set process. The obtained
changing of the device properties dependent on the oxide layer thickness is considered an
interesting finding for the community, as further downscaling of electronic components is
of huge interest for emerging memory applications.

Overall, the designed studies on HfO»-based model systems show a dependence of the switching

characteristics of resistive switching devices on the choice of the electrodes and on the oxide

layer thickness. Additionally, a growth routine was developed for Zr-doped HfO, films for

potential ferroelectric applications. A precise control of the layer composition of the Hf,Zr,.<O>

films was achieved.

Heavy ion irradiation-induced phase transitions in HfOx films: Stoichiometric and oxygen-

deficient HfOy full-sheet layers were exposed to high-energy Au heavy ions for investigations of

the beam-induced phase transitions occurring in hafnium oxide.

o}

In HfO; films, a defect-based phase transition from the monoclinic to a rhombohedral phase
was found. This conclusion was possible due to a comparison of XRD results of irradiated
films to XRD and XPS results obtained from non-irradiated, oxygen-engineered HfOy films
of different stoichiometry ranging from HfO, to HfO, 1, for which a strikingly similar phase
transition was found with decreasing oxygen content. The irradiation-induced transition is
fluence-dependent, starting in the region where significant defective track overlapping
occurs. This result is in accordance to literature descriptions, where the phase transition
mechanism in hafnium oxide powders was described as a double impact mechanism.!! A
first ion impact likely leads to the creation of a defective volume with introduced oxygen
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vacancies, while a second impact of this volume leads to a transformation of the phase along
the ion trajectory. The transition only occurs if a threshold for the electronic energy loss of
about 18 keV/nm is exceeded. This condition is fulfilled for the irradiated films, where
1.635 GeV Au ions lead to an electronic energy loss of about 53 keV/nm in the HfO- layers.
In contrast to literature, where a tetragonal phase was found in powders after ion
exposure'!, the occurring phase in HfOx films can be attributed to the rhombohedral
structure. However, it should be mentioned that a clear distinction of the different known
hafnium oxide phases with a very similar crystal structures such as the tetragonal,
rhombohedral or cubic phases by XRD remains challenging, especially for irradiated films
showing a broadening of reflections with an increased number of induced defects at higher
fluences. All these phases are structurally closely related, as the tetragonal or rhombohedral
structures of hafnium oxide are slightly distorted variants of the cubic structure.

By combining XRD analysis with STEM methods with a high special resolution, more details
on the phase transition could be revealed. First, the crystalline-to-crystalline phase
transition in HfO, films was confirmed by the results of a developed pattern matching
routine performed on a recorded SPED dataset.>?® Second, the phase transition was revealed
to be accompanied by a significant grain fragmentation in HfO, films exposed to
5x10'2 jons/cm?2. With this information, the observed reduction of reflection intensities of
the monoclinic phase after ion exposure in the XRD patterns of thin films could be explained
by the obtained grain fragmentation and is not a result of an amorphization of the material.

For as grown, oxygen-deficient rhombohedral hafnium oxide films exposed to heavy ions, a
decrease of the out-of-plane lattice constant with increasing irradiation fluence is found
from XRD investigations. This is likely related to an increase of induced defects in the form
of oxygen vacancies.

Connection of heavy ion irradiation-induced phase transitions and electrical properties of
HfO2-based OxRAM, doped HfOs-based ferroelectric capacitors for FeRAM applications as
well as Ge-Sb-Te-based PCRAM: The obtained phase transition in HfO, can be correlated to
results obtained from OxRAM characterization. Similarly, induced phase transitions in doped
HfO,-based ferroelectric layers and in Ge-Sb-Te-based phase-change layers can further be
related to the obtained electrical performance of the respective emerging memories.

O

For OxRAM exposed to high-energy heavy ions, a remarkable radiation-hardness was found.
The investigated 1T1R arrays show stable switching with two distinct memory states up to
fluences of 5x10'%ions/cm2. At higher fluences, the access transistor is affected by the
heavy ions. After an exposure to 1x10!?ions/cm2, a reduced switching performance is
overall found, however, the functionality of 1R memory cells is still preserved. At this
fluence, already about 50 % of the device area can be impacted by defective tracks. The
induced defects seem to be not yet detrimental for the memory cell functionality, however,
the defect-induced phase transition in HfO, becomes more probable with increasing fluence.
Thus, more unfavorable effects, like the formation of a conductive oxide layer can be
expected for larger fluences.

In Zr- and Si-doped ferroelectric stacks, an irradiation-induced phase transition at fluences
above 1x10!2ions/cm? from the polar orthorhombic to likely a non-polar cubic or
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tetragonal phase is found, which was determined based on a combination of an XRD study
with electrical measurements. The transition to an electrically conducting rhombohedral
phase is not likely, as ferroelectric properties could be measured after irradiation, which is
only possible for insulators. While the remanent polarization of ferroelectric capacitors was
found to be decreasing with increased fluences, a partial recovery was achieved through
post-cycling of the devices after irradiation. This could be explained by an electric field-
induced transformation of the non-polar phase back to the polar phase. The irradiation-
induced phase transition in pure HfO, was found to be accompanied by grain fragmentation,
which is probably similar for doped HfO5 films. As this fragmentation is not reversible during
cycling, the remanent polarization of ferroelectric devices exposed to high fluences could
not be fully-recovered. However, the tested devices were found to be functional even after
the exposure to 2.4x10'%ions/cm2, revealing an excellent radiation-hardness of
ferroelectric capacitors in the electronic energy loss regime.

o For Ge-Sb-Te-based phase-change materials, phase changes obtained from XRD
investigations on GST- and Ge-rich GST-based layers could be explained by the effects of
bond-breaking and bond-formation occurring due to local temperature spikes, where the
dominating effect determines the resulting crystallinity of the active layers after irradiation.
The dominating effect was found to be strongly depend on the initial crystallinity and
composition of the layers. While in amorphous GST films, bond-formation was found to be
dominant, which leads to a crystallization of the layer, the amorphous state in GGST films
was found to be extremely stable. In contrast, bond-breaking was dominant in crystalline
GGST films, while GST films were revealed to be less affected. These effects could be directly
related to the physical properties such as thermal conductivity of the phase-change
materials, where especially the high-stability of the amorphous phase of GGST is
outstanding. The beam-induced phase transitions were again directly connected to the
stability of the resistive memory devices. Obtained PCRAM devices were overall found to be
radiation-hard, withstanding the exposure to at least 5x 10 ions/cm2. However, GGST-
based PCRAM devices were found to be more stable than GST-based devices, which could
be directly related to a starting phase transition from the amorphous to the crystalline phase
in GST. The reduced switching performance of the 1T1R arrays at higher fluences was
attributed to the affected access transistors, which is similar to tested OxRAM arrays.

Overall, from the obtained ion-irradiation induced phase transitions occurring in the electronic
energy loss regime, an improved understanding of the basic mechanisms could be reached. This
was achieved by combining different characterization methods such as XRD, XRR, XPS and
electrical characterizations as well as different STEM methods. All three tested emerging
memory types were found to be extremely radiation-hard, withstanding the impact of at least
5% 10 Au ions/cm2 with an energy of 1.635 GeV. The identified high radiation-resilience of
the tested emerging memories enables a use in radiation-intensive environments.

Moreover, combining the resources of different research groups has led to a fruitful cooperation
with the partners from CEA-Leti, LTM CNRS, Fraunhofer IPMS CNT and the Advanced Electron
Microscopy group of Prof. Leopoldo Molina-Luna at TU Darmstadt, where several joint scientific
works could be published.®® 64 131. 281, 293, 326, 354 A fy]] list of publications and conference
contributions is given at the end of this work (dissemination).
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7.2 Future studies

Resistive switching in oxide-based devices: In general, memristors based on hafnium oxide are
promising candidates for future memory applications replacing or supplementing existing
memory technologies. However, further investigations of the switching properties are required
to better understand the memory functionality and to improve the resistive switching
characteristics. This is of particular interest for ECM devices showing a non-volatile switching
behavior usable for memory applications but also potentially a volatile behavior (threshold
switching) that can be used to create working selectors, which can replace transistors in arrays.
This becomes relevant in particular for integrated devices in 3D, where sneak path currents
have to be avoided. As the true nature for the occurrence of TRS in ECM devices is not known
yet, additional studies are required.

Investigations on specifically designed model systems such as Cu/HfO,/Pt but also Ag/HfO,/Pt
single capacitor devices can help to gain a better understanding of the occurring switching
processes. Doping of the HfO,-layers by Cu or Ag, respectively, can help to achieve a better
switching uniformity. As TRS seems to be influenced by the presence of oxygen vacancies in the
oxide layer®® 224 it is of particular interest to study the dependence of the switching behavior
of the ECM devices on the oxygen content of switching layer. A precise modification of the
oxygen content can be achieved via electron beam evaporation of Hf from a metal source and
in situ oxidation utilizing an oxygen plasma in the reactive molecular beam epitaxy setup used
in this work. To prevent oxidation of substoichiometric hafnium oxide films, the stacks have to
be in situ-capped. For a successful device preparation, ion beam etching can be used,
considering the preparation workflows described in this work. For future investigations and to
take a step towards real applications, crosspoint structures and further on crossbar structures
have to be created. This includes the usage of access transistors or the development of selectors.
Furthermore, when moving away from model systems for real applications, e.g., Pt electrodes
should be replaced by a CMOS-compatible material such as TiN.

Currently, extensive research activities are found in the field of neuromorphic computing, which
can be seen from a rapidly increasing number of publications and conference contributions. In
principle, different emerging memory types such as redox-based, ferroelectric and phase-change
memories were recently demonstrated to be suitable for such applications. Especially oxide-
based resistive switching devices show very promising characteristics such as an analog
(gradual)>® 8! switching, which is potentially useable for multibit operations and neuromorphic
applications. Synaptic plasticity as found in the human brain can be emulated in resistive
switching devices by applying different voltage pulses. This paves the way towards future
artificial intelligence, which represents a huge field of interest.

Heavy ion irradiation experiments: The cooperation with the Advanced Electron Microscopy
Group of TU Darmstadt has led to the development of a pattern matching routine usable for
SPED datasets of as grown and irradiated HfO, films. More information on the workflow of
integrating a 4D-STEM SPED data set were published in the open repository TUdatalib,
including the raw data.??® This pattern matching routine was already successfully applied to
data obtained from as grown 20 nm thin oxygen-deficient HfO, 7 films and can be in principle
applied to other datasets. Furthermore, an improvement of the established routine is striven,
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implementing e.g., the (calculated) structure of the rhombohedral phase found in hafnium

oxide.'?8

The results obtained from the various heavy ion irradiation experiments conducted in the frame
of the project WAKeMeUP together with the cooperation partners CEA-Leti, LTM CNRS and
Fraunhofer IPMS CNT led to the planning of further irradiation experiments. For this, a beam
time proposal was written. The granted beam time is part of the currently running project called
StorAlge. More information on the projects are given in the dissemination part at the end of
this work. The planned new experiments include the irradiation and investigation of more
complex ferroelectric circuits than the reported capacitor stacks as well as phase-change
memory-based ovonic threshold switches to compare the behavior to the obtained damaged
access transistor circuitry of 1T1R arrays in this study. As OTS can potentially be used to replace
transistors in circuits, the radiation-resilience of these comparably new material systems has to
be tested. More than 200 samples were recently prepared by the project partners and were
irradiated at the GSI Helmholtzzentrum fiir Schwerionenforschung in Darmstadt.

For additional studies, the irradiation of oxygen-deficient amorphous hafnium oxide films with
regards to a potentially induced phase transition is of interest, including extensive structural
investigations. This is believed to give additional information on the nature of the obtained
phase transitions in oxygen-deficient crystalline films. Furthermore, the investigation of
stoichiometric m-HfO,- as well as oxygen-deficient r-HfOx-containing (in situ-capped) devices
exposed to high fluences could be interesting to test their memory functionality and to connect
the results to the described induced phase transition in HfOx. Electrical on-line measurements
with high-energy single ions of programmed arrays could be an addition.
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Appendix Figure 1: XRR pattern and corresponding RCRefSim3%5 software fit of a HZO/TiN/c-cut Sapphire sample. Values of
the relative density and roughness of the layers is given additionally. Note that HZO films were found to have a slightly
lowered density compared to pure HfO; films123,
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Appendix Figure 2: XRD pattern of a post-annealed TiN/HZO/TiN stack. The HZO film grown on a (002)-oriented MgO
substrates plus (200)-TiN bottom electrode with potentially orthorhombic reflections. The good quality of the bottom
electrode is indicated by the present Laue oscillations visible around the merged MgO (002) substrate and TiN (002)

reflections.
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Appendix Figure 3: (a) XRD patterns of sputtered TiN films on c-cut Sapphire substrates with a corresponding resistivity value.
N/A labels a non-detectable too high resistivity for the measurement setup. Room temperature resistivity measurements
were performed in van der Pauw geometry (eliminating contact resistances). Therefore, Au patches were sputtered through
a shadow mask on the corners of the TiN surface (comparel43). (b) XRD pattern of a post-deposition annealed Pt/HZO/TiN
stack in comparison to a pattern obtained from a post-deposition annealed TiN/HZO/TiN stack. For both HZO layers, a
characteristic reflection at around 26 = 30° is visible, still the reflection of the HZO layer in the Pt TE stack is found at slightly
larger angles. Additionally, the potential (200), reflection is more pronounced.

Height Sensor 6.0 ym
Appendix Figure 4: Exemplary AFM topography image of a Pt film on c-cut Sapphire showing a low roughness of the sputtered
Pt layer. The image was taken with a Bruker Icon atomic force microscope (Bruker, Billerica, MA, USA) in amplitude
modulation (tapping) mode. The setpoint-amplitude to free-amplitude ratio was set between 45 % and 55 % and a cantilever
of the type RFESP-75 provided by Bruker was used (nominal force constant: 3 N/m, nominal resonance frequency: 75 kHz).
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Appendix Figure 6: Exemplary current-voltage curves of Pt/HfO,/Pt devices revealing possible switching under (a) negative
forming/set & negative reset, (b) positive forming/set & positive reset, (c) negative forming/set & positive reset and
(d) positive forming/set & negative reset.
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Appendix Figure 7: Exemplary current-voltage curves of Cu/HfO,/Pt devices revealing possible switching under (a) negative
forming/set & negative reset, (b) positive forming/set & positive reset, (c) negative forming/set & positive reset and
(d) positive forming/set & negative reset.
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Appendix Figure 8: XRD patterns of as grown and irradiated 10 nm thin m-HfO, films grown on TiN/SiO,/Si substrates. After
irradiation with fluences above 1x10%2 jons/cm?, reflection intensities corresponding to the crystalline HfO, layer vanish.
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Appendix Figure 9: NBED patterns and XRD patterns of the 200 nm thick hafnium oxide films (as grown versus
5x10'2 jons/cm?) with rotational averages of the position averaged nanobeam electron diffraction (PANBED) patterns from
the m-HfO, and LTP c-HfOx phases of the ACOM datasets. Simulated theoretical peak positions and intensities were deduced
from VESTA. Classification of NBED patterns was performed by template matching. The monoclinic and cubic phase can clearly
be separated, although the angular resolution is limited (electron probe convergence of 5 mrad). However, cubic or
rhombohedral phase cannot be (easily) distinguished. * Note that the routine was performed using a cubic structure of
hafnium oxide (space group: ICDD 04-011-9018, a = 5.06 &) for the oxygen-deficient phase occurring in HfO,, which is in
accordance with the used pattern matching routine. Figure partially reproduced with permission from34,
https://doi.org/10.1021/acsnano.2c04841; https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c04841/suppl file/nn2c0484

1 si 001.pdf (supporting information). The original publication is licensed under a Creative Commons Attribution 4.0 License
(CCBY) and published by AIP Publishing.
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Figure 1-1: (a) Schematic representation of the common von Neumann architecture. Blue
arrows indicate the bus connections, while the red path shows the immediate data flow.
(b) Representation of the von Neumann bottleneck. (c) Schematic of the currently
established memory hierarchy. The width of the schematic pyramid indicates the storage
capacity of the different memory (on each level). Increasing property trends are
represented by arrows. Created using information from 7161920 .. ... 2

Figure 1-2: Emerging memory classification scheme including ferroelectric (red), magnetic
(green) and phase change memories (yellow) as well as redox-based resistive memories
(blue) as memory types. While this displays an overview of some important examples, a
multiplicity of additional concepts exist which are here summarized as others (grey boxes).
Additionally, the operation principle among different memory types can overlap (e.g.,
ferroelectric tunneling junctions are based on the resistance change but also using a
ferroelectric layer). Created using information from 7-2%3%37 . ... 4

Figure 1-3: Schematic representation of switching mechanisms in FeRAM, MRAM, PCRAM and
redox-based RRAM. (a) Ferroelectric switching relies of dipole moments (remanent electric
polarization) in a ferroelectric material switched by an electric field. (b) In a magnetic
tunnel junction (MTJ), the magnetization (direction) of a free layer can be switched by
applying a magnetic field, leading to either a parallel or an anti-parallel orientation. (c) In
phase-change memories, a chalcogenide material is switched between a crystalline and an
amorphous phase by Joule heating induced by a current. (d) In redox-based resistive
memories (filamentary) which are based on the movement of ions, a conductive filament
composed of oxygen vacancies (oxygen-deficient/metal-rich region) or metal atoms is
reversibly (re)formed and ruptured. Redrawn after®®. * Ferroelectrics are also
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Figure 2-1: Schematic representation of device stackings with an oxygen vacancy filament
(bright blue) and a Cu filament (orange) and related changes during forming, reset and
subsequent set on the example of bipolar resistive switching in a VCM Pt/HfO,/TiN device.
(a) A Pt/HfO./TiN stack with oxygen vacancy filament formed when a negative voltage is
applied to the top electrode. This process is dominated by a valence change mechanism
(for bipolar resistive switching), thus called VCM. (b) A Pt/HfO,/Pt stack, where oxygen
vacancy filament formation and rupturing is dominated by a thermochemical mechanism,
thus called TCM. (c) A Cu conductive filament in a Cu/HfO,/Pt ECM device. The process
is dominated by an electrochemical mechanism. (d) Starting from a pristine state of the
insulating HfO, layer, a forming step is required where an oxygen vacancy filament is
stabilized in VCM. This filament can be ruptured in a reset process and (re-)stabilized in a
subsequent set. In real devices, the filament in 3D is considered to have a diameter in the
tenth of NANOMELET-TANZE.”” ......ieciuiieeiieeeeieeeeteeeeteeesteeesteeesteeesseeesseeessseessseessseeans 13

Figure 2-2: Schematic representation of current-voltage (I-V) curves for (a) unipolar resistive
switching — URS, (b) f8-bipolar resistive switching (BRS f8), (c) cf8-bipolar resistive
switching (BRS cf8), (d) complementary resistive switching (CRS) and (e) threshold
resistive switching (TRS). The set starting from the HRS is given in blue, while the reset
starting from the LRS is given in red. cc marks the current compliance. Drawn with
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Figure 2-3: Exemplary crystal structures of the polymorphous hafnium oxide with Hf ions in
gold (larger) and O ions in red (smaller). (a) monoclinic HfO,, space group P2i/c, (b)
tetragonal HfO, — P4,/nmc, (c) orthorhombic HfO, — Pbca, (d) orthorhombic HfO, — Pnma,
(e) orthorhombic HfO, — Pca2; (ferroelectric, mostly doped HfO.), (f) cubic HfO, Fm3m,
(g) oxygen-deficient rhombohedral HfO:;s — R3m. Created using VESTA!?°, with
information from ICDD PDFs (P21/c, P42/nmc, Pbca, Pnma, Fm-3m) and density functional
theory (DFT) calculations (Pca21 3% 131, R3M8)......coooiiieieeeee et 18

Figure 2-4: (a) PZT cell with two distinct polarization states originating from the displacement
of the center ion from the unit cell center. (b) Exemplary electric field-dependent electric
polarization loop with remanent polarization P;, saturation polarization Ps; and coercive
field E.. Additionally, the achievable distinct remanent polarization states are represented
by the minima of the Helmholtz Free Energy F and the moving green ball. (c)
Representation of the Pca2: orthorhombic crystal structure of ferroelectric hafnium oxide.
Created with information from> 7. ........ccccueiriiiiiiieeeiee e 25

Figure 2-5: A 1T (FeFET) with the ferroelectric capacitor integrated in the gate stack, and a
1T1C memory cell with the ferroelectric capacitor connected to the drain of a FET.
Redrawn after’. The insulator is a non-ferroelectric dielectric material, like SiO,. Metal
electrodes are presented in yellow. An n-type metal-oxide-semiconductor field-effect
transistor (n-type MOSFET or NMOS) is represented in grey and black (n+/p/n+ with a
CONAUCEIVE CHATINIEL) . . eeneie ettt et e e et e et e et e e ae st e etesaeseeseesenasannns 27

Figure 2-6: (a) Schematic of a mushroom cell, where the programmable region of a phase-
change material is changing between the crystalline and amorphous phase, and a schematic
time-dependent temperature profile for set, reset and readout operation with
corresponding phase changes indicated. Tmei: = melting temperature, Teys: = crystallization
temperature as labeled. Figure reproduced with permission from T. Schenk et al.’,
https://doi.org/10.1088/1361-6633/ab8f86; (b) Ternary diagram for Ge-Sb-Te materials
for phase-change applications with Ge,Sb,Tes (GST225) and Ge-rich GST (GGST) labeled.
Note, that this is an example and not representative for the multitude of different
compounds Published............cooiiiiiiiiiiiiiiie 29

Figure 2-7: (a) Schematic of a typical 2D array with reading current (blue path) and sneak
current (red path). (b) Schematic of a 3D 1S1R array (shared bit line). (a) and (b)
reproduced with permission from Seok et al.??°,
https://doi.org/10.1002/adfm.201303520, © 2014 WILEY-VCH. (c)-(f) 1S-1R device
configuration consisting of a Pd/Ta;0s/TaO,/Pd memristor and a Pd/Ag/HfO./Ag/Pd
selector with corresponding current-voltage characteristics. (c) Scanning electron
microscopy image of the selector and memristor (top view, left) and transmission electron
microscopy image of the cross section (right). b) Bidirectional threshold switching (cycling)
of a Pd/Ag/HfO,/Ag/Pd selector. c) Repeatable bipolar memristive switching of a
Pd/Ta;0s/Ta0,/Pd memristor. d) Current-voltage (combined) characteristics of the
vertically integrated 1S and 1R cells. Reproduced with permission from Midya et al.''?,
https://doi.org/10.1002/adma.201604457, © 2017 WILEY-VCH. .........cccceveviiinninnnnns 31

Figure 3-1: Schematic representation of the nuclear and electronic energy loss in dependence
of the specific energy of the projectile in a double log presentation (left). Defect formation
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at low specific energies is dominated by nuclear energy loss, while at higher energies, the
electronic energy loss leads to complex defects and track formation. Redrawn after®3!. .34

Figure 3-2: Schematic representation of the energy loss dE/dx in dependence of the path length
(Bragg curve). Most energy is deposited before the ion stops. The ion range is defined as
the integral of the reciprocal energy loss (dE/dx)! over the full ion energy. Heavy ions with
the same specific energy have a similar ion range in the same target material. Redrawn
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Figure 4-1: Schematic of the reactive molecular beam epitaxy setup used in this work with load
lock chamber, UHV growth chamber, corresponding pumping systems (backing and turbo
pump), manipulator with substrate and shutter, RHEED system, QCM sensors as well as
electron guns, crucibles and radical sources). Figure from Buckow et al.?®,
http://dx.doi.org/10.1088/0953-2048/26/1/015014. © IOP Publishing. Reproduced
with permission. All rights reserved. .........cccviiiiiiiiiiiiiiiiiiieeee e 42

Figure 4-2: Schematic growth and related processes occurring and schematic representation of
the Frank-Van der Merwe, Volmer-Weber and Stranski-Krastanov growth modes. Redrawn
with information from?88 282, ... e 44

Figure 4-3: (a) Schematic representation of different electron scattering geometries and
crystalline structures of films (left) with representation of the Ewald sphere construction
(middle) and RHEED diffraction patterns (right). Figure taken from Tang et al. %,
http://dx.doi.org/10.1088/0022-3727/40/23/R01; © IOP Publishing. Reproduced with
permission. All rights reserved. (b)-(e) Exemplary RHEED patterns of (b) a crystalline
(cubic) TiN film with a flat surface grown on c-cut Sapphire, (c) a crystalline m-HfO, film
on TiN/c-cut Sapphire (island growth), (d) an amorphous HZO film (only blurred rings),
(e) a c-cut Sapphire single crystalline substrate with an atomically flat surface.............. 44

Figure 4-4: (a) Cu (orange) and Hf (grey) source with a Cu and Hf pellet. Those pellets are
molten inside the crucible utilizing the electron beam to create the respective source. (b)
Glued one, two and four TiN/SiO2/Si 5x5 mm?2 pieces as substrates on substrate holders.
(c) from left to right: Backside contacts of a gold QCM, clean front side, and front side of
a QCM covered with Hf. As a size reference, a 50 Cent coin is shown in images. ........... 45

Figure 4-5: Schematic representation of applied stack preparation possibilities used. The two
workflows are named “with IBE” and “without IBE”. Both yield the same stacking with
30 um X 30 um patches (device area). Additionally, an exemplary microscopic top view of
the sample surface with four devices iS SHOWN. .........uuvviiiiiiiiiiiiiiiiiiiiiiieaeaees 52

Figure 4-6: Schematic representation of the UNILAC at GSI in Darmstadt. Ions from one of the
ion sources are pre-accelerated in the high current injector. At the gas stripper, the charge
state of the ions is increased and then the ions are further accelerated in a four-tank Alvarez
structure. The beam can be delivered to different experimental stations in the UNILAC hall
or injected into the heavy ion synchrotron SIS 18. Figure adjusted from GSI website, where
additional information can be found.??8...........c.ccooviiiiiiiieriieeeee e 54

Figure 4-7: (a) Geometric visualization of Bragg’s law with the incident beam being diffracted
at the layers of atoms in the angle 6, depending on the distance of the lattice planes d and
the wavelength A. (b) Schematic arrangement of the parallel beam four-axis goniometer
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setup and the optical path with corresponding variable axis with angles 6, w, x (tilting), ®
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Figure 4-8: Exemplary XRD patterns of polycrystalline powders simulated using VESTA'??, with
information from ICDD PDF and corresponding crystallographic information files (for
P21/c, P4>/nmc, Pbca, Pnma and Fm3m) and DFT calculations (for Pca2; 3% 3! and R3m'%8).
The lattice parameters and simulated pattern of the r-HfO, 5 phase is very close to those
obtained from experimental data'?®, The most-relevant reflections for the discussions in
this work are indexed. ......ooooueeiiiiiiiiii e 59

Figure 4-9: Four-sample stage with four exemplary 5X5 mm2 samples placed at the positions
1-4. This stage is then mounted to the XRD setup. The distance between the samples is
necessary to prevent interference from unwanted scattered X-rays from neighbouring
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Figure 4-10: Exemplary XRR pattern with information like density, film thickness and surface
roughness obtained from critical angle, slope and oscillations. Figure drawn from
experimental data of a HfO, film grown on TiN/c-cut Sapphire. Labeled with information
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Figure 4-11: (a) Energy scheme of the emission of a photoelectron (red) with energy relations
of sample to spectrometer work function. (b) Exemplary XPS survey of a 14 nm thick
Hfo.5Zr050 film that was grown on c-cut Sapphire with most important lines labeled.... 63

Figure 4-12: Schematic setup of a TEM (left) and a STEM (right) with electron beam paths.
Redrawn using information from literature3®3!>, Note that these are simplified
representations (without a two-part objective lens drawn for TEM; without a first crossover
drawn). Additionally, a schematic representation of different STEM annular detectors used
for image recognition in different modes (BF, ABF and HAADF), dependent on the angular
range of the (diffracted) electron beam. ..........ccceivviiiiiiiiiiiiiriiiiiiee e 66

Figure 4-13: (a) Keithley measurement setup with a contacted device and a part of the top
electrode tip visible on the monitor screen, (b) Schematic setup of a contacted device to
RPMs and SMUs (and potentially usable PMUs). The arrows represent contact tips....... 70

Figure 5-1: (a) Schematic of the stacks containing HfiZri«O> films on c-cut Sapphire. (b)
Exemplary XPS spectra and fits of the Hf4f and Zr3d lines corresponding to the Hfo.5Z1050:
film. A Shirley-type background was subtracted. (c) XRR patterns of the Hf,Zr,.xO films of
different composition grown on c-cut Sapphire. Note that the given compositions are the
measured (XPS) compositions, while HfO, and ZrO, act as references. (d) XRD patterns of
the HfiZr1 <O polycrystalline films of different composition grown on c-cut Sapphire,
crystallizing in a monoclinic (indexed in black) and potentially tetragonal structure
(indexed in red). Note that an orthorhombic, cubic or rhombohedral structure is also
possible. The increased background (“broader bump”) between 30° and 38° stems most
likely from an interface effect between c-cut Sapphire substrate and HfiZr;<O- film due to
for example the possible formation of nano-crystallites. This result is comparable to
literature reports on pure HfOy films grown on c-cut Sapphire.'*..........cccociveviiieniinne 77
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Figure 5-2: Schematic representation of the TiN/HZO/TiN stacks prepared and investigated,
(b) XRD patterns of as grown (red) and post-deposition annealed (green; 600 °C for 20 s)
TiN/HZO/TiN stacks of polycrystalling Nature. ...........ooeeeeviiriieeeeeeiinniiiieeeeeeeeeesineneees 79

Figure 5-3: XRD patterns of exemplary post-deposition annealing attempts (heating rate: 15 —
20 K/s, holding time: 20 — 60 s with an IR laser system in 380 Torr nitrogen atmosphere)
of HZO-containing stacks. Annealed HZO layers are (at least partially) crystallized,
showing a characteristic reflection at around 28 = 30.25° which could be assigned to the
polar orthorhombic phase of HZO. .......ccooiiiiiiiiiiiiiiiee e 80

Figure 5-4: Electric polarization measurement curves for (a) an annealed TiN/HZO/TiN stack
showing a leaky behavior and (b) a reference Pt/HfO,/TiN stack showing dielectric
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Figure 5-5: Resistive switching characteristics of post-deposition annealed TiN/HZO/TiN
devices with a potentially polar orthorhombic crystalline structure. (a) Achieved forming
step and failed first reset (reset try). (b) Partial/step-wise resets seen for negative and
positive voltage up to =20 V apPlied. .......uuuuuuuirureriiriiiiiiiieiiiieeeeeeeeeeeeeeeeeeeeeereeeeee——————. 85

Figure 5-6: XRD and XRR patterns of stacks with a) m-HZO film grown at 300 °C, b) a-HZO
film grown at RT, (c) m-HfO; film grown at 300 °C, (d) a-HfO film grown at RT. The (111)
reflection of the cubic Pt cubic electrodes and the c-cut Sapphire substrates are also visible.

Figure 5-7: (a) Schematic representation of the investigated stacks and corresponding BRS I-V
curves of (b) m-HZO- and (c) a-HZO-containing stacks. The color coding from dark to light
blue/green indicates the increased number of cycles for set/reset, respectively.............. 88

Figure 5-8: Current-voltage curves for URS of m-HZO-containing devices under (a) positive bias
voltage polarity and (b) negative bias voltage polarity. The color coding from dark to light
blue/green indicates the increased number of cycles. ...........ceeeeiiiiiiiiiiiiiiiiiiiiiieee, 88

Figure 5-9: Cumulative probability plots of (a) forming voltage, (b) reset voltage and (c) set
voltage for the four different investigated stacks. Values were obtained from URS with
negative set and reset voltages for 30 devices each. Note that in the shown plots absolute
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Figure 5-10: (a) Schematic device stacks with a Cu versus Pt top electrode and (b) cumulative
probability plot of the leakage current for the two different stacks. Pt top electrode-based
devices have much higher leakage currents than Cu top electrode-based devices. Note that
the devices size (top electrode area) is 30x30 um?2. The dotted line labeled cc marks the
value of 1 mA used as the current compliance. (c) Cumulative probability plot of the
forming voltage for both stacks for positive and negative polarity with the lowest values
obtained for Cu/HfO,/Pt stacks for positive VOItages. .........cceveerrrvcuiirieeeeeerrniiiiiieeeeeennn 90

Figure 5-11: Representative 50 endurance cycles of Pt/HfO./Pt devices of (a) URS (negative
set) and (b) BRS (negative set). These results are indicating a non-polar switching behavior
with a large operation voltage variance ViSible. ........cooeeeeeeeiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee e 92

Figure 5-12: Representative cycles of a Cu/HfO,/Pt devices of (a) BRS (negative set), (b) URS

(positive set), (c) URS (negative set) and (d) BRS (positive set), all showing a different
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behavior strongly dependent on the operation mode. After the last shown reset routine in
positive polarity ((a) and (b)), the devices face a hard-breakdown (permanent set to the
[0 a1 =1 () N 93

Figure 5-13 Schematic representation of the device stacks with different HfO, layer-thicknesses
(20nm, 15nm, 10 nm, 7 nm, 5 nm, and 3 nm) on Pt bottom electrodes and c-cut Sapphire
substrates, with Au/Pt/Cu top electrode layers. Additionally, a high-angle annular dark-
field image (HAADF) showing the presence of a crystalline 10 nm HfO,-film sandwiched
between the two metal electrodes (Cu - dark; Pt - bright) and a high crystallinity of the
10 nm thick HfO, film is given. In the annular bright-field image (ABF), the crystalline
nature of the electrodes can be seen. An Average Background Subtraction Filter (ABSF)
was applied to the initial STEM images.>*® Figure partially reproduced with permission
from®¥’. The original publication is licensed under a Creative Commons Attribution 4.0
License (CCBY) and published by AIP Publishing............ccccceeiiiiiiiiiiiiiiiiiiiiieceeeen, 96

Figure 5-14: (a) XRD patterns of the m-HfO, films of different thickness grown on top of cubic
Pt bottom electrodes and c-cut Sapphire substrates, (b) Representative current-voltage
curves obtained from devices of the six different stacks. A change from an abrupt to a more
gradual reset with increasing oxide layer thickness is visible. Figure partially reproduced
with permission from3#’. The original publication is licensed under a Creative Commons
Attribution 4.0 License (CCBY) and published by AIP Publishing.........cccccceevevumirieeennenn. 97

Figure 5-15: (a) Current-voltage curves of the forming process (cc = 1 mA), (b) cumulative
probability plot of the forming voltage obtained from devices of all six samples with varied
oxide layer thickness (10 devices each). Figure partially reproduced with permission
from®¥’. The original publication is licensed under a Creative Commons Attribution 4.0
License (CCBY) and published by AIP Publishing............ccccceiiiiiiiiiiiiiiiiiiiiiieecceeen, 97

Figure 5-16: (a) Representative current-voltage curves of the reset process for devices of the six
different stacks. Additionally, the curve of Go is included (red). For the reset, a maximum
voltage of -1 V was applied to prevent a hard-breakdown of the devices by oxygen vacancy
filament-formation. (b) Cumulative probability of the maximum reset current and (c)
cumulative probability of the HRS current after the reset. Blue arrows label the increase of
the oxide layer thickness. Figure partially reproduced with permission from3#’. The original
publication is licensed under a Creative Commons Attribution 4.0 License (CCBY) and
published by AIP PUDLIShING. ....ccceiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 98

Figure 5-17: (a) Cumulative probability of the set voltage. The blue arrow marks an increasing
oxide layer thickness. (b) HRS current versus set voltage correlation plot for devices
containing HfO, layers of different thickness. Values of thinner films are marked with a
dark blue ellipse, while values of thicker films are marked with a green ellipse. Figure
partially reproduced with permission from>*’. The original publication is licensed under a
Creative Commons Attribution 4.0 License (CCBY) and published by AIP Publishing..... 99

Figure 5-18: Conductive filament formation and rupturing model (reset process) for
Cu/HfO./Pt devices containing HfO, layers of various thickness (20 — 3 nm). In thick
devices, the reset process is dominated by thermal effects, while with decreasing thickness,
the thermal assistance in the reset process is getting less dominant. After the reset in 3 nm
and 5 nm thick films, the filament is not completely ruptured, but thinned. The electric
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field influence on the reset process therefore increases. Black arrows indicate the electric
field strength in the oxide layer. Figure partially reproduced with permission from3#’. The
original publication is licensed under a Creative Commons Attribution 4.0 License (CCBY)
and published by AIP PUBliShing........ccccoiiriiiiiiiiiiiiiieieeeeeeeeeeeeee e 100

Figure 5-19: Representative current-voltage curves of the HRS obtained in the set process of

devices containing (a) 20 nm, (b) 10 nm and (c) 3 nm thick HfO, layers. By fitting the
slope plotted in log-log scale, ohmic (red fit) and trap-limited/trap-free SCLC conduction
(blue fit) can be assigned, dependent on the oxide layer thickness and the applied voltage.
Additionally, the slope corresponding to the trap-filled SCLC is shown in purple. This
mechanism only occurs for a very short time between trap-limited SCLC and trap-free
R O] I OO PP PPP P OPPRPPPPRPPPRTRt 101

Figure 5-20: Schematic representation of the conduction model for Cu/HfO./Pt devices

containing HfO, layers of three thicknesses (20 nm, 10 nm and 3 nm). With increasing
oxide layer thickness, the conduction changes from ohmic to ohmic plus additional SCLC.
Note that an additional representation for the trap-filled SCLC is not given, as it only occurs
for a very short time between trap-limited SCLC and trap-free SCLC. ......ccccceevvurrnnnenn. 102

Figure 5-21: (a) Schematic device stack of “with IBE” and “without IBE” samples with

corresponding leakage curves. 15 — 3 nm thick HfO, samples prepared using IBE (“with
IBE” -red) were found to be leaky, while all stacks prepared “without IBE” (black) showed
a reasonably low leakage. * Note that this is a simplified representation, as thinner layers
were found to show an increased leakage current in average for “without IBE” devices.
However, several devices with a leakage current of 10! A were found for all stacks with
different oxide layer thicknesses, as presented in chapter 5.5. (b) Cumulative probability
plot with leakage current values of “without IBE” and “with IBE” Cu/20 nm HfO,/Pt
devices. Overall, “without IBE” devices show lower leakage currents with most devices
being found in the HRS with leakage currents around 10'> A, which even might be below
the detection limit of the measurement system (insulating devices in their pristine state).
About 10 of 50 Cu/20 nm HfO,/Pt devices prepared “with IBE” were found to be stuck in
the LRS (Green €lliPSE). ...uuuuuueeiiiiiiiiieiiiieiietiteittetteieittete ettt tebaaaaeaeaaaesaasaaaessaaseasessasanne 104

Figure 5-22: Phase and orientation maps obtained for Cu/HfO,/Pt devices prepared “with IBE”

and “without IBE”. Lamellae were cut from the middle of 30 um X 30 um devices. Phase
maps of a Cu (red)/m-HfO, (blue)/Pt (green) (a) “with IBE” sample containing 20 nm
HfO,, (b) “without IBE” sample containing 20 nm HfO,, (c) “with IBE” sample containing
15 nm HfO,, (d) “without IBE” sample containing 10 nm HfO,. (e)-(h) show the
corresponding orientation maps. Color wheels for the monoclinic (for HfO,) and cubic
structure (for Pt and Cu) are given at the bottom of the figure. The knowledge about these
phases originates from XRD investigations (see chapter 5.5, Figure 5-14).......c............ 105

Figure 5-23: Schematic representation of an IBE process to create devices from a stack

(photoresist/Au/Pt/Cu/HfO./Pt/substrate) right before the end. Effects (represented by
red dots) like a deposition and movement of impurity atoms and ions, redeposition of
material, defect-creation or charge-buildup can occur, likely at the edges and in a small
volume of the HfO, layer (dashed line). Figure/layer thicknesses are not drawn to scale.
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Figure 6-1: Schematic overview of sample series A (irradiated stoichiometric, monoclinic
hafnium oxide), series B (non-irradiated oxygen-engineered hafnium oxide) and series C
irradiated (oxygen-deficient hafnium oxide) mainly containing monoclinic and
rhombohedral hafnium oxide films grown on c-cut Sapphire substrates. Series A, B and C
were characterized using XRD, while for series B containing oxygen-engineered films, XPS
investigations were performed. Partially reproduced from?® with permission. The original
publication is licensed under a Creative Commons Attribution 4.0 License (CCBY) and
published by IEEE. In the original publication, the rhombohedral phase was labeled as a
U8 = Te0 | I o) s - T TP 112

Figure 6-2: (a) XRD patterns of textured m-HfO- films revealing a phase transition from the
monoclinic (m) to most likely the rhombohedral (r) phase of hafnium oxide with increasing
fluence. As a comparison, the reflections corresponding to the tetragonal (t) phase of HfOx
are given, as for irradiated HfO, powder samples, a phase transition from the monoclinic
to the tetragonal phase was reported.!! (b) XRD patterns of as grown, oxygen-engineered
HfOx films of four different compositions, showing a similar phase transition with
decreasing oxidation conditions and a shift of the rhombohedral (111) reflection towards
larger diffraction angles. (002), marks the diffraction angle of the hexagonal (002)
reflection of hexagonal HfOy close to metallic Hf (ICDD 00-038-1478). (c) XRD patterns of
irradiated r-HfOy films, showing a shift of the (111) reflection. Dotted red lines are guides
to the eye. Partially reproduced from??® with permission. The original publication is
licensed under a Creative Commons Attribution 4.0 License (CCBY) and published by IEEE.
In the original publication, the rhombohedral phase was labeled as tetragonal............ 113

Figure 6-3: (a) XPS spectra with fits of the Hf 4f;,» and Hf 4fs,, (left) and O 1s (right) lines of
the oxygen-engineered films of series B. The purple area corresponds to the Hf** state,
orange to metallic Hf® and green is the convolution of Hf** sub-oxide states. The O 1s fits
include contributions from oxygen bound to Hf (grey) and to surface adsorbates
(turquoise). (b) Decreasing oxidation conditions during the growth of the oxygen-
engineered films result in an increased ratio of the Hf 4f to O 1s area, compared to the
initial ratio for stoichiometric HfO, (dotted grey line), and obtained varying composition
of HfOx films (HfO,, HfO1 s, HfO1.65, HfO1.1). (c) Vacuum transfer unit with turbo pump and
vacuum chamber as used for the in vacuo transfer from MBE to XPS system. (a) and (b)
reproduced from?*® with permission. The original publication is licensed under a Creative
Commons Attribution 4.0 License (CCBY) and published by IEEE............ccccccceevveeennnn. 115

Figure 6-4: Representation of the increasing rhombohedral (red) phase fraction in hafnium
oxide films (this work) with sigmoidal fit and comparison to literature values obtained
from powder samples (green) showing an increasing tetragonal phase fraction after
irradiation. These were calculated from data reported in literature!® 24° of experiments with
250 MeV I and 2.31 GeV Pb ions. Linear connections between stars are a guide to the eye.
Partially reproduced from?°® with permission. The original publication is licensed under a
Creative Commons Attribution 4.0 License (CCBY) and published by IEEE.................. 117

Figure 6-5: Relative (Rel.) 260 diffraction angle of the rhombohedral (111) reflection as a
function of fluence (red dots). With decreasing oxidation conditions in oxygen-engineered
films and corresponding lower oxygen content, the rhombohedral reflection (blue
triangles) shows a similar shift. The dotted black line marks the position of the as grown
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references. Figure partially reproduced from??® with permission. The original publication

is licensed under a Creative Commons Attribution 4.0 License (CCBY) and published by
IEEE. In the original publication, the rhombohedral phase was labeled as tetragonal... 118

Figure 6-6: (a) Schematic representation of the two series of samples containing 200 nm thick

m-HfO, and 10 nm thin m-HfO,. (b) Detailed views of the XRD patterns in the region of
the (111)m and (111), reflections as marked in (c) & (d) with a black box. Similar changes
as discussed in chapter 6.1.1 are visible. Reflections corresponding to the monoclinic and
rhombohedral phase are marked with m and r, respectively. Trends occurring with
increasing fluence are illustrated with black arrows. The potentially occurring (111),
reflection position is also labeled. (c) XRD patterns of thick HfO, films before (1) and after
irradiation ((2)-(7)) on SiOx/Si substrates. A phase transition from the monoclinic (orange
ticks)!?* 124 to a rhombohedral phase (blue ticks) 128 of hafnium oxide after irradiation is
visible. Additionally, due to the similarity of the rhombohedral to the cubic crystal
structure, the reference pattern of a cubic phase of hafnium oxide is given (green ticks)!2°.
Note that the given rhombohedral reference is created based on theoretical DFT results for
r-HfO1.5.128 In real films, diffraction angles in experimental patterns are closer to those seen
in the cubic reference pattern. (d) XRD patterns of 10 nm thin HfO; films on TiN/SiO/Si.
A decrease in intensity is visible with no directly observable crystalline-to-crystalline phase
transition. Si substrate reflections are marked with a *. TiN electrode reflections are
marked with an x. Figures (a) and (b) are partially reproduced with permission from3>,
https://doi.org/10.1021/acsnano.2c04841. The original publication is licensed under a
Creative Commons Attribution 4.0 License (CCBY) and published by American Chemical
Society. The rhombohedral (111) reflection was initially labeled as cubic (111). A
simulated reference pattern of the rhombohedral structure was added. ....................... 120

Figure 6-7: (a) BF-STEM image of the as grown HfO./SiO,/Si stack with a Pt protection layer

on top. Columnar grains of the HfO, films are visible. (b) HAADF-STEM image of the same
area. (c) High-resolution HAADF-STEM image of the area marked by a red square in (b),
revealing the polycrystalline nature of the HfO, film, an amorphous SiO; layer and a single
crystalline Si substrate. The dashed line indicates a change in displayed contrast. (d) High-
resolution HAADF-STEM image of the area marked by a red square in (c), with lattice
SPACITIZS. +vvuuuueeeeeeeettruuuaaeeeeeeeetreuneaaaeseeeeannrennesaaesseeeesessnnsnsasssseessessnnsssnsesseessessnnnnnnnesees 122

Figure 6-8: (a) HAADF-STEM image of the as grown 200 nm HfO,/SiO,/Si stack with a Pt

protection layer on top, revealing columnar grains of the HfO, films. (b) HAADF-STEM
image of the Pt/HfO,/SiO,/Si stack exposed to 5x10'? ions/cm2. (¢) ACOM orientation
map of the as grown sample each color represents an orientation. A significant grain
fragmentation after irradiation is revealed. Color wheels for the cubic and monoclinic
structures are included. (d) ACOM orientation map of the sample exposed to
5% 10'2 jons/cm2. (¢) ACOM Phase map of as grown sample with a high fraction of m-HfO,.
Misorientation parts (>10°) and phase boundaries are given in grey. (f) ACOM phase map
of the sample exposed to 5x10'? ions/cm?, revealing a higher fraction of the cubic phase.
* Note that the pattern matching routine was performed using a cubic structure of
hafnium oxide (space group: ICDD 04-011-9018, a~ 5.06 A) as first reported in
literature!* for the oxygen-deficient phase occurring in HfOx. Lattice parameters are
close to the recently found rhombohedral phase.'?® Due to this similarity, the cubic
and rhombohedral phases can hardly be distinguished in STEM/SPED (ACOM). Figure
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reproduced with permission from*, https://doi.org/10.1021/acsnano.2c04841. The
original publication is licensed under a Creative Commons Attribution 4.0 License (CCBY)
and published by American Chemical SOCIetY. .........ceeeeeiiiiiiiiiiiiiiieiiiiiiiieeeeeeeee 124

Figure 6-9: (a) HRTEM image of the as grown 10 nm HfO,/TiN stack with a Pt protection layer
on top. One single grain is visible in the given field of view. (b) Representative HRTEM
image of the Pt/HfO,/TiN stack exposed to 5x10'? ions/cm2. Significantly smaller grains
are identified. Grain boundaries in the HfO, layer are highlighted by the green lines. (c)
ACOM orientation map of an as grown stack. Each color represents a different orientation
as seen from the color wheel for the cubic and monoclinic structures. Grey indicates
misorientation (>20°) and phase boundaries. (d) ACOM orientation map of a sample
exposed to 5x10'? ions/cm2. Note that the TiN and Pt layer are also included in the map.
* Note that the pattern matching routine was performed using a cubic structure of
hafnium oxide (space group: ICDD 04-011-9018, a= 5.06 A) as first reported in
literature!* for the oxygen-deficient phase occurring in HfOx. Lattice parameters are
close to the recently found rhombohedral phase.!?® Figure reproduced with permission
from®*, https://doi.org/10.1021/acsnano.2c04841. The original publication is licensed
under a Creative Commons Attribution 4.0 License (CCBY) and published by American
ChemiCal SOCIELY. ..eeiiiiiiiiiiiiieee ettt ettt e e ettt e e e e e e e ibrreeeeeeeeeeennes 126

Figure 6-10: XRD patterns of 200 nm thick m/r-HfOx and m/r-HfOy films grown on SiO./Si
substrates before and after irradiation with up to 8x10'ions/cm2. A shift of the
rhombohedral (111) reflection is visible. Note that there were no experiments performed
with 5x10% and 5x10'? ions/cm? for the HfOy sample Series. ........ccceeveuveeriueeersuveennnnen. 128

Figure 6-11: XRD patterns of as grown and irradiated 10 nm thin oxygen-deficient HfO films
grown on TiN/SiOx/Si with a low overall intensity of the hafnium oxide reflections due to
the low volume of the layer. The (111); reflection shifts towards larger diffraction angles
with increased fluence. Note that the highest fluence is 5x10'? ions/cm? and no sample
was exposed to 8 X 10! jons/cm2. Substrate reflections are marked with a *, while x marks
the cubic (200) reflection of the TiN bottom electrode. ........oevivueviieiiiiniiiiiiieiieeeiinnnes 129

Figure 6-12: Resistance versus 10* cycles for a 1T1R array with HfO,-based OxRAM devices. A
clear memory gap is present between the LRS (grey) and HRS (blue) mean values (as well
as quartile 1 and 3) for 3072 devices after irradiation at a fluence of (a) 1x10° ions/cm?2
and (b) 5x10% ions/cm2. Data presented at RADECS conference with similar figure
printed in the conference proceedings®®. Partially reproduced with permission from3>*,
https://doi.org/10.1021/acsnano.2c04841. The original publication is licensed under a
Creative Commons Attribution 4.0 License (CCBY) and published by American Chemical
01 <] 131

Figure 6-13: Drain current-drain voltage curves of single NMOS transistors with a gate width
of 660 nm after irradiation (at a gate voltage of 1.3V). The curve obtained for
1x10? ions/cm? also represents a curve typically observed for a non-irradiated transistor
(not shown). With increasing fluence, lower currents are measured overall. Data presented
at RADECS conference with similar figure printed in the conference proceedings®®. Partially
reproduced with permission from*>*, https://doi.org/10.1021/acsnano.2c04841. The
original publication is licensed under a Creative Commons Attribution 4.0 License (CCBY)
and published by American Chemical Society........ccccceevviiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeee, 131
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Figure 6-14: Resistance versus 10* cycles of a 1R HfO»-based OxRAM cell irradiated at a fluence
of 1x10'ions/cm? and accessed by utilizing a 6700 nm gate width transistor. Data
presented at RADECS 2020 conference. Data presented at RADECS conference with figure
printed in the conference proceedings®®. Partially reproduced with permission from3>,
https://doi.org/10.1021/acsnano.2c04841. The original publication is licensed under a
Creative Commons Attribution 4.0 License (CCBY) and published by American Chemical
SOCIELY. ceeiiiiiiiiiiiiiiiiiiiieie ettt ettt et ettt ettt ettt ettt et eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 132

Figure 6-15: Current-voltage characteristics of a Pt/10 nm HfO,/TiN device (a) before (as
grown Reference) and (b) after being exposed to 5x10'?ions/cm2. Resistive switching is
achieved iN DOt AEVICES. ....uu.ivieiiiieeee et e e e e e e eaaeeeas 133

Figure 6-16: Schematic drawings showing the irradiated ferroelectric stacks containing 20 nm
HSO (Si-doped HfO;), 20 nm HZO or 10 nm HZO (Zr-doped HfO,) layers sandwiched
between two TiN electrodes on top of a SiOx/Si substrates. .........cooevvuuvvreeeeeeerrrsiunnnnen. 135

Figure 6-17: XRD patterns of doped ferroelectric hafnium oxide films before and after
irradiation, containing (a) 20 nm HSO, (b) 20 nm HZO and (c¢) 10 nm HZO. With
increasing ion fluence, a shift of the initially (111), reflection towards larger diffraction
angles occurs. Monoclinic reflections vanish at fluences above 5x10!!ions/cmz2. (d)
Theoretical powder reference patterns of the monoclinic, polar orthorhombic, tetragonal
and cubic phase of HfO,, created based on previously reported structures.!2? 124 126, 130, 356
The (111). reflection of the TiN electrode is marked by x. The Si-substrate reflections
located between 26 = 32.5°-34° are assigned to the Si (200) reflection due to
Umweganregung>>® and is not related to the ferroelectric layer. Partially reproduced with
permission from'!. The original publication is licensed under a Creative Commons
Attribution 4.0 License (CCBY) and published by AIP Publishing. ..........ccccccceeeeeennnnnn. 136

Figure 6-18: Field-dependent electric polarization curves before (grey — Ref.) and after exposure
to different fluences (top) and after 10000 post-cycles (bottom). The induced pinching of
the polarization hysteresis loops is reversed after cycling and the loops are re-opened,
showing ferroelectric behavior. Additionally, the loop of a non-irradiated, but cycled
reference sample (grey) is shown. Partially reproduced with permission from!!. The
original publication is licensed under a Creative Commons Attribution 4.0 License (CCBY)
and published by AIP PUblishing..........ccooiiiiiiiiiiiiiiiiiieeeeee e 137

Figure 6-19: Values of the remanent polarization after irradiation and 10000 post-cycles for 6
to 10 devices per fluence. A clear trend to lower values with increased fluences is visible.
Partially reproduced with permission from®3!. The original publication is licensed under a
Creative Commons Attribution 4.0 License (CCBY) and published by AIP Publishing... 139

Figure 6-20: Evolution of the saturation polarization Ps in dependence of up to 10000 field-
cycles (post-cycling) using an amplitude of 3 MV/cm. A significant increase after cycling is
observed with a saturation reached after about 1000 cycles. For the largest fluence of
2.4x10' ions/cm?, Ps is even after cycling lower compared to samples exposed to lower
fluences for all stack types. Partially reproduced with permission from!3!. The original
publication is licensed under a Creative Commons Attribution 4.0 License (CCBY) and
published by ATP PUDIISHING. ......uuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiaiiieeeereeeeeeeeeeeeeeeeeeeeeeaeereeaeeeaea——. 142
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Figure 6-21: Field-dependent electric polarization hysteresis of capacitors poled prior to Au
irradiation. A shift of the coercive fields to more positive or negative values are visible for
samples poled negatively (top) or positively (bottom), respectively. Trends obtained for
increasing fluences are similar to non-poled samples. Partially reproduced with permission
from™!. The original publication is licensed under a Creative Commons Attribution 4.0
License (CCBY) and published by AIP Publishing...........cccccceeiiiiiiiiiiiiiiiiiniiiiiiieeeeenn. 143

Figure 6-22: Schematic of the changes induced by heavy ion irradiation and post-cycling in
ferroelectric hafnium oxide-containing stacks. A beam-induced phase transition of the
monoclinic (red) and polar orthorhombic (blue) phase to non-polar a cubic or tetragonal
(green) phase occurs, accompanied by grain fragmentation at high fluences. The non-polar
phase can be (re)transformed to the polar orthorhombic phase upon field-cycling. In
contrast, the induced grain fragmentation appears to be irreversible. Partially reproduced
with permission from'®!. The original publication is licensed under a Creative Commons
Attribution 4.0 License (CCBY) and published by AIP Publishing. .........ccccccceevviunnnnneen. 144

Figure 6-23: Schematic representations showing the irradiated phase-change memory stacks
containing 100 nm a-GST, cry-GST, a-GGST and cry-GGST (full-sheet) layers with a 10 nm
SiN encapsulation layer grown on top of a SiOx/Si substrates. .....cccccceevvuveeieeeeieennnnnnne 145

Figure 6-24: XRD patterns of as grown and irradiated GST-based samples consisting of
amorphous Ge,Sb,Tes (a-GST, Series A) and crystalline Ge,SboTes (cry-GST, Series B) with
changes occurring at increasing fluence. Si substrate reflections are marked with a *
Partially reproduced with permission from?>*, https://doi.org/10.1021/acsnano.2c04841.
The original publication is licensed under a Creative Commons Attribution 4.0 License
(CCBY) and published by American Chemical Society. ......ccccceeevumiiiieeiiiiiniiiiiiieeeennn. 145

Figure 6-25: XRD patterns of as grown and irradiated amorphous Ge,Sb.Tes (a-GST) films of
Series C, with different fluence steps compared to Series A. Starting at fluences of
3x10" jons/cm2 and above, a-GST films crystallize in the cubic phase.
Partially reproduced with permission from®*, https://doi.org/10.1021/acsnano.2c04841,
https://pubs.acs.org/doi/suppl/10.1021/acsnano.2c04841/suppl_file/nn2c04841 si_00
1.pdf (supporting information). The original publication is licensed under a Creative
Commons Attribution 4.0 License (CCBY) and published by AIP Publishing................. 146

Figure 6-26: XRD patterns of as grown and irradiated GGST-based samples consisting of
amorphous Ge-rich GST (a-GGST, Series D) and crystalline Ge-rich GST (cry-GGST,
Series E) with changes occurring at increasing fluence in cry-GGST films only.
Si substrate reflections are marked with a *. Partially reproduced with permission from>>*
, https://doi.org/10.1021/acsnano.2c04841. The original publication is licensed under a
Creative Commons Attribution 4.0 License (CCBY) and published by American Chemical
SOCIELY. s 146

Figure 6-27: EDX and HAADF-STEM images with nano-diffraction patterns of (a) as grown
amorphous Ge,Sb,Tes (a-GST) exposed to 1x 10" ions/cm? showing a crystalline structure
with large grains and of (b) crystalline Ge-rich GST (cry-GGST) exposed to
7x10'2 ions/cm? with nm-sized crystallites (visible from few and low intensity NBED
patterns). EDX maps reveal a uniform distribution of elements for (a) a-GST and (b) a-
Ge/GST segregation in cry-GGST.
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Reproduced with permission from®*, https://doi.org/10.1021/acsnano.2c04841. The
original publication is licensed under a Creative Commons Attribution 4.0 License (CCBY)
and published by American Chemical SOCIELY. ......ccccevrvvmmriiiiiiiiiiiiiiiiiieeeeeee e 148

Figure 6-28: Median device resistance values including = 1c¢ values of (a) GST- and (b) GGST
4kb (1T1R) arrays for the LRS (after set) and HRS (after reset) as a function of fluence
(250 devices each). The resistance values of GST-based devices decrease with increasing
fluence, while for GGST-based devices, the resistance values increase.
Reproduced with permission from?>*, https://doi.org/10.1021/acsnano.2c04841. The
original publication is licensed under a Creative Commons Attribution 4.0 License (CCBY)
and published by American Chemical SOCIEtY. ........uuueeueerrririiiiiiiiiiiiiiiieieiiieiiieeieeeeaeaaees 150

Figure 6-29: Schematic overview of HfO,-, HfOx-, Zr-doped HfO, (HZO)-, Si-doped HfO, (HSO)-
, GesSbyTes (GST)-based and Ge-rich GST-based sample series. Representative XRD
patterns of samples exposed to heavy ions are given, showing different structural changes.
Note that these are only a few eXamples. ...........ceeiiiiiiiiiiiiiiieiiiiiieeee e 153
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Conduction Characteristics of RRAM Devices Using Convolutional Neural Networks”,
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N. Kaiser*, Y.-J. Song*, T. Vogel, E. Piros, T. Kim, P. Schreyer, S. Petzold, R. Valenti, and L. Alff,
“Crystal and electronic structure of oxygen vacancy stabilized rhombohedral hafnium oxide“,
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Additional publications:

S. Flege, R. Hatada, T. Vogel, E. Bruder, M. Major, W. Ensinger, and K. Baba, “Tightly adhering
diamond-like carbon films on copper substrates by oxygen pre-implantation,” Surface and
Coatings Technology 335, 134-139 (2018). https://doi.org/10.1016/j.surfcoat.2017.12.029

K. Wissel, T. Vogel, S. Dasgupta, A.D. Fortes, P.R. Slater, O. Clemens, “Topochemical
Fluorination of n = 2 Ruddlesden-Popper Type SrsTi2O; to SrsTi2OsF4 and Its Reductive
Defluorination,” Inorganic Chemistry 59, 2, 1153-1163 (2019).
https://doi.org/10.1021/acs.inorgchem.9b02783

K. Wissel, R. Schoch, T. Vogel, M. Donzelli, G. Matveeva, U. Kolb, M. Bauer, “Electrochemical
Reduction and Oxidation of Ruddlesden—Popper-Type LaNiOsF» within Fluoride-Ion Batteries,”
Chemistry of Materials 33, 2, 499-512 (2021).
https://doi.org/10.1021/acs.chemmater.0c01762

T. Vogel* and L. Alff*, Abschlussbericht (final report) WAKeMeUP (TU Darmstadt); project
term: 01.06.2018-30.04.2021;  funding  code: 16ESE0298;  November  2021.
https://www.tib.eu/de/suchen/id/TIBKAT:1786970198/WAKeMeUP-Abschlussbericht-
WAKeMeUP-TU-Darmstadt

T. Vogel*, A. Zintler*, N. Kaiser, N. Guillaume, G. Lefevre, M. Lederer, A. L. Serra, E. Piros,
T. Kim, P. Schreyer, R. Winkler, D. Nasiou, R. Olivo, T. Ali, D. Lehninger, A. Arzumanov,
C. Charpin-Nicolle, G. Bourgeois, L. Grenouillet, M.-C. Cyrille, G. Navarro, K. Seidel, T. Kampfe,
S. Petzold, C. Trautmann, L. Molina-Luna, and L. Alff, ,Integration of labeled 4D-STEM SPED
data for confirmation of phase identification, in TUdatalib; June 2022;
https://doi.org/10.48328/tudatalib-896

Conference contributions as speaker: (contributions as a co-author are not listed)

RADECS 2020 (virtual conference): “Defect-induced phase transition in hafnium oxide thin
films by heavy ion irradiation: The role of oxygen defects” — T. Vogel, N. Kaiser, S. Petzold,
E. Piros, N. Guillaume, G. Lefévre, C. Charpin-Nicolle, S. David, C. Vallée, E. Nowak,
C. Trautmann, L. Alff; oral presentation

EMRS 2021 (virtual conference): “Swift heavy ion irradiation induced effects on HfOx- and GST-
based emerging memories — structural and electrical properties” — T. Vogel, T. Kampfe,
N. Guillaume, A. L. Serra, N. Kaiser, G. Lefévre, M. Lederer, R. Olivo, T. Ali, D. Lehninger,
E. Piros, G. Navarro, C. Charpin-Nicolle, S. Petzold, C. Trautmann, L. Alff; oral presentation

Nano 2022 (Sevilla, Spain): “Heavy ion irradiation induced effects on emerging memory
materials — crystallinity, microstructure and electrical properties” — T. Vogel, A. Zintler,
N. Kaiser, T. Kimpfe, M. Lederer, N. Guillaume, A. L. Serra, G. Lefevre, E. Piros, R. Eilhardt,
R. Olivo, T. Ali, D. Lehninger, C. Charpin-Nicolle, G. Navarro, K. Seidel, S. Petzold, L. Molina-
Luna, C. Trautmann, L. Alff; oral presentation

CIMTEC 2022 (Perugia, Italy): “Substoichiometric Hafnium Oxide Polymorphs with
Semiconducting Properties” — T. Vogel, N. Kaiser, A. Zintler, S. Petzold, A. Arzumanov, E. Piros,
R. Eilhardt, L. Molina-Luna, L. Alff; oral presentation given on behalf of N. Kaiser

CIMTEC 2022 (Perugia, Italy): “Swift Heavy lon Irradiation Induced Effects on Emerging
Memories - Correlation of Structural and Electrical Properties” — T. Vogel, T. Kampfe,
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A. L. Serra, N. Kaiser, M. Lederer, G. Lefevre, N. Guillaume, R. Olivo, T. Ali, D. Lehninger,
E. Piros, G. Navarro, C. Charpin-Nicolle, S. Petzold, C. Trautmann, L. Alff; oral presentation

Additional presentations:

Congress "ECSEL in Deutschland" (ECSEL in Germany), September 2018 (Dresden, Germany):
,Presentation of WAKeMeUP” — T. Vogel and T. Hummel; poster prepared by T. Vogel,
presentation given by T. Hummel

International School of Oxide Electronics ISOE 2019 (Cargese, France): “Engineering of HfO2«
by MBE for emerging NVMs: RRAM & FeRAM” — T. Vogel, S. Petzold, N. Kaiser, E. Piros,
M. Major, A. Zintler, R. Eilhardt, L. Molina-Luna, L. Alff; poster presentation

EMRS 2022 (Warsaw, Poland): “Heavy ion irradiation induced defects in emerging memory
materials — crystallinity, microstructure and electrical properties” — T. Vogel*, T. Kimpfe,
A. L. Serra, N. Kaiser, M. Lederer, G. Lefevre, N. Guillaume, R. Olivo, T. Ali, D. Lehninger,
E. Piros, G. Navarro, C. Charpin-Nicolle, S. Petzold, C. Trautmann, L. Alff*; *oral presentation
given by L. Alff on behalf of T. Vogel

WAKeMeUP (2018 - 2021) and StorAlge (2021 & 2022) international project meetings,
German project meetings and EU project reviews (2018-2021), oral presentations and written
project reports

Supervision of scientific works:

Y. Badour, “A comparative study of the non-polar switching behavior of Hfo5Zros02 and HfO»-
based RRAM devices”, Advanced Research Lab (2020)

K. Garcia, “TiN electrode preparation”, Research Project (2020)

T. Kim, “Resistive switching in Pt/HfO,/Pt and Cu/HfO./Pt devices”, Advanced Research Lab,
(2021)

T. Kim, “HfO»-thickness-dependent switching characteristics of resistive memory devices with
a Cu electrode”, Master thesis (2022)

J. Uhle, "Resistive switching analysis of RRAM device characteristics containing different top
electrode materials”, Research Project (2022)

Furthermore, two new PhD candidates, P. Schreyer and T. Kim (start 2022), were introduced
to the topic, including the knowledge transfer of different sample preparation and
characterization techniques, foremost the reactive molecular beam epitaxy deposition system.

Contributions to projects and proposals:

This work was conducted in the frame of two projects, WAKeMeUP and StorAlge. The project
WAKeMeUP ("Wafers for Automotive and other Key Applications using Memories, embedded
in Ulsi Processors", https://www.wakemeup-ecsel.eu/) is a European project running under

grant agreement number 783176, which is funded within the Horizon2020 funding program
"Electronic Component Systems for European Leadership Joint Undertaking" (ECSEL JU) and
on national level (for Germany) by the Bundesministerium fiir Bildung und Forschung (BMBF)
under contract 16ESE0298. Within the project time between May 2018 and December 2021,
intra-european consortium partners from industry and academia were working on different
emerging memories such as OxRAM, FeERAM and PCRAM. The overall aim for industrial
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applications was to set-up a pilot line for advanced microcontrollers and to manufacture
embedded non-volatile memories for applications required by the market. The results obtained
from the irradiation experiments conducted during WAKeMeUP were first published in a written
report and submitted in two official project deliverables. Next to scientific tasks, the work within
the project included the project administration and management for the partner TU Darmstadt,
which was taken over in the last year of the project. This work included the periodic reporting
to public financiers and presentations at the general assemblies of the project.

The successful work conducted within WAKeMeUP led to the participation of the project partner
TU Darmstadt in the follow-up project StorAlge (“Embedded storage elements on next MCU
generation ready for Al on the edge”; grant agreement number 101007321 & BMBF contract
number 16MEEQ154; https://storaige.eu/)). The StorAlge project started in July 2021 with a
probable duration of 36 months. Already during the period of WAKeMeUP, a beam time

proposal with the title “Comparative Radiation Hardness Testing of Emerging Non-Volatile
Memory Technologies (RRAM & FeRAM) was submitted and got granted in 2020. The
experiments of the different project partners are coordinated by the Advanced Thin Film Group
of TU Darmstadt and conducted at the Helmholtzzentrum fiir Schwerionenforschung in
Darmstadt. First results will be reported in an official project deliverable in autumn 2023. It is
further planned to disseminate the findings at international conferences and publish the results
in peer-reviewed journals.

Some additional projects are closely related to this work:

o DFG project (384682067) "In operando investigation of resistive switching in electron
transparent lamellae of HfOx based RRAM devices”.

o ERC Starting Grant FOXON (805359) , Functionality of Oxide based devices under Electric-
field: Towards Atomic-resolution Operando Nanoscopy” and the ERC PoC STARE (957521)
“Machine learning based Software Toolkit for Automated identification in atomic-
REsolution operando nanoscopy”

o The project “Energieeffiziente Simulation eines energieeffizienten Speichers/Energy-
efficient simulation of an energy-efficient storage” (EES)2, which is a cooperation of the
advanced thin film group of Prof. Lambert Alff and the computer systems group of Prof.
Christian Hochberger of TU Darmstadt (Darmstadt, Germany) as well as the group of Prof.
Enrique Miranda of the Universitat Autonoma de Barcelona (UAB, Barcelona, Spain) as part
of the joint “Sustainability Hub” with Merck KGaA (https://www.merckgroup.com/de/ne

ws/sustainability-hub-tu-darmstadt-29-07-2021.html).
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