Investigating the influence of microstructure

and grain boundaries on electric properties in
thin film oxide RRAM devices i
A component specific approach

Zur Erlangung des Grades eines Doktors deXaturwissenschaften (Dr. rer. nat.)
genehmigte Dissertation von Alexander Zintler aus GrolGerau

Tag der Einreichung:23. Mai 2022, Tag der Prifung:4. Jui 2022

1. Gutachten: Prof. Dr. rer. nat. Leopoldo Molina-Luna
2. Gutachten: Prof. Dr.rer. nat. Lambert Alff

TECHNISCHE
UNIVERSITAT
DARMSTADT

MATERIAL-

WISSENSCHAFT

xsx AEM







Investigating the influence of microstructure and grain boundaries on electric properties in
thin film oxide RRAM devicesi A component specific approach

Vom Fachbereich Material und Geowissenschaften
der Technischen Universitat Darmstadt

zur Erlangung des Gradesines Doktors derNaturwissenschaften(Dr. rer. nat.)
Genehmigte Dissertation von Alexander Zintler aus Grof3-Gerau, Deutschland

1. Gutachten: Prof. Dr. rer. nat. Leopoldo Molina-Luna
2. Gutachten: Prof. Dr. rer. nat. Lambert Alff

Tag der Einreichung:23. Mai 2022
Tag der Prufung: 4. Juli2022

Darmstadt 2022

Bitte zitieren Sie dieses Dokument als:
URN:urn:nbn:de:tuda +tuprints -216572
URL:https://tuprints.ulb.tu -darmstadt.de/id/eprint/21657
Dieses Dokument wird bereitgestellt von tuprints,
E-PublishingService der TU Darmstadt
http://tuprints.ulb.tu -darmstadt.de

tuprints@ulb.tu-darmstadt.de

@B

Die Verdffentlichung steht unter folgender Creative Commons Lizenz:
Namensnennung - Nicht-kommerziell - Keine Bearbeitung - 4.0 International
CC BYNGSA

https://creativecommons.org/licenses/by -nc-sa/4.0/



http://nbn-resolving.de/urn:nbn:de:tuda-tuprints-216572
https://tuprints.ulb.tu-darmstadt.de/id/eprint/21657
http://tuprints.ulb.tu-darmstadt.de/
mailto:tuprints@ulb.tu-darmstadt.de
https://creativecommons.org/licenses/by-nc-sa/4.0/




Abstract

At the beginning of the 21t century, the quest for finding ever more power efficient, densely
packed, and multi-bit-level storage for computational applications is still ongoing. Ever
increasing demand in low power computing since the advent of the internet of things (1oT),

scalingj gkgr _rgml g aml r p,_the gise rofgnewwomd{phion pompating and in-
memory computing turned a spotlight onto material classes that seem to tick all the boxes of
these requirements, such as transition metal oxides. Predicted in 1971, now 50 yees ago, Chua
described a missing circuit element, that would complete the well-known list of resistor,

capacitor and inductor: the memristor! Gr q ~c¢f _tgmp gq rf _r md
memoryu j cl bgle rfcgp | _kcqg dmp rfc a-taimmgcirauit g ml |
element.

It took 37 years until Strukov etal, cvaj _gkcb 8Rfc kggqqgle kékpgaqr
with their realization of a two -terminal memristor being implemented as a metal-insulator-

metal (MIM) stack consisting of a Pt/TiO /Pt stack. By biasing the 5nm oxide film, the

resistivity could be changed between a high and low resistive state in a reersible and non-

volatile process. Similar electrical behavior was experimentally observed for organic?
amorphous® and (single) crystalline oxide thin films > as well as for Chalcogenidemetal stacks’

Bcncl bgl e ml rfc k_rcpg_|j aj _qgq rf _r gq HYutmjt
several groups of memristive systems (also referred to as RRAM, as they are candidatder

resistive random-access memory applications) can be defined Common between8§ d gj _kcl r _p
g u g r afaetiak ystemsis the confinement of the volume of the thin film that takes part in

the resistive switching process. Insight into thesenanoscaleeventsinvolved in the localization

of these regions is a key step towards the full understanding of the fundamental physica
processes involved’1°

The primary goal in the conjunction of research on resistive switchingthin films and high -
resolution microscopy is to image a working filament. Transmission Electron Microscopy (TEM)
methods including the local mapping of structural!! and spectroscopié®!® properties,
Conductive Atomic Fore Microscopy (CAFM}*° as well X-ray microscopy methods® were and
still are at the forefront of this ongoing effort. Based on the findings of grain boundaries serving
as preferential filament formation sites in oxide thin films, ab initio methods confirmed this
qr psar s p _upiquerole im LM &RAIM 1’ Lab scale, photolithography-based device sizes
range from several 100um2 to 10 um? and finding a predicted filament of only a few square
nanometers in square micron sizedareasgq _ 8l ccbj c gl _f _wqr _aip
facilitate finding the filamen t is the creation of the filament at a predefined position. In the case
of CAFM, this is inherently part of the experimental setup, but in the case of TEM, a whole new
set of methods had to be developed to be able to apply a bias on a thin film stack insi@ a
microscope.

In this work, parallel to the implementation of a preparation routine enabling the operation of
an RRAM device inside a TEM, two components of TiIN/HfO /Pt MIM stacks have been




investigated in detail: firstly, the TiN bottom electrode, which is an integral part in a working
device due to its defining microstructural features. High substrate temperature growth of TiN
on c-cut sapphire substrates showed exceptional room temperatureas well assuperconducting
properties. The low surface roughnes and nitrogen deficiency highlight the aptitude for high ly
textures TiN layers to act as bottom electrodes in resistive switching devices. Secondlyhe HfO»
layer itself, whose arrangement of textured grains and resulting grain boundaries have been
investigated at nanometer and sub-angstrom resolution. It was possible to identify the
terminating planes of monoclinic hafnia grains, which subsequently have been used as a basis
for ab initio modeling the grain boundary structure. Identification of sub -stoichiometric and
stoichiometric phases in 10nm films was a second achievement obtained in the study of the
oxide film. To probe the crystallographic phase, stoichiometry, and orientation of individual
grains, the methods chosen in the TEM studies cover techmjues fundamentally driven by
electron diffraction and incoherent imaging.

Two technological revolutions are currently pushing (transmission) electron microscopy into a
new era: new in situ specimen holders and 4DSTEM data acquisition. First, modern, micro-
electro-mechanicalsystems (MEMS) based in situ holder$®® allow the (simultaneous)
application of biasing and temperature stimuli as well as the introduction of controlled gaseous
and liquid environments to investigate TEM samples as close to real world conditions as
possible?° Second electron detector technology is being acceleratedby introducing hybrid pixel
detectors that allow the fast and high dynamic range capturing of pixelated reciprocal space’
2 and spectroscopic data?®

Both technological developments are addressed as part of this workas the implementation of

preparation routines for in situ experiments and the integration of a 4D-STEM detector were
undertaken as part of this work. At the same time, these developments are crucial
methodologies that enable the study of functional thin films, with this work focusing on hafnia -

basedVCM RRAM?” 4D-STEM specifically is provingto be an advanced method to investigate
the local structure and response to external stimuli to an extent never achieved before?®-3°

Consequently, the quantities of data created during these experiments (xternal stimuli add

more dimensions to 4D-STEM experiments) in need fundamentally new approaches to data
analysis?®-32 On the journey towards an all-encompassing experiment, this work aims to

establish the necessary tools both in hardware and software, and the fundamental material

scientific understanding to create a unique and stateof-the-art toolset that allows proceeding

in the vast field of oxide-basedelectronic thin films.




Abbreviations

ABF
ACOM
ADF
ALD
BE
BEOL
BF
BRS
BSS
CA
CAFM
CBRAM
CcC
CRS
CMOS
CSL
DC
DF
DFT
DP
ECM
EELS
EM
FIB
HAADF
HRS
IFFT
iCClI
IMC

LED
LL
LRS
MBE
MEMS
MIM
ML
NBED

Annular bright-field

Automated crystal orientation mapping
Annular dark-field

Atomic layer deposition

Bottem electrode

Back-end-of-line

Bright-field

Bipolar resistive switching

Blind source separation
Condenseraperture

Conductive atomic force microscopy
Conductive bridging random access memory
Current compliance

Complementary resistive switching
Complementary metal-oxide-semiconductor
Coincident site lattice

Direct current

Dark-field

Density functional theory

Diffraction pattern

Electrochemical metallization memory
Electron energy-loss spectroscopy
Emerging memory

Focussedion beam

High-angle annular dark-field

High resistive state

Inverse fast fourier transformation

lon channeling contrast imaging
In-memory computing

In-plane (prallel to the sample surface)
Light-emitting diode

Low-loss

Low resistance state

Molecular beam epitaxy
Micro-electro-mechanical systems
Metal-insulator-metal

Machine learning

Nanobeam electron diffraction




NNMF  Non-negative matrix factorization

OOP Out-of-plane (normal to the sample surface)
QCM Quartz crystal microbalance

PCM Phasechange memory

RF Radio frequency

RHEED Reflection high-energy electron diffraction
RMBE Reactivemolecular beam epitaxy

ROI Region of interest

RRAM Resistiverandom-access memory

SAED Selectedarea electron diffraction

SPED Scanningprecession electron diffraction
SRIM  Stopping and range of ions in matter

STEM  Scanningtransmission electron microscopy
TE Top electrode

TEM Transmission electron microscopy

TRIM  Transport of ions in matter

TRS Threshold resistive switching

UHV Ultra-high vacuum

URS Unipolar resistive switching

VCM Valencechange memory

VESTA Visualization for electronic and structural analysis
XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

XRR X-ray reflectometry

(hkI) Miller ind ex of a lattice plane
{hki} Miller ind ex of symmtery equivalent lattice planes
[hKI] Miller index of a vector in a lattice

<hkI> Miller index of symmetry equivalent vectors in a lattice
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1 Introduction

Classic computer architecture is facing a grave challenge to its fundamental principles. Digital
technologies are increasingly ubiquitous in everyday life, and the everincreasing number of
computing devices require vast amounts of energyefficient and neuromorphic computing
power. The field of artificial intelligence in particular benefits immensely from the speed
provided by in-memory computing and, thus, is pushing demand for improved memory
technologies significantly. In sharp contrast, the physical separation of logic and memory units
in von Neumann architecture - the predominant architecture in contemporary computational
hardware - inherently limits memory access efficiency. Due to this physical separation, data
transfer between computing logic components and memory components is not only limited in
speed and throughput it also consumes a comparably large amount of energy. In these
applications, emerging memory (EM) technology encompasses a variety of material systems
that show potential in being applicable in the digital and implementing the analog domain of
non-volatile memory.

20 i
GB \g main memory
S DRAM

& (local) storage
18 /é’ FLASH

: HDD, Cloud storage

Figure 1-1: Diagram of computer memory hierarchy giving an overview on characteristics for relevant
application.

Memory hierarchy is defined by speed, cost andr f ¢ g | b gt agtbesabl¢ sizes g/hefoq
implemented in complementary-metal-oxide-semiconductor (CMOS) processing(Figure 1-1).

Current computing architectures commonly implement a mix of volatile and non -volatile data

storage devices is implementedthroughout current computing architectures. Located dosest to

the processor, the fastest type of memory flip -flop registers and static random-access memory

(SRAM) used as cache memoryTogether with dynamic RAM (DRAM), which acts as the main

memory, these types of short term (< 30 ns read/write cycles) and volatile storage are
predominant since the late 1960s.%® Long term, non-volatile data storagetoday is dominated by
floating-gate flash memory. Since the commercial introduction of flash memory in the late

1980s, rapidly decreasingcostper gr gl rfc O...qgq* _Il b rf@Tpggc n
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it today is replacing magnetic and mechanicd storage based harddisk drives (HDD) in more

and more applications. It is notably energy- and time-intensive to transfer data between closely

connected memories (on the same silicon die as the processor) to memories connected to the

central processing unit (CPU) via a bus to DRAM.Thissoa _j j cb §t ml Lcsk _1I1 mror
akeyfieldthat _aacjcp_rcq rfc pcqgc_qmaniorycomputing,cit cj mnkcl r m

Another development is becoming essential duethe sheer amount of data that is collected today
in all form s of electronic devices connected to the internet In the age of the internet of
everything (IoE), estimations predict that by 2025, one trillion sensors will be connected to the
internet.3* Since the data gathered by these sensors needs to be processed, artificial intelligence
and neural computing engines have become ubiquitous in consumer electronics ira relatively
short period. Between 2017 and 2020, the share of smartphones that include dedicated
hardware for machine learning applications rose from 3% to 35%.%° The replication of, for
example, deep neural networks (DNNs) on streaming architectures, such as graphical
processing units (GPUs) field-programmable arrays (FPGAs) and application specific
integrated circuits (ASIGS)tok gk ga | csp_j 8] requiredhgh aenpunts of energy g mp
and costin the implementation. *¢3” From smartphone cameras increasingly depending on Al
features for extended functionalities to customer data being collected at petabytes per hour
rates by individual companies,*® the ever increasing needor market for these computational
capabilities is revealed.

Consequently, it appearscrucial to create innovative memory technologies that (1) bridge the
gap between nonvolatile and volatile memory in terms of physical size per bit, speed and
energy consumption per read/write cycle, (2) g f mu 8§ 1 c s p fo&t isupultifevegl@ar analog
storage states, electrical behaviorand, (3) is compatible with current CMOS technology.
Subsumed underr f ¢ r c pk 8 c k ¢ p eaidue makegak systems igisubsumed that
8r gai _ | jtoprdveas fechnologieg thatprovide technological solutions to the ever-
growing pressurefor advancementsin these fields. Based on the rapid increase in both academic
and industrial research and more deployment of EM technology in practice, combined revenue
related to EM is estimated to be $36B by 20303 These estimates mark today as the start of an
exponential growth period of the market, as the first EM based solutions are on the verge of
competitive prices to conventional technologies.*® Concepts of integrating both, conventional
and emerging, memory technologies to harness advantages of the specific systems aralso a
promising prospectto advance computational hardware for next generation computing.*

1.1 The von Neumann bottleneck

Manifested in computer architecture development over the past50 years the von Neumann
architecture (VNA) defines logically separated components in its reaization of a universal
computer. Information is transferred between the components via buses and each of these
transfers is tied to an energy and time budget Backus defines these components of the VNA as
8§ mrrj cl ¢*a&s depicted in Figaré 52, in-memory computing (IMC) reduces the
transfers of data over buses as the memory itself gains data processing capabilitiet.ow-level
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(logic, arithmetic, and machine learning (ML) tasks) can be implemented by either creating
logic networks for conventional SRAM/DRAM cells or harvesting the physical behavior of
memory cells in EM technologies*®

@[ 1 O
l Memory In-Memory Computing T
Y »
UTOTT UTO0I0 fw [ JOT0TT  TTITI0
<« L — >
Control Unit — Control Unit | «e—
_ _ : Cache = : v Cache — ‘
| .It_\trjlgt]rrcm&t_:ﬁ — R fég??ﬁ::ﬁ — &= bus connection
_ — = — ——>» immediate data flow
von Neumann Architecture In-Memory Computing

Figure 12: (a) Schematic of the datdlow in von Neumann architecture, data is transferredover a bus
between cache and memory.(b) Schematic concept ofin-memory computing, eliminating the need for a
high amount of data being transferred over buses. Figure from referencé®.

Implementing the desired functions by embeddng logic gates greatly increases the numberof
field -effect transistors (FETs) and thus, the physical size used on a silicon die which increases
the manufacturing cost. For this reason, memory cells that behavein a multibit or analogue
response are highly desired as a single memory cell could replace a logic gate networkFor
example, the filtering of sensor data, matrix multiplications, and neuromorphic resistance
behavior are functions that can be handled by EM. The ultimate role model for multifunctional
behavior triggered by electrical pulses is a biological neuron seeFigure 1-3. The creation of an
artificial substitute has been followed by the already mentioned implementation in GPU and
ASIC architectures but has recently seen a shift towards memory cells thashow analog or
neuromorphic behavior.#54¢ This fundamental electrical property of EM technologies is one of
the key characteristics that defines the success and ongoing efforts in bringing these
technologies into everyday application.

. . re-synaptic spike
(a) Biological Synapse  (b) P VJ_I; P (c)107 25 v 209] domrecaion |

axon
terminal

Resistance ()

%
)
°

o J'l/ RRAM Synapse 103 -1.8 V 30 ns| potentiation

dendrite or e onn ann A

ivi . 0 100 200 300 400
receiving neuron post-synaptic spike pulse number
Figure 1-3: (a) Schematic of a biological synapse, where
combination of chemical processes. (b)) Array of RRA

incoming signals in a similar fashion to a biological synapse. Figure from referenceé*. (c) Response in
resistivity of a single Y203 RRAM device experiencing repeated voltage pulses. A gradual change
depending on the number of applied pulses is observed. Figure from referencé.
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Also founded in the model system that neuromorphic computing is striving after an increase in
energy efficiency, as neurological systems like the human brain use a fraction of the energy
(20 W) to perform highly complex tasks.*” The advantages in power consumption (factor of
250) and physical scalability are proven for principal component analysis (PCA), an important
algorithm in machine learning, by Mannocci et al.*

1.2 Scaling limitations in (non-volatile ) memory

For volatile SRAM, the scalability is mainly limited by its design. It consists of 6 transistors

acting as a flip-flop register, and thus, the minimal area or volume can only be reduced to the

footprint required to deploy all components of an SRAM cell. This footprint is also given as the
number 140F2®8 uf gaf gq § torthe ksed npde orfgature size used in the CMOS

process DRAM cells bring the needed area down to 6F2 as they only consist of a transistor and
a capacitor.

Non-volatile floating gate transistors used in Flash memory store information by charging a
metallic floating gate that is encapsulated by oxide layerss r f sq ~cgl e bcdglcb _q
memory, [These devices need a footprintof 4-5F2, which found their use for high density
storage applications like solid-state drives (SSDs).Current scaling, of down to 15 nm feature
sizes,is approaching physical limitations that affect the reliability of these devices at the single
cell and array levels.*® For example, subthreshold leakage currents through insulating layers
induced by local stresses,edge effects, and intra-device electrostatic coupling can alter or
diminish the differentiability of memory states. Nonetheless, for FinFET-based floating gate
approachessub 20nm node sizes are achievedi g r f - B mp | b designs>cRgcent studies
are advancing oxide layer thicknesses of20 angstroms (1A = 10'°m), by harnessing
competing ferroelectric and anti-ferroelectric responses of HfQ-ZrO, stacks®! As an alternative
to reducing the size of an individual FET, increasing storage densitycan also be achievedby
storing more than one bit per cell in § lulti-level cellumemory cells. Scalingand multi -level bit
solutions decrease the read and write speeds of Flash technology.

For emerging non-volatile memories (NVMs), device densityis the second key aspect besides
their neuromorphic behavior - which accelerated their popularity. It is greatly enhanced bythe
implementing the memory cells in a crossbararray, seethe schematic Figure 1-3 (b). In this
geometry, each memory cell or an array thereof, provides the desired neuromorphic
characteristics, whereas ingraphics processing unit (GPU or application-specific integrated
circuit (ASIQ-basedsolutions, these characteristics have to bemplemented in software (more
data transfers) or hardware (combining transistors into logic arrays).*? Implemented in these
arrays, RRAM devices can be implemented by a combination of a transistor, acting as a selector
and the resistive device itself, asea _j j c b 8 // rpoc_d gqodiRprcporpponént.*RNi et
al. compared the area occupied by solutionsacceleration matrix multiplication in the form of
CMOSbasedASICs and RRAM crossbar arrays and found &actor of 100 in area reduction. >
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1.3 Emerging memory classes and physical models

The electrical behavior described for resistive switching (RS) memories was theoretically
described in 1971, when Leon Chuapresented8 Rf ¢ kgqgqgl e aBRpaged esnghe
fundamental dependenciesin electronic circuit theory, where each dependency is represented
by a circuit element (e.g., the resistor represents the dependency of voltage and current,Q)
Y'Q)Qone dependency wasmissing due to symmetric considerations '@ 0 ‘Qr)the relation
of magnetic flux and charge! This missing elementu g r f c | bcdgl chb
combining its most prominent features in its name, memory, and resistor. Chua also defined
the circuit symbol for a memristor as it is shown in Figure 1-4 (a). Strukov et al. proclaimed in
0..6 rf _r rfc 8k gMashder foand, puBheydied the ¢lectkical bahavior of
their Pt/TiO ,../Pt metal -insulator-metal (MIM) stack, Figure 1-4 (b), to a physical model that
consisted of positive dopant ions (cations) migrating in the electric field during switching
operation.

Generally, the principle of RSis defined by a reversible change of two condwcting states of a
material or thin film. The different conductivity or resistivity states can be changed by applying
a stimulus, depending on the physical mechanisms that govern the change between the low
resistive and high-resistive states (LRS and HRS,espectively). In the example by Strukov et al.,

Figure 1-4 (b), the LRS and HRS are depicted by linear (Ohmic) and slightly exponential

(Schottky) sections of the current-voltage (IV) curve with different slopes, respectively. The
stimulus is a voltage applied to the metal Pt electrodes that embed the (insulator) TiO; layer.

(a) (b),[ _
i TiO
: s 2r : /z )
+ £ /.
0
m:e
= 7
-1 ’k»
Ol - il
-
®
-4k -
-1.0 0.0 1.0
Voltage (V)
Figure 14: (a) Initially proposed circuit symbol by Chua in 1971 ( b)) 'V curve of t

el ement & btylinR008%2u k o v

The movemert of an ionic species as a response to an electric field in an otherwise non
conducting layer (e.g., TiOz, HfO,, SrTiOs, NiO) is the mechanism of two emerging memory
technologies: electrochemical metallization memory (ECM) and valence change memory
(VCM), Figure 1-5 (d). The latter technology will b e presented in the next section in detail, as
it is the focus of this work. ECM is based on the motion of metallic ions (from the positively
biased electrode) inside an insulating layer, which form metal cl usters in the insulating film .5*
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Once a volume of the metallic species bridges the electrodes, theresistance between the
electrodes drops Reversing the bias direction causesa rupture of the conducting bridge,

facilitated by Joule heating as current is funneled through a low crosssectional area voume.

This crosssectional areais discussed in quantumpoint conductance to be dependenton single
vacancies or metal atoms changing their position in and out of the filament, founding the far -
reaching model of the quantum-point-contact.>-%8

Besides CBRAM and VCM-RRAM, three material systemsalso represent the emerging memory
category and will be presented shortly: Ferroelectric memory (FERAM) is a system that stores

two states in the remanent polarization of a ferroelectric layer. The polarization state of the

active layer is a non-volatile charge on the capacitor it represents in the 1T-1C configuration.

During readout, depending on the initial polarization of the ferroelectric, the results in a

polarization inversion or no change to the polarization state. This implies that readout is

destructive, and the state has to be reestablished by a write cycleTo achieve small device sizes,
FE layers wih a high coercive field are required, and since the discovery of ferroelectric
behavior of e.g., Si:HfO, by Boscke et al.?° this material system is a promising candidate for

ultimately scaled FERAM devices®® Implementations of FE layers in transistors mimic floating

gate functionality and two terminal devices changing their resistivity by the change of tunneling

current through a MIM stack containing a FE insulator are also possible implementations.5!
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Figure 1-5: Schematic of emerging memory types and their fundamental physical processes. Figure from
reference®?,

Magnetic memory (MRAM) relies on the effect of parallel or antiparallel alignment of magnetic
domains in a magnetic tunnel junction. For each configuration, the stack of a geometry shown
in Figure 1-5 (b) presents eithera low resistance or high resistance respectivelyWrite processes
are solved via a variety of methods that induce a magnetic field that changes the polarization
of only one of the ferromagnetic domains in the device. Newer approaches like spirorbit or
spin-transfer torque (SOT-, STT-MRAM) make use of magnetic torque trarsferred by electrons
when a spin polarized current is passed through theferroelectric in the write process.

Originally found in rewritable CDs and DVDs, thechalcogenidephase change materialGeSbTe
is implemented in the system of phase changememory (PCRAM)S8 Changing between the
amorphous and crystalline state of the material, the resistivity of a thin film is also changing,
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with the amorphous state being the HRS. Switching the phase and resistivity is initiated by
transmitting a current through the layer itself or through an external heater located close to the
memory cell to raise the temperature. Depending on the material and stoichiometry of the alloy
melting (reset) occurs at roughly 650°C and crystallization (set) at 150°C. Thus the reset process
involves a high energy input (roughly 5-100 times higher than other technologies). PCRAM is
the only EM technology that is currently deployed in consumer electronics in the form of high
performance SSDswhere these memory cells are used as @achefor the NAND Flash storage
of the SSD, or as non-volatile DRAM replacement for applications that cannot tolerate data loss
caused by a power outage®* 8 In the history of in situ transmission electron microscopy, phase
changes induced by electrical bias have ben studied as early as 1972, whenChaudhari and
Laibowitzm™ gcptcb asppclr gl bsachb a ptpngelectijodegap® r g ml m

Direct replacement of classic CMOS memory technologyy one of the listed EM systems is not
straightforward, as a multitude of parameters like speed, power per read/write cycle,
endurance, scaling, and CMOS compatibility and processing need to be consideed.®
Nonetheless, tpending on the application, advantages in a critical performance parameter
justifies the implementation of a certain technology. In the application of neuromorphic and in-
memory computing, an area conventional CMOS technology was not designed for, is a key
motivation to implement EM systems. Ultimate scalability addressed by two-terminal
approaches andincreased resilience totunneling currents, which occur at everdecreasing
structure sizes is the second areawhere emerging memories surpassconventional memory
technologies, especially for nonvolatile applications.

1.4 VCM resistive switching i the filament model

1.4.1 Experimental proof

As described in the previous section, two EM systems rely on the fundamental mechanism of
ions moving in an electric field. Experimental proof for the localization of the current
transported through the layer today is manifold and contributed to the defini tion of the
§dgj _kcl r ReUnnvVEM and ECM.E

Cathode

25 um

Figure 1-6: (a) TEM images of a TiN/MoO«/Cu stack during the application of a positive IV sweep (set

process of a BRS cycle) A copper filament forms between the electrodes From Kudo et al. 2014° (b) Cr
XRF map of a Cr:SrTiQ crystal after switching the device to the LRS state. The color scale indicates the
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change from Cré*to Cr#, thus indicating an increase in oxygen vacancyconcentration. From Janousch et
al. 2007

For ECM, in situ TEM studies by Kudo et al. showed the formation during forming/set, Figure
1-6 (a), and dissolution during reset of a copper filament in a TiN/NiO/Cu/Pt thin film stack. ™
The TEMimages show the Cu volumebridging the electrodes when it reaches the LRS D).

For a VCM system, the studies bylanousch et al.focused on a top view of a chromium-doped
SITiO; single crystal with electrodes lithographically deposited on its surface® The Xray
fluorescence (XRF)map probed the surface of the single crystal before and after forming of the
created resistive memory cell. It was possible to attribute the change in the Cr XRF signal to a
change of CP* to Cr*" in an area/volume between the electrodes. The forming process thus
was attributed to the movement of oxygen ions towards (forming, set) and away (reset) from
the anode. Du et al. showed for the same material system (STO) that oxygen vacancies form in
strongly confined volumes in STO thin films enclosed by conducting electrodes®* Another
particularly striking experimental proof for the localized conductivity was given by Lee et al. in
a MIM stack where one metal electrode was replaced by a combination 6 semiconducting n-
and p-GaN layers acting asa light emitting diode (LED) substrate. In the device area of
100*100 umz, only four positions of electrical conductivity were observed during the electrical
testing (where light emission occurred), indicating the strong confinement of the current in the
overall device area.

In 2006, Szot et al. studied the conductivity of epitaxially grown SrTiO ; films by conductive
AFM (CAFM) methods and found that threading dislocations through the thin film act as paths
for increased electrical conductivity.”? This was supported by ab initio calculations that showed
dislocations serve as paths of high mobility for oxygen The authors concluded that planar
defects could also play a role in this process.Szot et al. thus provided the first atomic scale
insight into the RSprocess of valence change memory devices. Other fundamental CAFMased
analyses(e.g., Bersuker 2010, Celano 2016°7%) indicate that the area needed to operate these
is only limited by the structural features present in the oxide thin film. Some of thebinary metal
oxides considered offer intrinsically high-{ and large band gaps (HfO>), providing a higher
tolerance to leakage or tunneling currents, which facilitates their application at significantly
reduced film thicknesses. Operative HfO, base RRAM devices have been reported for oxide
thicknesses of 5 or 2nm.7s.76

At this point it is evident that the high spatial resolution observation and experimental probing
of filamentary RRAM have gained high relevancealongside the fast developments in this field
The physical processesvhich determine the electrical properties of the devices need analytic
technologies at the nanoscale.Thus, RRAMrepresents one more field in modern technology
that requires fundamental understanding to develop models at the atomic scale. Lanza et al.
define CAFM and TEM ascrucial methods for future studies of RSdevices?’
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1.4.2 Atomistic processes during VCM resistive switching

Breaking down the physical processes in &/ CM RSdevice can be approached by separating the
main operation types and individual forming, set, and reset processesWith their superficially
simple device structure, within a MIM stack, an intricate interplay of electric field, redox
processes,Joule heating generated by electrical current transported through the oxide, local
gradients and strain affecting the diffusivity of ionic species, and interface effects must be
investigated in order to create representative model for the switching process. Theschematics
shown in Figure 1-7 gives an overview of the atomistic understanding of the VCM RScycle. To
focus on the materials used in this work, for the schematic asa TiN/HfO /Pt MIM stack was
chosen.

(a) Bipolar IA (b) Unipolar |
resistive —==p===- CC resistive "
switching | -R5 : switching || rs /]™®%®
set] | (forming) lee___CC
Vreset HRS - v HRS set

V
>

Vset Vforming set Vreset Vset

(c) pristine ©)
V]0]00e]";

Zu000000
Q00000

Figure 1-7: (a) Schematic IV cycle of a bipolar RSoperation, the forming process is marked in grey. (b)
Schematic IV cycle of unipolar RS (for both polarities). (a,b) Adapted from reference®. (c) Schematic of
the initial state of a TiN/HfO2/Pt stack with the oxide in its pristine condition , the oxygen filled circles) is
located in the oxide layer. (d) The thn film stack after forming in its LRS. Oxygen ions diffused in the
electric field into the BE,leaving a (conducting) volume ofhigh oxygen vacancy concentration behind.(e)
The thin film stack in its HRS state after a reset. Theleficient volume is partially filled by oxygen ions,
interrupting the connection between top and bottom electrode. Note that for BRS, the volume ruptures at
the TiN/HfOz interface and the bias is applied conventionally to the Pt TE

As indicated earlier, the fundamental processes duringRSare governed by local redox processes
in the oxide film and surrounding layers or thei r interfaces. This is also referred to as aganionic
redox phenomenonf® and physically defines the non-volatility of the created states because
oxides, known as thermally and chemically stable materials prove to be ideal for storing their
chemicdly induced binary states. The, sometimes competing, driving forcesare for example
summarized by Lee et al. who review the suggested physical models in resistive memory
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devices!’ Electric fields, temperature and diffusion gradients govern the movement of (ionic)

species during the forming and cycling of a device. The Coulomband Soret forces, as well as
Fick diffusion together with localized changes in diffusion potentials (defects, strain) are
creating a complex system, further manifesting the need for high resolution and real time
investigations of the processes.

In its pristine state, the oxide layer, here stoichiometric HfO», consists of a crystal latticewhere
all oxygen atoms are located at their corresponding positions as dictated by the structure.
During the forming process, a high electric field (Viorming @cts on a 10nm thin film) leads to a
local, soft dielectric breakdown of the insulating oxide layer (Figure 1-7 (c) to (d)) . Setting a
compliance current (CC) can limit the energy input in this process. This limit protects the device
from hard-breakdown, as a current overshoot would induce a high amount of Joule heating
that could thermally change or alter the device irreversibly. During the formation process, the
applied electric field and the induced electric current during the breakdown allow for oxygen

anions to move towards the bottom electrode (BE) interface. The locally created volume of high

mv we c | t_a_law amlaclrp_rgml _jrcpq rfc 8ejm
resistive state. This change is also accompanied by the type of current response to the applied

voltage changes from a Schottky type behavior(exponential) for the HRS to an ohmic (linear)
behavior for the LRS

Resetting the deviceis achieved in bipolar RS by applying an inverted electric field, which
causesoxygen anions to fill the vacancies in the deficient volume created by the forming
process. In unipolar RS a similar process is triggered by thecreation of a current higher than
the current used in the set process.The result of the reset process is depicted irFigure 1-7 (e),
the continuous deficient volume between the electrodes is interrupted, returning the device to
its HRS.

Subsequent set processes do not require the electric field necessaduring the forming process,
Vset O Vioming. The difference between the two voltages is one of the application critical
parametersas a high forming voltage would make the implementation of an additional forming

process during manufacturing or circuit designs that allow the application of high forming

voltages necessary (see sectior.5).

Which switching mode is present in an RS device is controlled by and inversely governed by the
filament shape (including the diameter), position of the filament rupture and possible
dependance on electrode materialsand the interfaces. Bipolar counter-figure eight and unipolar
switching are shown in Figure 1-7. Extensive studieson the switching characteristics in oxygen
deficient devices by Sharath et al.”® and modelling of the switching modes by implementing
equivalent circuits with a combination of two opposing memdiodes by Petzold et al. give further
insight.” As the filament is discussed asa volume of high defect concentration, the possible
phases of the filament in literature range from sub -stoichiometric HfO.., of the same phase as
the pristine layer (e.g., monoclinic), hexagonal Hf intercalated with oxygen and intermediate
phases such agetragonal and cubic HfO,.8%-83
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The dynamics arising in the process due to the changing filament shapeduring the formation
and cycling processalso highlights a time dependent model of the process.Specifically for their
neuromorphic application of RRAM, pulsed operation can gain control over these dynamics®*
8 Dirkmann et al. approach this by modeling the formation and cycling processes inkinetic
Monte Carlo (KMC) simulations and implement a variety of chemical (redox), thermal, and
electrical parameters in their calculations® Rf ¢ epmur f md _ 8wasshgwo r c b
and transport mechanisms of oxygen ions and the diffusion of these ions into he TiN layer have
been investigated. Together with the work by Niu et al., where the incorporation of oxygen in
the TiN BE has, complementary to MC simulations, been proven byperando X-ray spectroscopy
probing the bulk of the device stack (HAXPES) the role of reactive BE materials isemphasized.
Naturally , both MC-basedstudies are agnostic of crystal structures and defects in both the HfQ@
as well as the TiN layer. McKenna studied the incorporation of oxygen into bulk TiN and E5
grain boundaries and points out their role as a scavenger ofinterstitial oxygen that can be
created during RRAM cycling &

1.4.3 Sample features enhancing filament formation

In resistive switching, the filament model confines the active volume of an RRAM device to a

scake, where micro- and nanostructural features of the oxide thin film directly affect the device

properties. Furthermore, for most valence change memoriesan initiation or forming process is

necessary to create a cyclable deviceOnly filament formation, or _ | gl grg_j gqgmdr
"pc_ibmul g md rfec mv thid active Yolgrhe wichjik in igspcore anc g
agglomeration of defects. One way of tuning the final device performance is controlling the

location or required energy for filament formation is one way of tuning the final device
performance. Utimately, this can only be achieved by the control of defectsat the atomic level

in the oxide layer. Thus, fundamental insight into the variety of defect types that occur in these

films is required.

Zero-dimensional defects: The filament formation process itself creates a volume of high
oxygen deficiency. This process can be facilitated by distributing a defined concentration of
defects in the volume of the oxide thin film. Deposition of sub-stoichiometric hafnia film sis a
promising way of controlling the forming and final device properties. Studies by Hildebrand et
al.?® and more recertly by Kaiser et al.®* investigate the phasesthat are synthesized if hafnia
films are MBE grown under a reduced supply of oxygen.For the systems ofHfO..."® and TaO°*
Sharath et al., and, for YQ, Petzold et al.®? found a reduction of the forming voltage, when
oxygen deficiency was introduced. As asecondary effectof the lowered forming voltage, the
device-to-device variability was reduced.
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Figure 1-8: Schematic of the band diagram and electronic transport during application of the forming
voltage in a idefect richd insulati ng I[faalyaterlectrdbef ect
hopping, (trap assisted) tunneling processes and Schottky emission at the interfaces govern and limit the
conductivity. Figure drawn after Bagdzevicius et al

By the introduction of volume defects § nqg@enp k _rgml g md rfc dgj kclrr
extent.% Synthesis of mixed phase é.g., stoichiometric m-HfO, and sub-stoichiometry and
semiconduding LTP c-HfO,.y) also creates individual grains that act as candidates for filament
formation. ° Ab initio studies of the formation of conducting sub-oxides in deficient HfOx phases

by McKennd&® supportthc nmqgqg " j ¢ ¢ wgnprkozdlumes. Thediderification of

these phases willbe discussed in chapters.

Electronic transport in large bandgap oxide thin films is discussed inextant literature as electron
hopping transport along a series of defect states as shown schematically ifFigure 1-8.% The
following types of defects either add the defect states in the bandgap or create volumes of
material that extend the cathode - and in some cases anode - by introducing a
(semi-)conducting material in the insulating film, reducing the distance between the electrodes
(virtual cathode model %9).

One-dimensional defects:. The studies by Szot et al. which investigated tlreading
dislocations through STO layers asdescribedearlier, show that in single crystalline STO layers
bcdcar p gsathe dlocatiors,kact as regions of reducediorming voltage. > The model
introduced also discusses the growth of the conducting volumes during forming from purely 1D
to a filament of a diameter (on the STO surface) of 310 nm.

Experiments that artificially decreased the electrode areain ECMby leveraging on single defect
8 f mj cargpherg Sheetscreated a system thatalso benefitted the retention and filament

stability (e.g., Zhao et al.).®® The authors propose a model that confines the created filament(s)
to an almost 1D shape.

Two-dimensional defects: Hafnium oxide has historically evolved as a widely usedhigh-{
dielectric in CMOS technology *® In this application, the prevention of leakage currents through
the ever-decreasing layer thicknesses has been an active field of studies. McKenna and Shluger
proved by ab initio studies in 2009, that grain boundaries in crystalline HfO, films act as
segregation sites for oxygen vacancies, which in turn affect the leakage of the thin film%’
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In resistive switching devices,locally increased leakage will lock the filament formation process
to a grain boundary that inherits the highest leakage.Grain boundaries, planes of high defect
concentrations, are another for providing these paths. This phenomenon is experimentally
supported by CAFM studies®>®® and ab initio studies investigating the defect formation energies
and electronic transport at GBs!"°7:% Until recently, these studies have been based on model
grain boundaries that included cubic phases or symmetric GB conditions. Petzold et al.
structurally identif y the type of a grain boundary in a textured, stoichiometric m-HfO; layer that
also showed a decreased forming voltage?® This decrease has been attributed tothe high
leakage paths introduced by the grain boundaries in the investigated thin film. Section 4.2 will
address this in more detail.

Figure 19: (a) Crosssectional, atomic resolution HAADRSTEM image ofa metaHnsulator-metal stack
with grain boundaries present in the insulating hafnium oxide layer. Missing or additional half planes are
enhanced by Fourier image filtering the (111) lattice spacing (orange overlay). (b) Planview, atomic
resolution HAADF-STEM image of an arrangement of Hf@grains, showing a network of grain boundaries.
At the GBs the (10) lattice spacing is enhanced by Fourier image filtering (orange overlay).

Generally, models defined for resistive switching operation often reduce the oxide film to a
homogeneous layer. With grain boundaries as a fundamental feature of (oxide) thin films

(Figure 1-9 (a)), new models have to be created, which addressthe multitude of nanoscale

features present in these systems. Also, morphous (hafnium) oxide thin films need a forming

gren rf _r sjrgk_rcjw ugj]j dmpk _ apwqgr _jjglc t
formation, [This possibly renders amorphous films to a precursor state to acrystalline and

defect controlled switching thin film.

Three-dimensional defects . Thin film microstructures present intricate networks of grain
boundaries as shown inthe plan-view of a HfO, film in Figure 1-9 (b). This network creates
triple junctions (TJs) in the microstructure of the hafnia layer. Studies on transport properties
of TJs are scarce but indicateincreased transport along TJs in metals® and also serve as
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preferential defect segregation sites!®? Section 4.3will investigate methods to capture the grain
boundary structures at a high resolution.

Although no direct correlation to triple junctions (TJs) is made by Lanza et al. in their CAFM

studies of HfO, thin films, 1 their current or leakage maps (Figure 1-10 (a)) on polycrystalline

HfO: films might indicate the presence of highconductivity regions at TJs, which they attribute

to GBs (2D defects). Kal cl | _ c¢cr _j, gf mu gl rfcgp amppcj_rc
g k e gl ethatikdeed thhe GBs are locations in the thin film with a high forming probability

as the map shown in Figure 1-10 (b) recorded at a 6.5V bias applied to the CAFM tip and

support this by ab initio calculations for a symmetric (101) tilt GB .}” The authors also discuss

the surface roughness arising at GB locations du¢o the development of a thermal groove during

annealing. Also, they consder the finite tip radius and the difficulties of probing the actual GB

surface.

850 nm 325nm 168 nm 168 nm
Figure 1-10: (a) CAFM current (leakage) maps of polycrystalline Pt/HfOz2 and Zr/HfO2 thin films by Lanza
etal®*Br i ght , hight current regi ons i ndautovalthge abavethe gh | e ak e

noise |l evel of the instrument . ( bY/SIO/HPostpekat®.6BMbgal and 7T
McKenna et al1” High current values are observed for the grain boundaries, represented by detents irthe

topographic image.

The previous discussion on defects and defect structurehkighlights the necessity of fundamental

investigations of the nanoscale features in resistive switching thin films. As such,the extensive

review paper by Zhu et al.,}°2 and the progress report by Hui et al.X%® allow deep insights into

the efforts that have been undertaken to study these systems athe highest spatial resolution.

Despite being out of scope for the presented work, the effortsin electrode and interface
engineering!®-1% and multi -layer stack geometries®’ are viable options that control the device
characteristics.

To conclude the nanoscale and defect drivenbehavior of VCM RRAM devicesa set of four key
features and propertiesmust be considered when studying these systems:

1) Filament formation occurs as a volume in the device that locally shows the highest
electrical leakage

2) A variety of defects can potentially be introduced to control the formation location:
volume defects/sub-stoichiometry, threading dislocations bridging the insulator layer,
grain boundaries interconnecting the electrodes, or more complex grain boundary
networks.
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3) Inlarge, planar devices,a single, nanometersizedq _knj ¢ dc _rspc ugijj

properties.

4) Ssc _pafgle rfc 8 _argtc ggrcp gl
problem, and a combination of methods (CAFM and TEM) may be necessary to study
relevant regions of interest. 1327108

1.5 The perfect RRAM device (for electron microscopy)

Defining a perfect RRAM device is degndent on the desired application. For neuromorphic
devices, the accessibility of an analog orquantized conductance states is of highes priority,

while non-volatile storage classifications such as retention time,and cell sizes rank lower in
priority. In their 2017 review, Hui et al. address the critical device parametersfor non-volatile

transition metal oxide (TMO) based memories.’® Nail et al. approach the endurance and
retention properties of storage-class, filamentary RRAM in their 2016 paper and also specify
the application-dependent selection of the material system?!° It is evident that no one material

gwgqgr c k 18he lgoges.|gThis fact is echoed in the research of the past 1520 years, spread
over a variety of different materials, with each proposed device presenting unique features and
performance parameters.

In the presented work, the specific deposition systemand parameters used have been under
continuous development since 2008'! to achieve the level of control necessaryto synthesize
the highly ordered samples presented.The expertise in sample synthesis allowed the study of
high-performance thin film stacks with uniqgue compaositional and structural features. Finding

systems that allow the individual investigation of the multitude of parameters, some of which
are described in the previous sectionsthat define the electric behavior of a VCM RRAM device
is highly beneficial for the fundamental understanding. Findings on systems that are sometimes

_rrpg srch wggqckRBgmbcj usgwgb arm baectcj mn kcrf mbgqg
pcnpcqgclr _rgtcp bct gastae espedallypfithe fundamentah phgsikay x ¢ b

processes are the details that need investigation.

1.6 Materials of the metal-insulator -metal thin film st ack

The samples characterized in this work aremostly lab-scale devices grown in the Advanced Thin
Film Technology group of Lambert Alff. Before giving an overview of the method of thin film
deposition, the materials for most of the investigated samples wil be shortly presented here,
focusing on the material properties that define their use in the thin film stack.

The investigated thin film stack represents theMIM stack order. A 50-300 nm titanium nitride

(TiN) electrode is deposited on c-cut sapphire (Al.O3z) substrate, followed by the insulator
hafnium oxide (HfO.) of 10-15nm thickness. As a top electrode, a platinum (Pt) layer is
deposited via magnetron sputtering. A schematic of the structures in the thin film stack are
shown in Figure 1-11. The presentedcrystallographic texture is discussed in detail in chapter4.
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° e
ALO, — (001) TiN — (111) 2x IP HfO, — (1171) 5IP Pt (001)

Figure 1-11: VESTA12 model of the thin film stack consisting of (left to right) the Al>Os substrate, TiN
metallic bottom electrode, insulating HfO2 oxide layer and Pt metal top-electrode, creating the MIM stack.
The corresponding out-of-plane (horizontal axis) orientations are denoted and exemplary orientations of
the TiN and HfO: film were chosen The film thicknesses are not toscale, and a single selected inplane
(IP) orientation was selected for the TiN and HfQ layers.

1.6.1 Substrate: ¢cut sapphire i Al2O3

Although the substrate itself is not in direct contact with the property defining oxide layer in a
MIM stack, the choice of substrate material will ultimately affect the physical properties of the
active layer. For this study, the main motivation for choosing c-cut sapphire substrates was the
guality of the TiN electrodes that can be achieved during depostion on this substrate. Similar
results have been reported on MgO (also see the discussion in sectiod.1), where epitaxial
growth is possible due to the low lattice mismatch of TiN and MgO (0.7 %).1%3

In general, akey motivation for the choice of the substrate material is CMOS compatibility, thus
Si substrateswould be a more viable choice. CMOS compatibility is also given for sapphire
substrates (siliconron-sapphire process) but br the presentplanar systems, the importance for
ultimate control of the texture for the TiN BE and the HfO » layer are the decisive factor.

1.6.2 Bottom electrode: Titanium Nitride i TiN

When c-cut, Al.Os can be used as a substrate to create highly textured TiN thin films, due to a
rhomb-on-rhomb growth that reduces the lattice mismatch to 8.75 %, which was initially
reported by Talyanski et al.'** Rhomb-on-rhomb growth of a cubic (TiN) structure on a
hexagonal (Al>Os) structure can be understood, if the cubic TiN unit cell is observed along its
(111) axis. It re sembles a hexagonal structure, where the periodic shape of the basal plane is a
rhomb. Epitaxial TiN growth on Si is achieved on nominally 25 % lattice mismatch by a similar
domain matching epitaxy (4 TiN and 3 Si unit cells, when (001) out -of-plane oriented). Section
4.1 will investigate the growth mode achieved for the Al,Os; (001)||TIN (111) texture, which
resulted in high quality, low roughness TiN films. These films are promising candidates as a BE
material. In literature, the use of TiN as a (bottom) electrode material is well studied and the
impact of the redox potential of sub-stoichiometric TiN 1 films has beeninvestigated®’81® as a
scavenging interface alongside the implementaton of metallic Ti scavenging layers®116-118 For
FERAM, symmetric MIM stacks with TiN electrodes are also promising candidates®19120 For
the achieved texture in the thin film stack, TiN transfers the texture of the single crystalline
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substrate to the subsequently deposited HfQ layer. As a refractory or barrier metal, room
temperature electronic properties of TiN are defined with a resistivity of 10-25 pmem. 24122 At
superconducting temperatures (bulk Tc= 6 K2 it is used in as microwave resonator
applications and Josephson junctions!?*

1.6.3 Active insulator : Hafnium Oxide i HfO2

Hafnium oxide is deeply embedded in the history of CMOS processing, serving as avide
bandgap, high-k dielectric layer, proving the compatibility of H fO, in semiconductor processing.
In this function, hafnia layers have been studied extensively and the presence of grain
boundaries and their effect of dielectric breakdown have been investigated in this context. 2

As resistive switching material, hafnia is, besides Ta@ TiO2, NbOy, &dpml rpsl Il cpu g

stability when switched between its transition metal and oxide phase.*® This is mainly due to
r f c 8q gk nty ghasg diagnam which is discussed to contain no intermediate phases
between these statest?® Nonetheless, he exact nature of the phaseshafnia can form as a
response to oxygen deficiency arestill under discussion as e.g., low-temperature cubic phases
have been observed recenth’® As a high-k material, the required film thic knesses thatare
necessary for creating insulating layers are low promising good or ultimate scalability.

All defect types discussed in sectiorl.4.3 that enhance or control the filament formation process
have been observed for hafniaand grain boundary, 2D defect as well asvolume, 0D defect
mediated properties will be discussed in the chapters 4 and 5 respectively.

1.6.4 Top electrode: Platinum i Pt

Platinum is a common electrode material in asymmetric RRAM MIM stacks, as its relative
inertness, low work function and processability make it an ideal candidate. Ab initio studies on
the incorporation of oxygen into the Pt electrode showed that the energy barrier is high and in
asymmetric MIM stacks with electrodes that incorporate defects such as vacancies and grain
boundaries, the opposite electrode is more likely to act as the oxygen scavengef® Depending
on the resistive switching mode - in section 1.4.2 counter-figure eight switching was described
- the point of filament rupture during reset is discussed tobe located at the oxide/Pt interface.
In this case, the oxygen supplied to the deficient filament volume is assumed to be filled from
previously created oxygen interstitials in the oxide itself.%1-127

1.7 Thin film growth

1.7.1 Reactive molecular beam epitaxy

Molecular beam epitaxy (MBE) is a thin film growth method that is suitable for the deposition
of epitaxial and low defect concentration films over a large variety of material systems (metals,
semiconductors _ | b mvgbcqg', Ctcl amgl cb _q rfec
semiconductor heterostructures!?® and being fundamentally connected to industrial and
scientific advances in nanotechnology??® it serves as an ideal synthesis routine for physical
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property research of (oxide) thin films. 3° Deposition of thin films occurs at ultra -high vacuum
(UHV) conditions with a base pressure of~ 10° mbar. Due to the reduced collision probability
and increased mean free path at these vacuum conditions, the use of evaporatiosources, which
generate low energy atomic or molecular beams, is possible. The geometry of the deposition
system is shown schematically inFigure 1-12.
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Figure 1-12: Schemati of the reactive molecular beam epitaxy (RMBE) setup. Figure from reference!3Z

Originally developed for co-evaporation of, most prominently, GaAs and InSb IV
semiconductors, initial reports of early versions of MBEs date back to 19582 but only the
introduction of in situ growth monitoring techniques, controlled epitaxial thin film growth
could be achieved?®®?

Elemental sources in an MBE system can be implemented bglectron beam evaporation sources
and consistof crucibles loaded with elemental metals (e.g., Ti and Hf). A 10 kV electron beam
is created by a heated Tungsten filament and an acceleration hole anode which are locatedn
proximity to the crucible. The electron beam is deflected by a magnetic field irto the crucible
itself. Deflection coils allow for the scanning of the electron beam across the crucible surface.
The impacting high energy electrons heat up the material (with power outputs for the source
of up to 10 kW) in the crucible and the low pressure of the MBE chamber allows for the
evaporation of the material. Acceleration voltage and emission current as well as the oscillation
of the electron beam on the crucible surface allow for a precise control of the evaporation rate.
During initial heating of the sources a shutter prevents deposition of material on the substrate.
A common way of monitoring the evaporation rate is the introduction of quartz crystal
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microbalances (QCMs), which change their resonance frequency with the amount of material
deposited on the quartz transducer.’** Calibration is done via selecting the desired growth
parameters, deposition of a film for a defined time and subsequent determination of the
achieved thickness by profilometry. This allows to assign a thickness per time growth rate for
the used deposition parameters.The QCMs areeither retractable and placed at the substrate
location or permanently mounted.

In the case of oxide and nitride films being deposited in an MBE system, there is a radio
frequency (RF) plasma sources implemented in the system, rendering it a reactive (R)MBE. The
RF sources provide reactive ionsand molecules to the volume of the deposition chamber
between the evaporation sources and the target. The mean free path of the evaporated species
is reduced but at the same time, conditions for a stoichiometric deposition of the desired film
can be achieved. The number of (O* or N*) radicals supplied to the vacuum chamber is
dependent on the flow rate of the gas and the power of the RF emission. The optical output of
the RF tube is a critical parameter that allows the estimation of the effective ionization of the
gas.

With the option to control the parameters of the metal evaporation sources, RF plasma sources,
background pressure and substrate temperature, a high dimensional parameter space is created.
Studies that involve the optimization of one or a small set of deposition parameters are often
necessary to achieve a good understanding of the influence of a condition during deposition.
Changes to the physical setup of the MBE can introduce the need for recalibration of deposition
parameters, as it is reguarly performed after the cleaning or change of the apertures of the
plasma sources.

1.7.2 Thin film growth kinetics

With the described growth parameters, a complex thermodynamic and kinetic system is created
at the surface of the sample during deposition, which includes a balance of adsorption and re
evaporation and nucleation processes that overall are steered towards aelatively slow film
growth at a speed offractions of to severalangstrom per second. The schematic shown irFigure
1-13 includes the most important processes to be considered during growth.Observation of
initial seeding conditions is mainly performed by scanning tunneling microscopy (STM) due to
its superior spatial and depth/height resolution. (Quasi-)epitaxial growth of titanium nitride is
used in superconducting electrode and RRAM applictions.'*%13¢ Wall et al. observed the
seeding of TiN (001) on MgO (001) single crystals by STMand ab initio density functional
theory (DFT) methods in 2004.1** They deposit %2 monolayers by <2 min reactive magnetron
sputtering of a Ti target at N, partial pressure at different substrate temperatures. The
isostructural lattice of MgO and TiN differ in thei r lattice constants only by a factor of 0.006
(0.6% lattice mismatch), enabling epitaxial growth over a wide temperature range (500 to
1050 °C). Empirically, Wall et al. show that the achievedisland sizes are increasing with the
substrate temperature. This is a result of competing processes of thin film deposition at high
temperatures. Ab initio calculations of TiN island and large terrace growth show that for
substrate temperaturesbelow 865 °C, growth is limited by diffusion of TiNx admoleculeson the
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surface. For higher temperatures, the formation rate of stable clusters(defined by their critical
radius) limits the growth.
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Figure 1-13: Schemaic showing adsorption, surface reconfiguration and re-evaporation processesduring
thin film growth, adapted fromreference?".

Monte Carlo-based simulations of thin film growth are also used to describe the adsoption,
desorption and diffusion processes along surfaces and edges during thin film growtht3® The
growth rate and substrate temperature dependent formation of defects in an otherwise homo-
epitaxially growing Si (001) on Si (001) again indicates the dependence on kinetially limited
surface rearrangement processes during in this case - molecular beam epitaxy thin film
growth.

Agnostic to the fundamental processes on the surfacédhkubo et al. show that the optimization
of a specific physical property can also be achieved by optimizing the growthvia a machine
learning-basedprocess®®® Section 4.1 will extensively study the properties of (quask)epitaxial
TiN films.

1.7.3 Textured growth of thin films

Thin film deposition does not always occur on substrates with closely matching lattice
parameters or at high enough substrate temperatures that allow the high amount of ordering
introduced by epitaxy. Room temperature physical vapor deposition (PVD)techniquesnormally
deposit films with a low or even no geometric relation to the underlying substrate, as shown in
Figure 1-14 (a). Examples for uniaxial textured films are for example dominated by anisotropic
grain growth speedsthat result in out -of-plane textured, columnar microstructures of thin films

(b) . The in-plane rotations of these grains do not show any correlation. With lattice mismatches
approaching the 10% range and sufficient substrate temperatures, theexture of the grown film

can exhibit (multiple) preferential in -plane orientations (biaxial texture, (c)). As shown in the
TiN/MgO example in the previous section, low lattice mismatch (< 2 %) or homoepitaxial
(Si/Si) growth can form single crystalline films (d).
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Figure 1-14: Definitions of texture classification: (a) random (b) uniaxial (arbitrary in plane rotations) (c)
biaxial (with multiple fixed inplane rotations A, B) and (d) single crystal, adapted from Wang and Lu.240

Texture in a thin film is a key characteristic and characterization methods are routinely applied
to probe this and other fundamental structural features of a thin film. X -ray diffraction (XRD),
mainly focusing on 2[ /5 scans, Xray reflectometry (XRR) and reflective high-energy electron
diffraction (RHEED) are the most common techniques applied to study the growth quality
(crystallinity, roughness) and texture of thin films.

1.7.4 In situ thin film characterization (RHEED)

During the thin film deposition itself, the quality and type of growth mode can be monitored
by in situ reflective high energy electron diffraction (RHEED). A 20 to 50 keV electron beam is
focused on the substrate surface at a shallow incidence angle of approximately 1°The electron
probe forms a spot on the sample surface in the rangeof several square milimeters.}# A
glasdquartz fluorescent screen is mounted on the vacuum chamber wadl opposite of the
electron gun and a camera captures the electron reflection and diffraction pattern. To align the
sample to the geometry of the RHEED system, the sample rotation of the substrate stage is used,
diffraction patterns are typically recorded at prominent zone axes of the substrate or grown
film. This geometry is related to the electron diffraction geometry used in selected area electron
diffraction (SAED) which is discussed in section 2.4.2. This section also includesthe discussion
on the geometric construction of the constructive interference conditions when the reciprocal
space mesh of the crystal structure intersects with the Ewald sphere defined by theprimary
radiation (electrons) as it is depicted schematically in Figure 1-15. This geometric construction
is further detailed in section 2.4.2 as the same principles apply to electron diffraction in a
transmission electron microscope.
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Figure 1-15: Schematic side view of the RHEED setup and the conditions foconstructive interference for
thin films. The Bragg condition is fulfilled, if the Ewald sphere intersects with the highly elongated rods in
the reciprocal lattice of the deposited thin film (adapted from Braunt*! and Atenrok!4?. The inset shows
the reciprocal lattice , Ewald sphere and screenin top view.

Observing the patterns recorded andanalyzing the intensity of specific reflection spots over

time allows to draw conclusions on the type of growth mode. Thus, acquiring RHEED paterns

is performed in regular intervals and the specular reflection intensity is plotted. ! In the layer-

by-layer growth mode, the specular reflection intensity is low, when the sampled areais not

covered by a closed layer and is the highest, when a full layer has been deposited. This allows

dmp 8ea&msimdglr fc | sk  c¢cp md dusirggronvghguvhichbs regudatlyeused j _ wce p g
in MBE and pulsed laser deposition (PLD).

Depending on the growth mode of the film, the time -dependent attenuation of the specularspot
intensity is following different characteristic schemes!#! This attenuation can be modeled asa
result of constructive and destructive interference by the topmost monolayer(s) at the probed
sample surface The specular spot intensity is the highest, a single monolayer covers thdull
surface, and it is lowered when the area is only partially covered by a monolayer or islands of
several monolayers in height are formed. Additional i nformation, that can be drawn from the
observed patterns include the in-plane (and often also out-of-plane) lattice parameters and the
preferential alignment of crystallographic zone axes of the substrate and grown film, as
indicated in the previous section and discussed later in sectiord4.1.3.

1.7.5 Ex situ thin film characterization (XRD and XRR

Assessing the qgality of the deposited films is mainly performed by techniques such asX-ray
diffraction ( XRD), X-ray reflectometry (XRR and X-ray photoemission spectroscopy KPS.
These methods provide information about the lattice parameters and preferential lattice
spacings along the surface normal, the crystal orientation distribution (XRD) as well as density,
film thickness and roughness (XRR) In this work, there will be data shown from three types of
XRD geometries (1) 2[ /¥ scans, (2)n scans and (3)n and ? scang pole figures.
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Figure 1-16: Geometrical degrees of freedomin a 4<ircle diffractometer .143

Depending on the geometry used in the XRD scan, dferent information can be acquired. By
comparing the recorded intensities in a2f /¥ scan with the simulated intensity distribution of a
powder diffraction pattern, preferential orientations of the grains in a thin film can be identified

if the intensity of a certain lattice spacing is higher than predicted by the simulation. A
polycrystalline thin film of randomly distributed grain orientations would result in an intensity
distribution closely resembling a powdered sample!*® The position and shape/asymmetry of a
Bragg intensity can give insights onchanges in stoichiometry, strain, grain size and texture of
the thin film. N scansare performed with the X-ray source and detector set to predefined?2f
and ? angles and the sample rotating around its surface normal. Thus, the intensities in a n
scanrepresent the occurrences of a lattice spacing depending on the irplane rotation of the
sample. This information adds to the possible preferential orientations observed in the2[ /¥
scanand can also be used to correlate crystallographic orientations to the sample geometry if
subsequent analysis and preparation routines targespecific orientations in the sample (also see
section 3.4). Pole figures add one more degree of freedom to then scan the angle ? is varied
in a selectable range (within 0° to 90°). The resulting dataset representsa two dimensional
(n,?) map of the probability of a specific lattice spacing(which is connected to the selected2f
angle) facing out of the sample surface.

X-ray reflectometry is a method applied for thin films that is performed at low incidence angles
and relies on the effect of (total) internal reflection of the X-ray beam inside the (stack of)
layers. The incidence angle is scanned in a rangeof about O to 10° and the resulting 2f
dependent reflectivity intensity is a result of the interference between the (internally) reflec ted
and refracted beams By fitting the total reflectivity curve, it is possible to model single and
multilayers by defining their thickness, density, and interface sharpness/roughness. These
parameters arerefined in a multiparameter optimization routine ( e.g., RCRefSIM*4) to match
the observed oscillations.

1.7.6 Physical vapor deposition of the Platinum top electrode

For electrical characterization, devices are created on the sample surface by introducing a top
electrode geometry that consists of a grid of 30*30 um?2 electrodes. This geometry can be
introduced by reactive ion etching (RIE), where the initial platinum layer is deposited in the
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UHV system of the MBE (in situ capping), followed by a physical vapor deposition (PVD)
deposition of gold. After optical lithography and removal of undeveloped photoresist, ion beam
etching is performed to create the top electrode geometry. The secondoute for patterning the
electrodes is a conventional lithography and lift-off procedure. Here, the photoresist is directly
applied to the HfO, surface, negative optical lithography is performed, undeveloped photoresist
is removed, then the Pt and Au electrode layers are deposited. An acetone bath dissolves the
photoresist and the adhering electrode layers are removed. The resulting electrode patches can
be contacted in a micro probing station (Lakeshore TTPX), while a corner of the sample witha
removed HfO- layer acts as the electrical contactto the bottom electrode (TiN layer).
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2 Electron Microscopy for Materials Science

Transmission Electron Microscopy (TEM) offers to probe samples with an extremely high and
even atomic spatial resolution while acquiring a multitude of different signals. The working
principle of a TEM relies on the interaction of high -energy electrons (typically 60 to 300 keV)
with the material they traverse. As stated in the preceding chapter, this requires the sampledor
TEM investigation to have a thickness in the range of the electron MFP (tO100 nm) to have a
high enough fraction of electrons being transmitted through the sample. Depending on the
chosen methods applied during the experiment, the requirements for sample thickness vary
between extremely thin samples (t< 50 nm) for spectroscopic applications like electron
energy-loss spectroscopy (EELBor annular bright -field (ABF) imaging, to less thickness
constrained methods such as highangle annular dark-field (HAADF) imaging and nanobeam
electron diffraction (NBED).

—

1
Coherelle imaging

diffrac
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Figure 2-1: Overview of methods available in Transmission Electron Microscopy (Robin Schaublint49).
The sections marked in blue are methods that are applied in this workThe microscope in the background
is the JEOLJIEMARM200F, which wasmainly used in this work.

The schematicshown in Figure 2-1 gives an overview of methods that are generally available
in a TEM. With this multitude of methods at han d, choosing the right method is a non-trivial
step. In the search of the methods applicable to advance a specific scientific problem, it is
necessary to define which physical feature is representative for the to be observed property and
if the selected method can provide the requested information at the necessary resolution with
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the experimental constraints the method entails. Rf ¢ mdr c | osmrcb 8§r mmj
microscopy presents to materials sciencewas greatly expanded by the implementation of Gs
correction and ever growing in situ capabilities,” and thus maintained to be a state-of-the-art

tool for high -end materials characterization.14®

For resistive switching memories, Yang and Huang give an overview and present a strategy to
select the most suitable characterization method (also outside of TEM) for the corresponding
sample!*’ The complexity presentedgives a great variety of optionsand it is crucial to perform
complementary studies based on methods withfundamentally differe nt concepts to create a
compelling picture of the studies material system. The authors alsoemphasize the needfor high
spatial resolution (< 1 nm) and time resolved (in situ TEM) methods to study the dynamics of
RRAM systems.

As already stated, smples for transmission electron microscopy must fulfill certain
requirements to qualify as viable for analysis.2*®150 For the thin film stacks investigated in this
work, conventional sample preparation methods include a combination of low-speed sawing,
mechanical polishing and Argon ion milling to achieve sub 100 nm TEM sample thicknesses
Although conventional preparation can yield in high quality samples, a more consistent, site
specific and, depending on the type of sample carrier used, submicrometer precise placement
of a specimencan only be achieved via focused ion bearrbased preparation. Thus, the first
section of this chapter will addressthis key part of electron microscopy, sample preparation.

2.1 Focused lon Beam

One key method in modern transmission electron microscopy is the use of afocusedion beam
(FIB) system for sample preparation. FIBbased preparation and conventional techniques are
applied for the same reason:The sample being investigatedis required to be transparent for the
probing electrons. For electronsaccelerated t0200 kV the mean free path (MFP) is, depending
on the average Z number, around 100nm.*! To avoid a high number of multiple scattering

events and excessiveabsorption, the sample thickness thus should generally be lower than
100 nm. However, this thicknessis strongly dependent on the type of planned experiments for
the sample. For example, dectron energy-loss spectroscopy (EELSYor example has the highest
requirements for sample thickness!®?

Modern FIB systens generally combine a scanning electron microscope (SEM) with an ion (FIB)
column of similar optical design on a single vacuum system. This combination allows the use of
the SEM for imaging, while the ion (FIB) columns is used for milling, polishing or deposition of
material. Latter is achieved by introducing a precursor gas at the scanned area, see section

" In their 2011 paper, Robertson et al. coined time resolved microscopy (via the implementation of in situ capabilities
_I'b d_qgr boowbagkmpggmlag H2B' p BRMbp waog-STEY mairdydgnoitties2eBiprocal
or k-space resolved SEM methods.
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2.3.2). Besides the scanning electron or ion microscope columns on the syet (see Figure 2-2),
there is a Secondary Electron (SE) detector mounted, which is used in both (electron and ion)
imaging modes. Additionally, there is the option for individual detectors used for Energy
Dispersive xray Spectroscopy (EDS), Backscatter Electron (BSE) and Electron Backscatter
Diffraction (EBSD). For the deposition of materials, sources for precursor gasses are
implemented on the system as well, the secalled Gas Injection Systems (GIS).
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Figure 2-2: (a) SEM/FIB system, with the SEM columron top of the specimen chamber and the Ga FIB
column at an angle in the back (steelcolumn). (b) Schematic of the geometries of the SEM and FIB
columns with a simplified beam path for both the electron (green) and ion beam (blue) this figure has
been adapted from reference!®3. The area markedby a red rectangle is shownin detail in Figure 25 and
Figure 2-8.

In both SEM and FIB, a charged particle beam is scanned in a grid of defined resolution and
pixel pitch (magnification) over the sample surface. In secondary electron (SE)imaging mode,
the number of emitted SEfor each pixel is captured by the EverhartThornley detector (ETD),
where the output voltage of the amplifier is converted into a digital signal and displayed in
greyscale. If repeated for each beam position in the D grid, a SE intensity mapis formed that
is sensitivity to the topography of the sample, as edgesallow for more SE to escape the sample
(and reach the detector) compared to flats or troughs in the sample. Topography contrast can
be reduced by using an incolumn SE detector. The sample itself is mounted by silver paste
(non-conducting substrate) or a carbon adhesive disk to the sample holder and stageThis
connects the sample (surface) to the stage, which itself is connected to the microscope ground,
to avoid charging of the specimen. This stage has several degrees of freedom: x, y, z, fine z,
rotation, and tilt. These allow for a precise positioning of the sample at the optical axes of the
SEM and FIBcolumns as well as positioning the sample at the eucettric height.
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The electron column consists of a Field Emission Gun (FEG) as the electron source, a condenser
lens, a quadrupole that handles gun tilt and shift, the objective aperture, and an objective lens,
which houses the scan and stigmator octupoleg Figure 2-2 (b)) . The ion column has the same
optical design but relies on a Gallium (Ga) liquid metal ion source (LIMS), the electromagnetic
lenses of the SEM column ae replaced by electrostatic lenses, and there is no (user) control
over the gun tilt and shift in the system. As the majority of emitted Ga ions from the LIMS have
a single charge Ga™ /Ga* O 10* at 4 pA emission current®) the optical design does not
necessarily needto contain a mass/charge separator, and the low amount of double charged
ions is suppressed early in the column.The beam selecting apertureis a set of differently sized
apertures controlling the beam current by providing different cross-sectional areas for the ion
beam to pass.

The resolution of an SEM is limited by the smallest probe that can be formed on the sample

surface. The diameter of thisppm - ¢ mp rfc 8bgaqi md jc_gr amldsqagr
properties and aberrations of the electron column. This will be discussed in section2.5.1 with

the probe sizes achievable in (spherical aberration corrected) STEM. The FIB probe achieves

similar resolution at a working distance of 14 mm and primary beam energies of 30keV.

Alignment of the SEM and FIB columns is firstly performed individually and follows a routine

that optimizes the beam parameters for the working distance which will be used in the lamella

preparation process. Geometrically, the FIB column is tilted 53° or 52° (depading on the

manufacturer) from the vertically mounted SEM column (see Figure 2-2), their optic axes meet

at the eucentric point inside the specimen chamber. The sampa surface also needs to be brought

rm rfgg ecmkcrpga nmqgr gml * - wfgggauf bgpgg t_caf gcftgegb n pwna
that tilting the sample does not change the lateral x and y position on the sample surface.

Beam alignment in SEM is limited to the correct centering of the condenser aperture and
_gqrgek_rggk amppcargmlycRgmt gq _jgmpa_fjigp_38fge
frequency and amplitude AC signal (1 Hz, £+ 250 V) to the acceleration voltage (e.g., 15 keV).

This allows the user to judge the correct alignment by changing the primary energy

continuously, ultimately varying the Lorentz force which the electrons experience in the

magnetic fields of the optical system. The same process needs to be performed for each of the

available beam currents of the FIB column,becauseeach works with a different aperture in the

optical path. For each setting, a beam shift can be stored, ensuring that all beams will coincide

with the eucentric point of the system.

2.2 Contrast mechanisms in SEM and FIB

This sectionis addressingt ¢ kmgr amkkml -grl bl b _ pkw &rinmdp_qgr kmbc
in a FIB/SEM system. Figure 2-3 shows the geometries ofelectron/ion beam, sample, and
detectors for these modesand will be referenced in the following sections. The locations of the
SE and backscatter electron (BSE) detectors aralso depicted in the schematic shown inFigure
2-2 (b). Exemplary, the sample for this schematic was chosen taepresenta (111) out -of-plane
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textured TiN thin film with highly elongated, anisotropic grains, as it will be later discussed in
detail in section 4.1.

(a) SEM BSE (b) FIB o
SE ) Siss  iCCI 5 & S
N 30 keV Ga’ S bﬁo

Figure 2-3: (a) SEM SE, BSE and EBSD geometries. For SE and BSE imaging, the electron beam émeed
on the sample in perpendicular geometry and the SE/an annular detector collects backscattered
electrons respectively. For EBSD, a 2D detector (scintillator + camera) is recording the Kikuchi patterns
arising from convergent beam electron diffraction. (b) FIB iCC imaging geometry, the dashed line
indicates the sample rotation axis for the series recorded in Figure 2-6. Note that for the defined
inclinations of the primary beams (EBSD and FIB iCCl), the sample needs to be tilted (70° and 1°
respectively). Also refer to Figure 2-2 as a reference for the placement of the components on the FIESEM
system.

Figure 2-4 shows exemplary images of the same sample region in three contrast mimaging
modesthat are introduced in Figure 2-3 (a). The sample is a TiN thin film on a c-cut sapphire
substrate which will be studied in detail in section 4.1. It features a flat sample surface and
elongated grains. All shown imaging modes will be discussed in the following sections.

Figure 24: (a) SE SEM image of a TiN thin film. (b) BSE SEM image of the same area. (c) EBSD IPF map
of the same area. The colors indicate the result of the orientation identification performed during the EBD
analysis, in the shown example, all TiN grains are facing with their (111) axis along the observation
direction and are 60° inplane oriented.
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2.2.1 Secondary electron (SE)contrast imaging

Depending on the information to be gathered in an SEM the choice of ®ntrast or imaging
method is depending on the features that are investigated.During TEM sample preparation,
secondary electron contrast is the most viable tool as it mainly gives information on the
topography and shape of the sample in the observed regionof interest (ROI). Edges or
roughness in a sample allows for more secondary electrons to escape the sampl& The
positively biased (+ 200 V) wire cage in front of the SE detector attracts these low energy
secondary electrons (<50 meV) for image formation (also schematically shown in Figure
2-3(a)) . The electrons then hit a photomultiplier tube (PMT) to amplify the signal and the
output voltage of the amplifier tube is plotted as intensity values in the scanned image. As
shown in Figure 2-4 (a), a flat sample does not show high contrast or discernible features
whereas three dimensional structures (see Figure 2-8 (b) appear as objects illuminated by a
single light source (which is due to the acceptance angle of the SE detector). This effect can
also be used in SEM systems thahave multiple (in -column) SE detectors or segmented BSE
detectors.

SE imaging is also the mode of contrast when imaging with the ion beam of the FIB column.
Similar to the effect of secondary electron emissiondue to high E electron irradiation, ion

irradiation also induces this type of emission. Due to the change in geometry(53° tilt between

the columns) a different angle of view is achieved, which is shown in Figure 3-5, as both images
are acquired without moving the sample.

2.2.2 Backscatter electron contrast (BSE)imaging

Another common contrast mechanism is backscatter electron (BSE) imaging. To achieve a
condition which is not sensitive to sample topography, an annular, solid-state detector located
at the pole piece collects reflected electrons close to the incidence angle. The number of
reflected electrons is governed in this case by several mechanisms, includg material (2)
dependance (used for compositional imaging), electron channeling (used for imaging grains in
a microstructure) and defect density’®®. In the example shown in Figure 2-4 (b), individual
grains can be recognized which were hardly visible in SE contrast. The grain boundaries are
localized volumes of high defect concentration, locally lowering the SE yield. The SE detector
can also be used as a (highly topogrghy sensitive) BSE detector by supplying a negative bias
to the wire cage, rejecting low energy secondary electrons.

2.2.3 Electron backscatter diffraction (EBSD)

Replacing zero dimensional (SE, BSE) detectors with a 2D scintillator and a camer, for each
pixel in the map, an EBSD pattern is acquired. To allow the capture of these patterns, the sample
is tilted to 70° to create a reflective geometry (see Figure 2-3). The experimental patterns of the
two TiN grain orientations are shown in Figure 2-5. The patterns exhibit characteristic Kikuchi

iRfgg k_icg COOQRCKudmpl md b8dBglcqg rfc ggkgj pgrw “cruccl

Orientation Mapping (ACOM), which will be introduced later.
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lines, star shaped sets ofbands, depending on the orientation of the TiN grain probed by the
electron beam. After image processing, binning and Hough transformation, these patterns are
then compared/matched to a series of simulaed patterns to identify the crystal orientation per
samples real space position The result is a pixelated map containing information about the
phase (if the template matching included more than one phase) and orientation as displayedin
Figure 2-4 (c). Inverse pole figure color coding is applied to the orientation information to
display the map as an RGB imagé?>’ By definition, inverse pole figure (IPF) mapping is created
by defining the pole figure with a symmetry dependent section of a sphere surface (cubiceighth
of a hemisphere), to which colors are mapped. Here, the dataset was virtually rotated in order
to achieve a differentiation for the only in -plane rotated TiN grains. In the standard

configuration, the IPF gives the representation of zone axis pointing out of the surface of the
sample, which would result in a monotonic image as all grains are (111) out-of-plane (OOP)

oriented. A similar process of matching phase and crystal orientation dependent electron
diffraction data will also be used later in the TEM equivalent of EBSD: automated crystal
orientation mapping (ACOM, section 2.5.5).

Figure 2-5: Experimental EBSD patterns with characteristic Kikuchi lines for theinplane rotated TiN cells.
The Kikuchi bands are detected during the image porcessing via Hough transformation.

2.2.4 lon channeling contrast imaging (iCCl)

One additional imaging method used in this work is ion channeling contrast (iCC) imaging. The
secondary electron yield for an ion (and electron) beam is dependent on the orientation of the
crystal in respect to the beam incidencel®® If a prominent zone axis of a crystal is aligned with
the primary ion (or electron) beam, the number of secondary electrons emitted (SE yield) by
the sample is lower than in any other (arbitrary) crystal orientation. The prominence of the
zone axis determines thc 8§bcl qgr Wit pemdrea _inr threk gpservation direction
(schematically shown in Figure 2-6 by the VESTA insets) This density of atom (columns) per
samplearea can also be interpretedasS§ mncl qgqn _acp rfc apwqr _j

If the density is low - at a prominent zone axis - channeling will occur with a higher change,
reducing the SE yield. In this example, the sample wastilted to achieve an 54° incidence angle
and consecutively rotated around U to maximize the contrast for two in -plane rotated TiN
domains (the geometry is shown in Figure 2-3 (b)) . At 54° sample tilt, the 5 rotation will align
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the (001) zone axis with the incident ion beam. If this condition is reached, the second domain
was aligned with a (/ ¢ § zone axis.

500 nm (122) s B O © A (001)
high SE 38 Lo o @ low SE
- yield
®= —
-30° -25° -20° - s D ey 10 =25 30°
Figure 2-6: SE FIB(iCCl) rotation series of a TiN sample with the growth orientation of (111), arrows

indicate high and low SE vyield areasfor corresponding to the orientations shownas VESTA models of
(1p2) and (001) TiN unit cells

It needs to be noted that while imaging a sample with an ion beam, defects are created, and
material is removed. The sputter yield also changes with the prominence of the zone axisThus,
imaging should only be performed at low beam currents, lower magnifications and with an
appropriate (short) dwell time to reduce the overall dose and mitigate unwanted effects.
Although imaging with an electron beam under the same geometric conditions results in a
comparable effect (although with an inverted contrast, as electron backscattering is enhanced
at prominent zone axes)on the SE yield, the effect is not as pronounced**®

2.3 Material sculpting in a FIB/SEM system

2.3.1 Material removal -Milling

Scanning a high current ion beam at high dwell times and beam overlap will result in material
being removed from the sample. This effect can be used in sample preparation to perform cuts
in the material to achieve the necessary geometry for anin situ lift -out of a crosssectional
lamella (described in chapter 3). The interaction of ions with solids is a statistic process that
results in atoms, ions and clusters being removed from the material. The sputtering yield can
be estimated by Equation (1).159:160

o p

9 Y% — -
™ @'Y

oo P (1)
5 YOAT@—

The yield can vary between 10! and 10%, mostly affected by the incidence anglef and mass
ratio function | (dependent on M; target material and M1 incident ion mass). The first term
includes the interaction probability including the screening radius for the target material, U ¢ is
the surface binding energy, S(E) is the target material stopping power and E is the primary
beam energy. To estimate the sputtering yield for an experiment, Monte Carlcbased
simulations are performed in the software package Stopping Range of lons in Matter
(SRIM). 161162 A fy|| collision cascade is simulated until the primary ion is either ejected or lost
its full energy in the ballistic collings in the material. These trajectories are simulated in
Transport of lons in Matter (TRIM), which is part of the SR IM package. A series of primary ion
events (several thousand) is simulated to achieve statistical significance. By changing the input
parameters like incidence angle and primary ion energy, sputteryields, and implantation depths
can be estimated for different conditions of the FIB-based TEM specimen preparation process.
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A major limitation of SRIM is the assumption of closed packed arrangement of atoms for the
target materials. lon channeling thus cannot be simulated with this software package However,
commercial software packagesare available which include this feature.®3
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Figure 2-7: Histogram of ion ranges for SRIM simulations of 5000 Ga ions in Hf©for different primary
energies (5 and 30keV) and incidence angles (0° and 85°). These conditions represent the two main
operating modes: cutting (85°, 30keV) and thinning (5° 5 and 30keV). Histogram with bins of 0.2nm,
dashed lines indicate average ion ranges.

Figure 2-7 shows the SRIM simulated ion implantation depths for different milling and thinning
conditions applied throughout the sample preparation process for HfO,. The results of the
simulations are also given in Table 2-1. Here, the use case for thecombinations of geometry
and acceleration voltage are also givenln the cases where high milling rates are desired(trench
cutting, initial thinning), the ion implantation depth is also high. All milling processes include
the reduction of the acceleration voltage and the use of a set of low incidence milling angles in
the late stages of the process to minimize the ion mplanted volume on the surface 16416

Table 2-1: SRIM simulated on ranges, straygle and sputter yield for four different primary Ga ion energies
(5 and 30 ke and incident angle (0 and 85°) combinations for a Hf@target.

SRIM, Hf@target | 5 keV, 0° 5 keV, 85° 30 keV, 0° 30 keV, 85°

ion range (nm) 4.0 2.2 129 6.6
straggle (nm) 21 14 6.8 44
sputter yield 8.24 16.21 13.02 40.03
used for (imaging)| final thinning| trench cutting| initial thinning

In the process of material removal - and during FIB imaging in general - there are always
defects (e.g., implantation, amorphization) created in the material. To preserve a sample
volume for characterization in the TEM, a procedure and order of preparation steps should be
implemented that includes the removal of affected areas and volumes that could affect the
planned experiment. The amorphous layer created at the surface of the lamelld®® can be
removed in a secondary argon ion milling process!¢’1%® Qverall sputter rate can be improved
by adjusting the step length (pixel pitch) of the scan operation® At step lengths below the
(FWHM) beam diameter, an overlap between beam positions is achievedand the sputter rate
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is increased!’® Increasing the dwell time evidently increases the number of induced collisions
since the ion dose increasesThese settings are stored in the microscope configuration and a
adequate combination of dwell time and scan step width is selected whenever a milling or
deposition operation is chosen.

2.3.2 Material deposition -lon beam induced deposition (IBID)

Opposed to the removal of material from a specimen,and in combination with a gas injection
system (GIS), selected materials can also be deposited in a FIB/SEM system. This is done via
electron or ion beam induced deposition (E/IBID). The interaction of the primary beam with a
low partial pressure gas close to the sample surface results in the deposition of material in the
scanned region. The specimen chamber of the FIB/SEM system is still evacuated in order for
the beam to reach the sample surface, thughe GIS gas inlet is brought close to the surface of
the sample to create the partial pressure in the proper area and not in the full chamber. To
achievean optimal deposition rate, the ion beam current and the flow of the precursor gas from
the GIS nozzleneed to beadjusted to balance between supplied precursor material andinduced
deposition from the gas phase'®®"! If the ion beam current (density) is too high, the deposition
slows down as the precursor gas is not replenished fast enough.In extreme unbalance, the
material removal rate is higher than the material deposition rate, resulting in a net material

milling process.If the ion beam current is too low, the supplied precursor gas is not used fully,
which is not ideal, as replenishing the reservoir involves down time and can make a
depressurization of the microscope chambemecessary

Needl e ‘ \

Figure 2-8: (a) SE SEM overview image during the lamella transfer process with the nanomanipulator ah
Pt GIS in place (b) Image of the SEM/FIB chamber with the GIS and micromanipulator introduced to the
specimen areal’2The SEM/FIB stub is pictured for reference and not to scale. Stagenovement directions

(cartesian coordinates) are given in red; micromanipulator movements(polar coordinates) in green. Also

refer to Figure 2-2 as a reference for the placement of the components on the FIEBEM system.

Additional to IBID, electron beam induced deposition (EBID) can be used!”® The deposition
rates are lower as the interaction probability (cross-section) of high energy electrons is lower
than Ga ions. Higher crosssections can be achieved by lowering the acceleration voltage.

IBID and EBID Pt and C structures are used to create electrical contacts during FIbasedsample
preparation. Lithography-basedelectrical contacts that are present on a MEMS chip surface are
connected via depositions with the (electrodes in) the sample, as shown in section 3.4. The
conductivity of the as deposited IBID Pt connectionsare ~ 150 myat a crosssection of 1 ymz?, as
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other studies'’#+17® are also reporting. Annealing the deposited structures is also reported to
increase the electrical conductivity.!®

2.3.3 Sample manipulation i Micromanipulator

Figure 2-8 (a) shows the tip of the manipulator (Kleindiek MM3A -EM) with the needle attached
to a steel wire (which is used for handling the fine needle with a tweezer/plier during needle
exchange). Themanipulator is mounted on the same side as the FIB column,angled 45° to the
side. This enables the full tilt range of the sample stage to still be accessibleand observation
through the TV camera in the chamber, which is mounted to opposite to the view shown in
Figure 2-8 (b). This figure also indicates the degrees of freedom of both the manipulator (green)
and stage (red). Whereas the stage moves in cartesian coordinates, thenanipulator axes are
polar coordinates. During coarse stage movements (tilt, raation, moving from the chip; see
section 3.4) the manipulator can lift the tip away from the sample surface to avoid crashing the
needle tip an attached lamella into the sample or sample holder.Even for large movements te
repeatability and thus the preciseplacement of the lamella in a specific ROl or on a MEMS chip
surface is given and facilitated if only one of the axes of movements was used for the large scale
(millimeter) movement.

2.4 Transmission Electron Microscopy

In this work, the focus will lie on the identification of phases and orientations of individual
grains. The most representative physical properties for theg characteristics that can be probed
in a TEM are crystallographic information such as lattice spacings and crystal symmetries
(atomic resolution imaging, scanning precession electron diffraction (SPED)), as well as
spectroscopic information (EELS). Thus, the following chapter will give an introduction on real
space imaging, electron diffraction and spectroscopic techniques.

2.4.1 Electron Diffraction, Bright - and Dark-Field imaging

In conventional transmission electron microscopy, the main contrast mechanism tha is used
for imaging is Bragg contrast. As the de Broglie wavelengtit’” of an electron at 200 keV is
1 = 2.51 pm and thus is in the range of the periodic spacings of lattice planes in a crystal
(typically given in the unit &ngstréom, 1A = 0.1 nm = 100 pm), diffraction can occur.
Geometrically, constructive interference occurs,if the Bragg condition, equation (g) is satisfied.

T_ c¢AOEL+ (¢)
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With parallel illumination on a TEM specimen and a selected area (SA) aperture introduced in
the 1%timage plane, a diffraction pattern is formed in the back focal plane (BFP) of the objective
lens (seeFigure 2-10). It needs to be noted that the SAED aperture is a virtual aperture limiting
the sampled area for electron diffraction after the specimen. The minimum projected size of
this aperture for the used microscopes in this work is150 nm in diameter in the sample plane.
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The deflection angle [ is dependent on the lattice spacing d(equation (¢)). The diffraction
order n can be consdered as 1, if only the O™ order Laue zone (ZOLZ) is regarded, for higher
order Laue zones (HOLZ), n is adapted.

An aperture (contrast or objective aperture, OA) is also available in the BFP allowing the
selection of individual diffraction spots corresponding to a specific lattice spacing in the sampled
crystal (see Figure 2-9). For a polycrystalline sample, selecting a diffraction spot that is
characteristic for a single or for a set of grains in the sample results in the corresponding grains
appearing bright (as they fulfill the Bragg condition) in the dark -field image. To avoid optical
aberrations when the OA is not centered on the optical axis of the microscope, the same
scattering conditions can be achieved by tilting the incident beam, which allows the selected
diffraction spot to be centered on the optical axis (see Figure 2-10). As the beam tilt is
introduced by a set of deflectors which is software controlled, the user can select a numberof
(5) tilt angles to conveniently switch between bright -field (BF) and centered dark-field (DF)
imaging.

Ewald sphere for

(b) 200 kV electrons

2.202" Ui B e
4541 A -, g . ZO0LZ
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Figure 2-9: (a) Exemplary SAED pattern acquired on a sapphire crystal along the(210) zone axis. Two
lattice spacings are indexed to identify the zone axisthe SAED pattern was acquired at.(b) Schematic
representation for the construction of the Ewald sphere intersecting with the (2D representation) of the
reciprocal lattice.1”8Red rectangles mark the latticepositions fulfilling the Bragg condition (for both ZOLZ
and FOLZ).
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Figure 2-10: Schematic raydiagrams indicating modes used in BF, DF TEM imaging and diffraction mode,
drawn after Fultz & Howe'’®. Note that for diffraction mode, the construction for the intermediate lens
beam path was changed toproject the back focal plane (dashed lines).

The described processes for electron diffraction also apply for electrons at lower energies
15-30 keV (} = 6.98 pm), as they are used in an SEM and RHEED systems. Whersalectron
diffraction processes are used in the SEM for EBSD imaging (see sectio.2), in RHEED, a
reflection geometry is used that closely resembles theSAED geometry for electron diffraction
in the TEM. This will further be discussed in section 4.1.5.

2.4.2 Selected area electron diffraction (SAED)

Obtaining a diffraction pattern (DP) in TEM is achieved by selecting the back focal plane for
projection onto the screen or detector. For this purpose, the intermediate lens is excitedwith a
lower current (optical power) than in imaging mode, so the BFP is projected to the
screen/detector plane.

Positioned in the 1% image plane of the optical system, the SA aperture8virtuallyp g cj car q r
specimen region that is sampled. The parallel electron beam on the sample illuminates a larger

area. The physical size of theSA aperture is optically demagnified into the sample plane In the

present setup the smallest available SA aperture equals to a diameteof 150 nm in the specimen

plane. A typical SAED pattern i shown in Figure 2-9 (a) for a single crystal of Al,Os along the

(210) zone axis. By measuring the spacings and angles of the diffraction pattern, it is possible

to assignthe zoneaxisr f _r u_qgq _jgelcb wugrf rfc oHorsgge | _ v
crystalline DPsthis can be done directly. In DPs ©ntaining diffraction intensities from more

than one crystal, the diffraction spots have to be attributed to the sampled crystals first. For
polycrystalline samples, the creation of pair distribution functions (PDF) via azimuthal
integration around the (00 0) beam is commonly used. The resulting datasetscontain similar
information (although with a reduced angular resolution) as Xray diffraction 2 d/ ¥ datasets.

2.4.3 Nanobeam electron diffraction (NBED)

Whereasthe spatial resolution of SAEDis limited by projected size of the field limiting aperture
in the specimen plane (150nm), another way of limiting the sampled volume is to converge
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the electron beam to aspot. If this is performed with the condenser system of the microscope

in TEM mode, a highly convergentbc _k gqgq apc_rch, Rf cpc ggqg rfc mnr
n_p_jjcju gjjskgl _rgml _ 1 battherspnkegirheawiththetondemsdrcr cp q g>»
system set to the nanobeam electron diffraction (NBED) mode. By reducing the beam

convergence (or the convergence semangle), it is possible to create a spotlike diffraction

pattern in the back focal plane. This mode is a compromise between spatial resolution- which

would dictate a higher beam convergenceto form a smaller electron probe in the sample plane

- and the interpretability of the acquired diffraction pattern. A typical semi-convergence angle

is 5 mrad which results in probe size of ~ 1 nm (see also section2.5.1). For large unit cells, a

high beam convergencecould also lead to overlapping diffraction disks. Software routines that

use template matching to index the diffraction patterns recorded in NBED mode may rely on

low convergence anglesfor identification of diffraction spots, but there are also routines that

allow the fitting of diffraction disks. 180181

2.5 Scanning transmission electron microscopy (STEM)

Scanning electron microscopy (SEM) was introduced in section 2.2, therefore, scanning
transmissionelectron microscopy (STEM) extends the experiment by placing detector after the
(thin) sample. Nonetheless, this implication has far-reaching consequences. Von Ardenne
introduced the concept of scanning (transmission) electron microscopy 1938" In their review
paper on the implementation of fast pixelated detectors in STEM, Nord et al. describe the
developments that historically advanced the technigue to today% level with technological
advances in vacuum technology, detector geometries (high-angle) annular dark-field:
(HA)ADF; annular bright -field: ABF, and azimuthally segmented: DPQ.¥2 The development of
spherical aberration (Cs) correction'®®* made subangstrom imaging and spectroscopy
possible Pennycook describes thetransformational impact of this advancement for materials
science® and also points out that with the advent of fast pixelated detectors STEM will be
enhanced by the possibilities ofimage contrast selection after the experiment and newdata
analysis routines such as differential phase contrast and ptychography.

The following section will focus on the fundamental principles that govern spatial resolution
and the size of the electron probe on the sample and will give an overview of the contrast,
imaging and spectroscopic methods used in this work. Following the discussion of image
formation, an overview on contrast mechanisms and 4DSTEM will be given.

2.5.1 Spatial resolution in STEM (TEM and &M)

The overall probe diameter dso is defined as containing 50% of the beam current. As an
approximation, the squared contributions to the beam spread can besummed to estimate the
square of the total beam spread. Four contributions can be defined dg, the demagnified,

i \/on Ardenne also envisioned this method to work (for short distanced between optics and sample) in air, similar
modern environmental E-TEM and ESEM systems.
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aberration free Gaussian size of the electron source at the specimen plane; the diffraction
contribution of the objective aperture (1/2 Airy disk diameter); ds, the spherical aberration
contribution, which is dependent on the pole pi ece design(and working distance in the SEM);
dc, the chromatic aberration contribution due to the energy spread of the electron source. The
following set of equations correlates the convergence angleU to the size of the disk of least
confusion that is achievable.

0 @ (4)
Q Q )
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Shown in Figure 2-11, the correlation convergence angleand the achievable probe size is given
for SEM, TEM and (Cs corrected) STEM For non Cs corrected microscopes, this is mainly
governed by the (B, dependent on the contribution of spherical aberration. The increase in
acceleration voltage mainly changes the contribution of the chromatic aberration, which is the
limiting aberration in the C s corrected case. The minimum of di: gives the optimum probe
diameter and defines the optimum beam convergence to be used, in the case an electron probe
is formed on the sample surface.

20 J I v I R I / I v I i v I v I v I i
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Figure 2-11: Plots for the contributions of aberrations to the total probe size in SEM, STEM and
Cscorrected STEM (FEG). Between the three cases, the primary energy and the £value were changed,
all other parameters were fixed at values (considering a Schottky FEG) QE=1eV, Cc=1.3mm,
Ib=10* A/lcm?2, 1 =1 A/(cm?sr). Note the varying optimum convergence angle for the smallest

achievable probe size. The contributions to the probe size were calculated after Fultz& Howe!”® and
Bell & Erdman 186
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The shape of an dectron probe in the sample plane is determined by the aberations discussed
above. For a nonaberrated case, theprobe is centrosymmetric and has the shape of an Airy
disk, which is the result of diffraction occurring at the circular condenser aperture. Figure 2-12
investigates the contributions of the major aberrations that are dealt with during the alignment
process of the microscope in a STEM experimant. A1, B2 and C1 (in Haider notation®”) are the
aberration values routinely adjusted during the Ronchigram alignment 18818

(a) No aberrations (b) Astigmatism (A1) (C)

Coma (B2)

(d) Defocus (C1)

0 0 0

x [A] x [A] x [A] x [A]

Figure 2-12: (a) Cscorrected STEM probe shape at the sample surfacefor 200keV with all aberration
parameters set to zeroat Scherzer defocus a typical Airy disk is observed. (b) Probe shape with 2fold
astigmatism (Haider: A;, Krivanek: Ci12) set to 15nmV, « =0°. (c) Probe shape with the axial coma set to
B2/C 21 = 2.5um, « =90°.(d) Probe shape with defocus set to G'C 10=40A. All probes have been simulated
with abTEM.2® For all probes, a harizontal beam profile is plotted.

Although the probe shape and the simulation of a non-aberrated probe (Figure 2-12 (a)) gives
an intuitive understanding of the resolution in a scanning transmission electron microscopea
more universal description is given in the object transfer function, OTF (contrast transfer
function (CTF) in a TEM).*®! The concept isused in optics to describe the intensity of a spatial
frequency transmitted through an optical system. For STEM, this is prominently formulated for
incoherent imaging conditions (ADF imaging) and no asymmetry in the beam shape. The
correlation between the probe shape and the OTF for incoherent imaging in STEM ('O Q)
is the Fourier transformation of the probe shape ("Q i ), which itself is an Airy disk (see
equation (9)) .192193, is the 0" order Bessel function,and A, normalizes the function. Kirkland
provides this numerical solution (and Matlab scripts) to calculate the TEM CTF and STEM
OTF 1%

O Q o Q010 ¢t Qi Qi (9)
Figure 2-13 shows the TEM CTF and OTF of he JEOL JEM2100F and the STEM OFT of the
JEOLJEM-ARM200F, which are the microscopes used in this work.

v For visualization purposes,the values of the aberration coefficients have been chosen to resulin an easy to discern
probe shape Typical aberrations will cause less extreme probe shapes but still degrade thémage.
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Figure 2-13: (a) Contrast transferfunction of the JEOL JEM2100F, indicating a pointresolution of 2.5A and
an information limit of 1.7 A, the envelope functions that dampen the CTF are also plotted using CTF
Explorer®4 (b) Object transfer function for incoherent imaging of a non-and Cscorrected STEM (plotted
with the scripts by Kirkland 1%9. The nominal spatial resolution (0.8R) of the JEOL ARM20OF is indicated.

For TEM, there are two resolution limits defined (see Figure 2-13 (a)) : The information limit ,

which is the k-space frequency, at which no intensity is transferredthrough the optical system

(here 0.6 A1&1.7 A) and the point resolution, up until the transferred contrast did not invert

(here 0.4A*=25A). The lattereffect ggq i | mul _q rfc &nf _qgc npm jc
relies on the phase contrastto form its image intensity and the signs of the phase are
lost/integrated in the conventional detection processon a CCD or image plate'®® The resulting

oscillating function i s dampened by the envelopes that are defined by the optical aberrations
discussed earlier in this section.

Incoherent STEM imaging does not suffer from a contrastinversion of the OTF but is evidently

also limited by the aberrations in the optical system. Shown in Figure 2-13 (b), there are two

annular dark-field OTF plotted for a corrected and non-corrected microscope. The resolution
limit is defined as the spatial frequency at which the transferred intensity dropped to 10% of its
initial value (dashed line, here 0.6 A*81.7 A and 1.25 A1 4 0.8 A respecitively).

2.5.2 Image formation i 2D, 3D, and 4D-STEM

The operation mode of scanning transmission electron microscopy is the same as described in
section 2.1, with the difference that the acceleration voltage (STEM: today tens to
hundreds keV) and achievable probe size(see section2.5.1) differ from the examples of FIB
and SEM. The second differencas related to the position of the (electron) detectors that form
the image: Transmitted electrons are detected after the sample plane. Depending on the
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detector used to collect the transmitted electrons, three main categories of datasets are
presentedin Figure 2-14.

NN
« ]
LDy N
Y
(b) Int. = 36871
(c)

y y
Figure 2-14: (a) Schematic of an dectron probe (green) rastering (x,y; real space) on asample (white) and

a diagram depicting the experimental geometries of an annular (HAADF) detector(orange), an EELS
detector (pink) and atwo-dimensional DED (purple). (b) Representative stored valuesor arrays for the
three methods for each real space pixel: For HAADF a single integer, for EELS a 1D energy dispersive
spectrum and for 4D-STEM a 2D kspace image. (c) Representative 2D images were generated by
displaying the value/masked values in (b): HAADF image, energy filtered map and virtual ADF image.

Gl r fc a-STER proodnvéhiioBal STEM imaging, a scintillator-based detectoris placed
in the k-space. Depending on the distance between the sample and the detector, which is
controlled by a set of projector lenses, the electronscarry different information depending on
the physical mechanism that did or did not change their trajectory (see the next section). For
each scanned pixel in the image Figure 2-14 (a)), a single 16-bit value is stored, which
correlates to the recorded intensity/number of electrons per time on the scintillator (a digital
to analog converter (DAC) digitized the output voltage of the photomultiplier) . The typical file
sizefor a 16-bit image at 1024*1024 px? is 16 MB.

Electrons transmitted through the sample also perform inelastic scattering processeswhich is
used in electron energyloss spectroscopy(EELS) A magnetic prism disperses the electrons
depending on their energy onto a 1D detector. Here, for each real space pixel a 1D array of
values is stored(while the CCD at the end of the spectrometer is 2D, but it is integrated inthe
dimension perpendicular to gE). Each value in the arraycorresponds to thenumber of electrons
ncenegyaf | 1 cju gl rfc [Sldetguterwhub, g 3Drmatgsal (@D real s@aCe,
1D energy space also called &ata cubeit®) is created. The typical file size of a 100*100 px2 *
2048 ch at 32-bit dataset is 8B0MB.
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If the detectors mentioned above are replaced (EELS and 4BSTEM cannot be applied at the
same time) by a 2D detector in k-space, for each real space pixel a 2x-space frame is recorded,
resulting in a 4D dataset 512*512 px2 * 256*256 px? at 12-bit; 8 GB.

By acquiring the full (far field ) back focal plane during a STEM map, the flexibility of selecting
the integrated region of k-space after the experiment is introduced. The wealth of contained
information in these datasetscomeswith the possibility to extract information that was not
acaessible anymore. In his review article on 4DSTEM Ophus describes a wealth of software
n_ai _ecq rf _r _pc 8§ pradictg that §he sofivare @npdscape[is gbout td] b
change considerably 2fi This also indicates the challenge that arises with the amount of data
collected during a single experiment. New data processing routines have to be developed to
provide efficient data analysis and handling of the giga- to terabytes of data a single experiment
can turn over.?*3 One example showcasing tle possibilities and untapped information that is
buried within a 4D -STEM datasetis the work by Krajnak and Etheridge.®* They developed a
symmetry-based algorithm that detects, for each scan position (in a unit cell), the prevalent
symmetry element and shows a high sensitivity to defects dislocations and could prove
beneficial for the study of beam sensitive materials, as thesampling of the bright-field disk is
highly efficient.

2.5.3 Contrast modes and detector shapes in (4D-)STEM

Depending on the angle and position in reciprocal space, an electron has undergone different
types of interactions with the sample. When selecting a detector shape in the back focal plane
during STEM operation, depending on the angular range of a- for example - annular detector,
a variety of signals can be acquired.In 1995 Hammel and Rose showed thatthe creation of a
rotationally symmetr ic detector with a radially oscillating response could improve the resolution
of STEM (before the implementation of Cs correction) to conventional TEM levels. The
realization of this type of detector 8 gc c k Yc b | rm "~ ¢ bgddgasjrpuy _r
implementation of (radially and angular) segmented detectors provided initial § ispace
resolution, 1P1%8 Only with the advent of the current generation of 2D electron detectors, fast
and spatially resolved k-space acquisition during a STEM scan reacheé mature technological
basis for the fast developing field of 4D-STEM?22%
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eonyv. detectors

Figure 2-15: (a) Single 256*256 lspace frame of a 4ADSTEM dataset. Overlaid are the annular shapes of
the virtual ABF (pink) and ADF (purple) detectors. (b) Detector scans (summed frames) for the BF detector
with beam stopper and 3mm BF aperture introduced (ABF configuration) and the HAADF detector. The
image is scaled to represent the detection area at a camera length@L) of 6 cm. The shown condition was

obtained 06/20211%° as part of this work.

Figure 2-15 (a) shows an exemplary 4D-STEM kspace frame with the detector shapes of an
ABF and ADFdetectors superimposed. The high intensity brightfield disk is visible in the center
of the detected frame, the diameter is 46 mrad (double the convergence semiangle). In
conventional STEM, the detector shape is defined by the physical shape of the active area of the
scintillator of the detector. The acceptance angle(s) are changed by selecting an appropriate
camera length (CL, virtual distance between sample and detetors). Shown in Figure 2-15 (b)
are the detector scans for a CL of &m. These detector scans are used to verify the centering of
the (A)BF detector and beam stopperrelative to the ADF detector, as well as the intensity maps
if quantitative STEM image simulation is pursued.?® As part of this work, ABF imaging
capabilities were optimized and the BF detector wascentered in respect to the beam stopper. A
second adjustment following the repair of the beam stopper itself, of both the BS and the BF
detector was necessary.The non-uniformity of the HAADF detector response is mostly due to
the design of the detector as the scintillator is coupled to the photomultiplier via a fiberoptic
rod that has a bore in the center, to allow for electrons to reach the (A)BF or EELS detectors.
Also, compare the location of the conventional ADF detector as it is schematically represented
in Figure 2-14 (a).

While Figure 2-15 indicates the shapes of the detectors in a single kspace frame andphysical
detector responsesof a (masked) BF and ADF detector, Figure 2-16 shows experimental data
acquired conventionally and by 4D-STEM on a (¥ 0) oriented HfO > grain. Commonly usedare
bright-field (BF, 0-10 mrad) and annular dark-field (ADF, 2550 mrad) detectors which
represent absorption (BF) and Bragd/diffraction contrast (BF and ADF). A crystal or grain
aligned with a prominent zone axis along the optical axis of the microscope diffracts electrons
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away from the optical axis (lower BF contrast) to an angular range that is detected by the ADF
detector, which increases the recorded ADF intensity.Materials with higher absorption (lower
mean free path) result in a reduced intensity on the BF detector. Thus, these modesresult in
images that are closely related to TEM BF and DF imaging, as these imagimtechniques also
rely on the comparable physical processes to form an imageThe reciprocity theorem introduced
by Cowley is also used to compare the imaging conditions in TEM and STEM mode, specifically
when k-space is sampled in a low angular regime (< 1 mrad). 2%

Annular bright -field (ABF) rejects the central part of the BF disk (< 10 mrad) and is suited for
imaging light elements. Findlay et al. desaibe the achieved contrast to be suitable for
simultaneous acquisition of heavy and light elements in atomic resolution images?°2203
Enhanced ABF (eABF) addresses forward focusing of light element columns (inverted contrast
in MaBF) and thus addresses the contrast between light ancheavy atom columns by subtracting
the MaBF signals from the BF signal. InFigure 2-16 (c,d), insets show a more useful example
of (001) oriented SrTiO ; to demonstrate the visibility of oxygen columns in the two contrast
modes.

While annular dark-field (ADF) imaging was the first contrast method to provide sub-angstrom
resolution,?%* the intensities recorded are not easily interpretable due to dynamical scattering,
the contribution from high-order Laue zones Figure 2-15 (a) shows a HOLZ intensity left of
the BF disk) and thermal diffuse scattering. Nellist and Pennycook summarize these effects and
propose methods to interpret the acquired images, partly by image simulation (see sectior2.8)
in their 1999 paper discussing incoherent imaging modes?®®
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Figure 2-16: A HfOzgrain observed along the (1p0) zone axis.(a) Conventional ABFSTEM image with the
inset showing a multislice simulation. (b) Virtual BF image (c) Virtual ABF image. (d) Virtual EABF image.
The images in (cd) are from STO (1.0) which is more suitable for imaging the light oxygen columns?206
(e) Conventional HAADF-STEM image with the inset showing a multislice simulation. (f) Virtual ADF

image. (g) DPC image. (h) iDPC image. Images @) and (fh) have been extracted from the same 4B
STEM dataset

Rutherford scattering causes electrons to be deflected at high angles (> 60 mradfor 200 keV
electrons) and is used in high-angle annular dark-field (HAADF) to image heavy elements, as
the achieved recorded intensity is roughly proportional to the square of the average atomic
number of the atomic column.?®” Combined with electron probe sizes achieving subangstrom

diameters due to Cs correction, Klenov and Stemmer attribute an outstanding importance of

HAADFRSTEM contrast It is easily interpretable, as the contrast provided is robust against
sample thicknesseffects and shows no contrast reversaf®

Differential phase contrast (DPC) imaging originated from the use of segmented or split
detectors’® over increasingly segmented detector$® 1% until 2D detectors allowed for
arbitrarily shaped segments and detector shape$® The mathematic handling (and ultimately
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physical interpretation) of DPC datasets is based on thanteraction of an electron beam in an
cjcarpga mp k_el cr ga d gfeeg*buoréntz ferts ogerationm ntoges @f thew s g p g |
microscope to not saturate the magnetization of the sample?!°). Both, deflection of the electron
beam, as well as phaseshift that is introduced to the wavefunction when transmitting through
the sample must be considerec?'! The Lorentz force induced deflection deflection angle — is
defined as:

_ oa%v (10)

Q0

This relation is determined by the Lorentz force acting on a 200keV electron & YO when it
transmits through a sample of thickness t.Only the electric field perpendicular to the optic axis
of the microscope O is considered Typical deflection angles are in the range of 10s of urad.
Detection of shifts of the intensity in the center disk is achieved by centerof-mass (COM)
analysis. Krajnaket al. improved the accuracy of DPC in 4ADSTEM datasets by implementing an
edge detection algorithm, showcasing the advantages a 4ESTEM-basedDPC approach offers?
One recent addition to the interpretation of DPC data is integrated DPC (iDPC) contrast, where
the amplitude of the detected field vector from DPC is plotted 22 For atomic resolution datasets,
the electric Coulomb field centered arounb _r mkga amj skl g pcqgsjrq gl
bml sru _pmsl b rfc amjFgkd2d6@).?'rfc g_knjc &qcc

Figure 2-17: (a) Virtual BF image of theunbiased SMO/BST/Pt stack. (b) DPC image of the area marked
in (a).2% Regions of the same polarization(color in color-wheel representation of the DPC signal)can be
recognized.

DPC can also be used at lower magnifications in STEM operation for the investigation of
polarized materials (including in situ biased samples). During this work and the initial setup of
the 4D-STEM hard and software routines, Lucas Brauch investigated arin situ biased BST thin
film (100 nm) in the scope of his master thesis. Figure 2-17 shows the intrinsic domains of the
sample (polarization cycles have been performel prior to the initial acquisition of the datasets).
These regions are displayed as areas of continuous color in the DPC map, as the colarheel
representation is indicating the direction (azimuth dependent color) and amplitude
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(saturation) of the polarization vector. Vogel et al. recently presented the observation of the
polarization response of domains in a PZT ferroelectric thin film.2%3

2.5.4 High-esolution i mage filtering

For the atomic resolution datasets created in G corrected STEMas well as in HRTEM imaging,
a common method to reduce artifacts such as noisebackground intensities and contribution of
amorphous contaminations is image filtering. The procedure can also spatially filter an image
for a specific lattice spacingto enhance the visibility of a feature in the image.

Figure 2-18: (a) Unfiltered HAADFSTEM image of AkOs observed along the (010) axis. Inset showing a
multislice simulation with the background intensity matching the experimental background. (b) Wiener,
ABSF and STEM crosshair filtered image The inset shows the multislice simulation. (c)Spatially filtered
image with a single frequency remaining, the selected frequency is marked in (f). (d) Fast Fourier
transform (FFT) of the raw HAADFSTEM image, the circle indicates the highest frequency periodic signal
in the image. (e) Wienerfiltered, average background subtracted, and STEM crosshair filtered FFT. (f)
The initial FFT of the raw image with the selected spatial frequency marked(014), (Opt , corresponding
to a lattice spacing of 2.6A.

Fourier transformation and filtering in frequency space is widely used in signal and image
processing. High frequency signals such as noiser unwanted low frequency modulations can
be filtered by selecting an appropriate low- or high-pass filter. For high-resolution TEM and
STEM imaging, a combination of Wiener filtering, average background subtraction?** and
8§ QRCK apmqgaqf hag peen edtaplished pngl liseavailable as a scripmaintained by
Mitchell for the widely-s qcb gmdr u_pc 8E_r | Kgapmgdmnw Qsgrcy-
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As a basis for these methods, 2Ddirect Fourier transformation of the real-space image is
performed by fast Fourier transformation, FFT,equation (11), which also lends the name to the
Fourier transformed images, 8FTs [for each signal dimension of the real space image a

representation by a set of paiodic functions (first dimension: A @b ¢* B— ) is calculated,

which can be plotted in the spatial frequency domain. In the resulting FFTs, periodic features,
such as acrystal lattice, appear as a set of spotsn the generated 2D frequency spacesee Figure
2-18 (d). Low-pass filtering is applied with a smoothened transition that follows a Wiener-
Butterworth approach (e), where a soft cut-off for high frequencies is applied. Rotational
averaging the FFT and subtracting thebackground can also beapplied. For STEM images, the

scanning operation can introduce artifacts like line shifts,r f _r _nnc _p _qg 8apmqg

the center and high intensity features of the FFT (Figure 2-18 (d)). The vertical lines are more
prominent due to this artifact being affected for the slow y -axis scanin STEM images.These
can also beremoved from the FFT before applying the inverse FFT (IFFT) to create the filtered
image (b). If the filtering for specific lattice spacing is desired, creating virtual apertures in
Fourier spaceto select the desired spatial frequency, attenuating all pixels outside of the mask

to O valuesand applyingthe IFFTpcgsj rgq gl _ 8dpcoscl aw [Egujger cpchb

2-18 (c,f). The image shows the 1 1 Al;Os lattice spacing.

2.5.5 Scanning precession electron diffraction (SPED)

Nanobeam electron diffraction (NBED, section 2.4.3) can also be operated in a scanning mode,
as the primary electron beam dorms a probe on the sample. This mode of operation uses the
beam shift and tilt deflectors of the microscope to perform the real space €anning of the beam
and can require additional hardware (see section 2.6).18%216 Additional to the scanning signal,
it is possible to also apply a set of signals to the deflectors that changeshe incidence angle of
the beam periodically (e.g., 100 Hz) so it is describing a motion on the surface of a conearound

the optical axis, a precession motion.This motion causes®(the vector of the primary electron
radiation) to also perform a precession motion (compareFigure 2-9). Thus, the Ewald sphere

bcgapg cq _ 8pmjjgle kmrgml ywhich results m a poturmegaf p ma _ |

pcagnpma_|j gn_ac ~cgle 8glrcep_rcbpu b dnptheir e
review on precession electron diffraction, Midgeley and Eggeman summarize the improved
interpretability of the ED patterns and the importance for structure determination.?!’ Due to
gwkkcrpw gl rfc rmpa _glag j g gendjto thekdgsftectorsrigrtje grajection
system of the microscope.In scanning precession electron diffraction (SPED an additional
signal is induced into the deflectors: The beam is scanned across the samplelhe scan dwell
time is usually selected to include a full precession cycle (100Hz presession = 1/100 s dwell
time). The alignment procedure mainly involves the setting of tilt -, shift-purity and pivot point

of the optical system above the sample?*®
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As SPED is a method based on NBED, the used convergence angle is in the range ahsad. For
data analysis a pattern matching routine is implemented commercially in the ASTAR software
package® and as an open source solution in pyxem!! By supplying a crystallographic
information file (CIF) 2° or inputting structural parameters manually, both software packages
generate a template databaseof simulated electron diffraction patterns of the supplied crystal
structure which is then compared to the experimental data. Diffraction spots in the
experimental data are located via a peak finding algorithm. In both ASTAR and pyxem, a second
solution can be identified for each experimental diffraction pattern, in cases two grains are
overlapping in a dataset.!8!

2.5.6 Electron energyoss spectroscopy (EELS)

Most of the methods described in this section rely on he elastic scattering of electron in the
TEM sample. Afraction of transmitted electrons, depending on the material thickness and cross
section, also undergoes inelastic scattering® Several mechanismscan be triggered in the
electronic structure of the sample, which define the (characteristic) energy, a transmitted
electron loses. Exitations of core-level electrons of an atom are represented as characteristic
edge in the electron energyloss spectrum, as it is schematically shown for the case of oxygen
and nickel atomsin Figure 2-19 (a), also called the coreloss (CL) spectrum As a secondaryand
complementary method, the photon emitted when an electron fills the created hole at the core
level is used in energy dispersive Xray (EDX) spectroscopy.If valance band electrons are
excited, the energy transferred to the electron or sample is lower and these transitions are
represented in the low-loss (LL) energy regime of the EEL spectrum Plasmonic and collective
excitations as well as higher band transitionsform the LL regime below 100 eV energy loss

To avoid multiple energy-loss processe$o occur as a primary electrontraverses the sample, the
criteria for sample thickness are more rigorous than for other methods. For very thin samples
(t < 20 nm), surface plasmon transitionscan dominate the low-loss spectrum?%
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Figure 2-19: (a) Schematicof lowdoss and coreloss electronic transitions and a corresponding energy-
loss spectrum for NiO196.220.22Y ) Experimental and simulated LL-EEL spectra of HfQ» compiled by Gued;
et al???

From an EEL spectrum, a variety of information can be extracted Plotting the intensities of the
characteristic CL lines after background subtraction results in chemical mappings
complementary to EDX, especially for low Z elements. Comparing the zero-loss (ZL) peak
intensity and the sum of inelastically scattered electrons in a spectrum, the sample thickness
can be estimated??® Differentiation of stoichiometries in oxides is possible via the identification
of representative low-loss spectra’®7%224 Guedj et al. investigated the low-loss spectra of HfQ
in dependence to the crystallographic orientation, exhibiting anisotropic dielectric behavior of
this system (Figure 2-19 (b)) , which explains the varying results present in literature.???

The physical processes that ar@esponsible for the energy transfer are complex as theriggered
transitions of electrons in the band diagram of the sampled crystal need to take the added
dimensionality of k-space into account. Recursively,sampling electrons that have undergone
Bragg scattering of a specific lattice plane(choosing the position of the spectrometer aperture
in the BFP of the microscope) allows to sample electrons from a specific position in the Brll ouin
zone?® Simulation of EEL spectra has developed alongsidethe methodologies supporting
experimental results with ab initio models of the sampled structures’®® as shown in Figure
2-19 (b).

2.6 4D-STEMsetup

Installed in 2011,2% the probe corrected JEOL JEMARM200F scanning transmission electron
microscope offers atomic resolution ABF and HAADF imaging as well agor analytics sud as
EDS and EELS mapping® In situ capabilities have been and are added by the introduction of
MEMS-based sample holders??165:228.22%Bjasing in situ TEM holders also allow for electron
beam induced current (EBIC) contrast imaging>*° These additions expand the capabilities of
the instrumentational hardware of the microscope as discussed in previous chapters.
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The following section will focus on the expansion of the available electron detectors, a direct
electron detector (DED). This new generation of detectors suitable for electron microscopy was
introduced to the system initially in 2019 and was installed at the beginning of 2021.

2.6.1 Hardware installation and system integration

Figure 2-20 shows the location of the detector installed on the microscope. It is installed post
column opposite to a CCD camera (Gatan US1000) and above the entrance to the EEL
spectrometer. An interlock (not shown) prevents the introduction of either camera (CCD and
DED), in the case that there is one of them inserted into the space. The interlock checks the
status of the pneumatic line that controls the CCD position as well as the stepper motor position
of the actuator if the DED.

Figure 2-20: (a) Quantum Detectors MerlinEM detector on a hydraulic lifting jack during final installation
(January 2021). (bMerlinEM is attached to the postcolumni Gat an boxd opposlod0e
CCD. Above the 2D detectors the beam stopper and BF aperture are located, below them, the Gatan Enfina
EEL spectrometer is mounted.

Third -party detectors need to be implemented into the existing experimental setup. The amount
and level of communication between the different hard- and software components ultimately
define the functionality and ease of use of the system. Most generaluse detectors are deeply
integrated in the microscope controls (such as BF/ADF, EDS and EELS detectors), other
components rely on external hardware control.

As the installed detector will be used in STEM applications, the fundamental communication is
the synchronization of the electron beam scanning operation and the detector readout.Figure
2-21 shows the schematic of all connections of the hardware setup. In the present configuration,
two operation modes have been implemented individually:

1) Convergent beam operation- 4D-STEM: In this mode, the microscope is operated in
STEM mode and the microscope setup follows exactly the setup for higkresolution
STEM imaging. The DED replaces conventional BF and ADF detectors. Synchronization
is performed via acquiring a line clock (one TTL pulse a the beginning of each scan
line) and capturing all frames for the scanned line by selecting the used dwell time of
the scan as the acquisition time. This operation mode is controlled by the computer of
the microscope and data is saved on the PC controllig the DED.
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