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Abstract  

At the beginning of the 21st 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 (IoT), 

scaling jgkgr_rgmlq amlrp_bgargle Kmmpc%q j_u, the rise of neuromorphic computing 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 years ago, Chua 

described a missing circuit element, that would complete the well-known list of resistor, 

capacitor and inductor: the memristor.1 Grq `cf_tgmp gq rf_r md _ §lmljglc_p pcqgqrmp ugrf

memory,µ jclbgle rfcgp l_kcq dmp rfc amlrp_argml l_kgle md rfc nmqrsj_rcb rum-terminal circuit 

element.  

It took 37 years until Strukov et al, cvaj_gkcb §Rfc kgqqgle kckpgqrmp Y`cgle[ dmslbµ gl 0..6*2 

with their realization of a two -terminal memristor being implemented as a metal-insulator-

metal (MIM) stack consisting of a Pt/TiO 2-x/Pt stack. By biasing the 5 nm oxide film, the 

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

volatile process. Similar electrical behavior was experimentally observed for organic,3 

amorphous4 and (single) crystalline oxide thin films 5,6 as well as for Chalcogenide-metal stacks.7 

Bcnclbgle ml rfc k_rcpg_j aj_qq rf_r gq gltmjtcb gl rfc m`qcptcb §lce_rgtc pcqgqrgtc af_lec*µ 

several groups of memristive systems (also referred to as RRAM, as they are candidates for 

resistive random-access memory applications) can be defined.8 Common between §dgj_kclr_pw

qugrafgleµ material systems is the confinement of the volume of the thin film that takes part in 

the resistive switching process. Insight into these nanoscale events involved in the localization 

of these regions is a key step towards the full understanding of the fundamental physical 

processes involved.9,10 

The primary goal in the conjunction of research on resistive switching thin films and high -

resolution microscopy is to image a working filament . Transmission Electron Microscopy (TEM) 

methods including the local mapping of structural 11 and spectroscopic12,13 properties, 

Conductive Atomic Fore Microscopy (CAFM)14,15 as well X-ray microscopy methods16 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 

qrpsarsp_j dc_rspc%qunique role in VCM RRAM.17 Lab scale, photolithography-based device sizes 

range from several 100 µm² to 10 µm² and finding a predicted filament of only a few square 

nanometers in square micron sized areas gq _ §lccbjc gl _ f_wqr_aiµ npm`jck, Mlc u_w rm

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 inside 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 TiN/HfO 2/Pt MIM stacks have been 
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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 temperature as well as superconducting 

properties. The low surface roughness and nitrogen deficiency highlight the aptitude for high ly 

textures TiN layers to act as bottom electrodes in resistive switching devices. Secondly, the HfO2 

layer itself, whose arrangement of textured grains and resulting grain boundaries have been 

investigated at nanometer and sub-ångström 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 10 nm 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 techniques 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 4D-STEM data acquisition. First, modern, micro-

electro-mechanical-systems (MEMS) based in situ holders18,19 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.20 Second, electron detector technology is being accelerated by introducing  hybrid pixel 

detectors that allow the fast and high dynamic range capturing of pixelated reciprocal space21­

25 and spectroscopic data.26  

Both technological developments are addressed as part of this work, as 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 -

based VCM RRAM.27 4D-STEM specifically is proving to be an advanced method to investigate 

the local structure and response to external stimuli to an extent never achieved before.28­30 

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

more dimensions to 4D-STEM experiments) in need fundamentally new approaches to data 

analysis.29­32 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 state-of-the-art toolset that allows proceeding 

in the vast field of oxide-based electronic thin films.   
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Abbreviations  

ABF Annular bright -field  

ACOM Automated crystal orientation mapping 

ADF Annular dark-field  

ALD Atomic layer deposition 

BE Bottem electrode 

BEOL Back-end-of-line 

BF Bright-field  

BRS Bipolar resistive switching 

BSS Blind source separation 

CA Condenser aperture 

CAFM Conductive atomic force microscopy 

CBRAM Conductive bridging random access memory 

CC Current compliance 

CRS Complementary resistive switching 

CMOS Complementary metal-oxide-semiconductor 

CSL Coincident site lattice 

DC Direct current 

DF Dark-field 

DFT Density functional theory  

DP Diffraction pattern  

ECM Electrochemical metallization memory  

EELS Electron energy-loss spectroscopy 

EM Emerging memory 

FIB Focussed ion beam 

HAADF High-angle annular dark-field  

HRS High resistive state 

IFFT Inverse fast fourier transformation  

iCCI Ion channeling contrast imaging 

IMC In-memory computing 

IP In-plane (prallel to the sample surface) 

LED Light-emitting diode  

LL Low-loss 

LRS Low resistance state 

MBE Molecular beam epitaxy 

MEMS Micro-electro-mechanical systems 

MIM Metal-insulator-metal 

ML Machine learning 

NBED Nanobeam electron diffraction 
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NNMF Non-negative matrix factorization  

OOP Out-of-plane (normal to the sample surface) 

QCM Quartz crystal microbalance 

PCM Phase change memory 

RF Radio frequency 

RHEED Reflection high-energy electron diffraction  

RMBE Reactive molecular beam epitaxy 

ROI Region of interest 

RRAM Resistive random-access memory 

SAED Selected area electron diffraction 

SPED Scanning precession electron diffraction 

SRIM Stopping and range of ions in matter 

STEM Scanning transmission 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 Valence change memory 

VESTA Visualization for electronic and structural analysis 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction  

XRR X-ray reflectometry 

 

(hkl)  Miller ind ex of a lattice plane 

{hkl}  Miller ind ex of symmtery equivalent lattice planes 

[hkl]  Miller index of a vector 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 ever-increasing number of 

computing devices require vast amounts of energy-efficient 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 applic able in the digital and implementing the analog domain of 

non-volatile memory. 

 

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

application. 

Memory hierarchy is defined by speed, cost and rfc glbgtgbs_j `gr%qachievable sizes when 

implemented in complementary-metal-oxide-semiconductor (CMOS) processing (Figure 1-1). 

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

storage devices is implemented throughout current computing architectures. Located closest to 

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

(SRAM) used as cache memory. Together 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.33 Long term, non-volatile data storage today is dominated by 

floating -gate flash memory. Since the commercial introduction of flash memory in the late 

1980s, rapidly  decreasing cost per ̀ gr gl rfc 0...q* _lb rfc pgqc md rfc §glrcplcr md rfgleqµ (IoT) , 
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it today is replacing magnetic and mechanical storage based hard-disk 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. This so-a_jjcb §tml Lcsk_ll `mrrjclcaiµ gq 

a key field that _aacjcp_rcq rfc pcqc_paf _lb bctcjmnkclr md §gl-memory computing,µ 

Another development is becoming essential due the 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 .34 Since the data gathered by these sensors needs to be processed, artificial intelligence 

and neural computing engines have become ubiquitous in consumer electronics in a relatively 

short period. Between 2017 and 2020, the share of smartphones that include dedicated 

hardware for machine learning applications rose from 3% to 35%.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 circuit s (ASICs) to kgkga lcsp_j §jc_plgleµ `cf_tgmp requires high amounts of energy 

and cost in the implementation. 36,37 From smartphone cameras increasingly depending on AI 

features for extended functionalities to customer data being collected at petabytes per hour 

rates by individual companies,38 the ever increasing need or market for these computational 

capabilities is revealed. 

Consequently, it appears crucial to create innovative memory technologies that (1)  bridge the 

gap between non-volatile and volatile memory in terms of physical size per bit, speed, and 

energy consumption per read/write cycle, (2)  qfmu §lcspmkmpnfga*µ that is multilevel or analog 

storage states, electrical behavior and, (3)  is compatible with current CMOS technology. 

Subsumed under rfc rcpk §ckcpegle kckmpgcq*µ various material systems is subsumed that 

§rgai _jj rfc `mvcqµ to prove as technologies that provide technological solutions to the ever-

growing pressure for advancements in 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 2030.39 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.40 Concepts of integrating both, conventional 

and emerging, memory technologies to harness advantages of the specific systems are also a 

promising prospect to advance computational hardware for next generation computing.41 

1.1 The von Neumann bottleneck  

Manifested in computer architecture development over the past 50 years, the von Neumann 

architecture (VNA) defines logically separated components in its realization 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 

_ §`mrrjclcaiµ gl /756.42 As depicted in Figure 1-2, in-memory computing (IMC)  reduces the 

transfers of data over buses as the memory itself gains data processing capabilities. Low-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.43 

 

Figure 1-2: (a) Schematic of the data-flow in von Neumann architecture, data is transferred over a bus 

between cache and memory. (b) Schematic concept of in-memory computing, eliminating the need for a 

high amount of data being transferred over buses. Figure from reference44. 

Implementing the desired functions by embedding logic gates greatly increases the number of 

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 behave in a multibit or analogue 

response are highly desired as a single memory cell could replace a logic gate network. For 

example, the filtering of sensor data, matri x 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, see Figure 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 that show analog or 

neuromorphic behavior.45,46 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. 

 

Figure 1-3: (a) Schematic of a biological synapse, where ïprocessingð of incoming signals is a complex 
combination of chemical processes. (b) Array of RRAM devices with ïsynapticð responses that process 

incoming signals in a similar fashion to a biological synapse. Figure from reference44. (c) Response in 

resistivity of a single Y2O3 RRAM device experiencing repeated voltage pulses. A gradual change 

depending on the number of applied pulses is observed. Figure from reference45. 
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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.47 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.37  

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 140F²,48 ufgaf gq §lmpk_jgxcbµto the used node or feature 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 f loating gate transistors used in Flash memory store information by charging a 

metallic floating gate that is encapsulated by oxide layers* rfsq `cgle bcdglcb _q §af_pec rp_n

memory,µ These devices need a footprint of 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.49 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 

approaches sub 20 nm node sizes are achieved ugrf §_jj-_pmslb e_rcµ designs.50 Recent studies 

are advancing oxide layer thicknesses of 20 ångströms (1 Å = 10-10 m), by harnessing 

competing ferroelectric and anti-ferroelectric responses of HfO2-ZrO2 stacks.51 As an alternative 

to reducing the size of an individual FET, increasing storage density can also be achieved by 

storing more than one bit per cell in §kulti-level cellµ memory cells. Scaling and multi -level bit 

solutions decrease the read and write speeds of Flash technology. 

For emerging non-volatile memories (NVMs), device density is the second key aspect ­ besides 

their neuromorphic behavior  ­ which accelerated their popularity. It is greatly enhanced by the 

implementi ng the memory cells in a crossbar array, see the schematic Figure 1-3 (b) . In this 

geometry, each memory cell, or an array thereof, provides the desired neuromorphic 

characteristics, whereas in graphics processing unit (GPU) or application-specific integrated 

circuit (ASIC)-based solutions, these characteristics have to be implemented in software (more 

data transfers) or hardware (combining transistors into logic arrays). 52 Implemented in these 

arrays, RRAM devices can be implemented by a combination of a transistor, acting as a selector 

and the resistive device itself, a so-a_jjcb §/ rp_lqgqrmp-/ pcqgqrmpµ &/R-1R) component.47 Ni et 

al. compared the area occupied by solutions acceleration matrix multiplication in the form of 

CMOS-based ASICs and RRAM crossbar arrays and found a factor of 100 in area reduction.53 
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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 Chua presented §Rfc kgqqgle agpasgr cjckclrµ: Based on the 

fundamental dependencies in electronic circuit theory, where each dependency is represented 

by a circuit element (e.g., the resistor represents the dependency of voltage and current, Ὠὺ

Ὑ ὨὭ), one dependency was missing due to symmetric considerations: Ὠ• ὓ Ὠή, the relation 

of magnetic flux and charge.1 This missing element u_q rfcl bcdglcb _q _ §kckpgqrmpµ

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 §kgqqgle agpasgr cjckclr[has been] found,µ2 They tied the electrical behavior of 

their Pt/TiO 2-x/Pt metal -insulator-metal (MIM) stack , Figure 1-4 (b), to a physical model that 

consisted of positive dopant ions (cations) migrati ng in the electric field  during switching 

operation. 

Generally, the principle of RS is defined by a reversible change of two conducting 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, respectively). 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) TiO2 layer. 

 
Figure 1-4: (a) Initial ly proposed circuit symbol  by Chua in 1971.1 (b) IV curve of the ïmissing circuit 

elementð by Strukov et al. in 2008.2  

The movement of an ionic species as a response to an electric field in an otherwise non-

conducting layer (e.g., TiO2, HfO2, SrTiO3, 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 .54 
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Once a volume of the metallic species bridges the electrodes, the resistance between the 

electrodes drops. Reversing the bias direction causes a rupture of the conducting bridge, 

facilitated by Joule heating as current is funneled through a low cross-sectional area volume. 

This cross-sectional area is discussed in quantum-point conductance to be dependent on single 

vacancies or metal atoms changing their position in and out of the filament, founding the far -

reaching model of the quantum-point -contact.55­58 

Besides CB-RAM and VCM-RRAM, three material systems also 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 cycle. To achieve small device sizes, 

FE layers with a high coercive field are required, and since the discovery of ferroelectric 

behavior of e.g., Si:HfO2 by Böscke et al.,59 this material system is a promising candidate for 

ultimately scaled FERAM devices.60 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.61 

 

Figure 1-5: Schematic of emerging memory types and their fundamental physical processes. Figure from 

reference62.  

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 either a low resistance or high resistance respectively. Write 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 spin-orbit or 

spin-transfer torque (SOT-, STT-MRAM) make use of magnetic torque transferred by electrons 

when a spin polarized current is passed through the ferroelectric in the write process.  

Originally found in rewritable CDs and DVDs, the chalcogenide phase change material GeSbTe 

is implemented in the system of phase change memory (PCRAM).63 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 SSDs, where these memory cells are used as a cache for 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.64­66 In the history of in situ transmission electron microscopy, phase 

changes induced by electrical bias have been studied as early as 1972, when Chaudhari and 

Laibowitz m`qcptcb asppclr glbsacb apwqr_jjgx_rgml md _ §dgj_kclrµ gl _4 µm electrode gap.67 

Direct replacement of classic CMOS memory technology by 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 considered.68 

Nonetheless, depending 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 and increased resilience to tunneling currents, which occur at ever-decreasing 

structure sizes, is the second area where emerging memories surpass conventional memory 

technologies, especially for non-volatile applications. 

1.4 VCM resistive switching  í 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_kclr kmbcjµ mdRS in VCM and ECM.69  

   

Figure 1-6: (a) TEM images of a TiN/MoO x/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. 2014.70 (b) Cr 

XRF map of a Cr:SrTiO3 crystal after switching the device to the LRS state. The color scale indicates the 

(b) (a) 
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change from Cr3+ to Cr4+, thus indicating an increase in oxygen vacancy concentration. From Janousch et 

al. 2007.9 

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. 70 

The TEM images show the Cu volume bridging the electrodes when it reaches the LRS (D). 

For a VCM system, the studies by Janousch et al. focused on a top view of a chromium-doped 

SrTiO3 single crystal with electrodes lithographically deposited on its surface.9 The X-ray 

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 Cr3+  to Cr4+  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.13 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 of semiconducting n- 

and p-GaN layers acting as a light emitting diode (LED) substrate. 71 In the device area of 

100*100  µm², 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 3 films by conductive 

AFM (CAFM) methods and found that threading dislocations through the thin film act as paths 

for increased electrical conductivity.72 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 RS process of valence change memory devices. Other fundamental CAFM-based 

analyses (e.g., Bersuker 2010, Celano 201673,74) indicate that the area needed to operate these 

is only limited by the structural features present in the oxide thin film. Some of the binary metal 

oxides considered offer intrinsically high-ʆ and large band gaps (HfO2), providing a higher 

tolerance to leakage or tunneling currents, which facilitates t heir application at significantly 

reduced film thicknesses. Operative HfO2 base RRAM devices have been reported for oxide 

thicknesses of 5 or 2 nm.75,76 

At this point it is evident that the high spatial resolution observation and experimental probing 

of filamentary RRAM have gained high relevance alongside the fast developments in this field. 

The physical processes which determine the electrical properties of the devices need analytic 

technologies at the nanoscale. Thus, RRAM represents one more field in modern technology 

that requires fundamental understanding to develop models at the atomic scale. Lanza et al. 

define CAFM and TEM as crucial methods for future studies of RS devices.27 
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1.4.2 Atomistic processes during VCM resistive switching  

Breaking down the physical processes in a VCM RS device can be approached by separating the 

main operation types and individual forming, set , and reset processes. With 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. The schematics 

shown in Figure 1-7 gives an overview of the atomistic understanding of the VCM RS cycle. To 

focus on the materials used in this work, for the schematic as a TiN/HfO 2/Pt MIM stack was 

chosen. 

 

Figure 1-7: (a) Schematic IV cycle of a bipolar RS operation, the forming process is marked in grey. (b) 

Schematic IV cycle of unipolar RS (for both polarities). (a,b) Adapted from reference8. (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 thin film stack after forming in its LRS. Oxygen ions diffused in the 

electric field  into the BE, leaving a (conducting) volume of high oxygen vacancy concentration behind. (e) 

The thin film stack in its HRS state after a reset. The deficient 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/HfO 2 interface and the bias is applied conventionally to the Pt TE. 

As indicated earlier, the fundamental processes during RS are governed by local redox processes 

in the oxide film and surrounding layers or thei r interfaces. This is also referred to as a §nanionic 

redox phenomenonµ69 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 

chemically induced binary states. The, sometimes competing, driving forces are for example 

summarized by Lee et al. who review the suggested physical models in resistive memory 
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devices.77 Electric fields, temperature and diffusion gradients govern the movement of (ionic) 

species during the forming and cycling of a device. The Coulomb and 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 HfO2, consists of a crystal lattice where 

all oxygen atoms are located at their corresponding positions as dictated by the structure. 

During the forming process, a high electric field (Vforming acts on a 10 nm 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 

mvwecl t_a_law amlaclrp_rgml _jrcpq rfc §ejm`_jµ amlbsargtgrw md rfc KGK qr_ai rm rfc jmu-

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 device is achieved in bipolar RS by applying an inverted electric field, which 

causes oxygen anions to fill the vacancies in the deficient volume created by the forming 

process. In unipolar RS a similar process is triggered by the creation of a current higher than 

the current used in the set process. The result of the reset process is depicted in Figure 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 necessary during the forming process, 

Vset Ò Vforming. The difference between the two voltages is one of the application critical 

parameters as 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 section 1.5). 

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 materials and the interfaces. Bipolar counter-figure eight and unipolar 

switching are shown in Figure 1-7. Extensive studies on the switching characteristics in oxygen 

deficient devices by Sharath et al.78 and modelling of the switching modes by implementing 

equivalent circuits with a combination of two opposing memdiodes by Petzold et al. give further 

insight.79 As the filament is discussed as a volume of high defect concentration, the possible 

phases of the filament in literature range from sub -stoichiometric HfO2-x of the same phase as 

the pristine layer ( e.g., monoclinic), hexagonal Hf intercalated with oxygen and intermediate 

phases such as tetragonal and cubic HfOx.80­83 
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The dynamics arising in the process due to the changing filament shape during the formation 

and cycling process also highlights a time dependent model of the process. Specifically for their 

neuromorphic application of RRAM, pulsed operation can gain control over these dynamics.84­

86 Dirkmann et al. approach this by modeling the formation and cycling processes in kinetic 

Monte Carlo (KMC) simulations and implement a variety of chemical (redox), thermal, and 

electrical parameters in their calculations.87 Rfc epmurf md _ §lsajc_rcbµ dgj_kclrwas shown 

and transport mechanisms of oxygen ions and the diffusion of these ions into the 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 by operando X-ray spectroscopy 

probing the bulk of the device stack (HAXPES), the role of reactive BE materials is emphasized. 

Naturally , both MC-based studies are agnostic of crystal structures and defects in both the HfO2 

as well as the TiN layer. McKenna studied the incorporation of oxygen into bulk TiN and Ɇ5 

grain boundaries and points out their  role as a scavenger of interstitial  oxygen that can be 

created during RRAM cycling.88 

1.4.3 Sample features enhancing filament formation  

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

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

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

necessary to create a cyclable device. Only filament formation, or _l glgrg_j §qmdr bgcjcarpga

`pc_ibmulµ md rfc mvgbc rfgl dgjk apc_rcqthis active volume which is in its core an 

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. Ultimately , this can only be achieved by the control of defects at 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 s is a 

promising way of controlling the forming and final device properties. Studies by Hildebrand et 

al.89 and more recently by Kaiser et al.90 investigate the phases that are synthesized if hafnia 

films are MBE grown under a reduced supply of oxygen. For the systems of HfO2-x
78 and TaOx

91 

Sharath et al., and, for YOx, Petzold et al.92 found a reduction of the forming voltage, when 

oxygen deficiency was introduced. As a secondary effect of 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 ïdefect richð insulating layer. Defect states in the large bandgap oxide layer facilitate  electron 
hopping, (trap assisted) tunneling processes and Schottky emission at the interfaces govern and limit the 

conductivity. Figure drawn after Bagdzevicius et al.93 

By the introduction of volume defects §npc-dmpk_rgmlµ md rfc dgj_kclr gq _afgctcb rm _ acpr_gl

extent.94 Synthesis of mixed phase (e.g., stoichiometric m-HfO2 and sub-stoichiometry and 

semiconducting LTP c-HfO2-x) also creates individual grains that act as candidates for filament 

formation. 90 Ab init io studies of the formation of conducting sub-oxides in deficient HfOx phases 

by McKenna80 support thc nmqqg`jc cvgqrclac md §npc-dmpkcbµvolumes. The identification of 

these phases will be discussed in chapter 5. 

Electronic transport in large bandgap oxide thin films is discussed in extant literature as electron 

hopping transport along a series of defect states as shown schematically in Figure 1-8.93 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 69). 

One-dimensional defects:  The studies by Szot et al. which investigated threading 

dislocations through STO layers, as described earlier, show that in single crystalline STO layers 

bcdcar pgaf §tmjskcs*µ the dislocations, act as regions of reduced forming voltage.72 The model 

introduced also discusses the growth of the conducting volumes during forming from purely 1D 

to a filament of a diameter (on th e STO surface) of 3-10 nm. 

Experiments that artificially  decreased the electrode area in ECM by leveraging on single defect 

§fmjcqµ gl graphene sheets created a system that also benefitted the retention and filament 

stability  (e.g., Zhao et al.).95 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 used high-ʆ 

dielectric in CMOS technology.96 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 2 films act as 

segregation sites for oxygen vacancies, which in turn affect the leakage of the thin film.97  
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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 studies15,98 and ab initio studies investigating the defect formation energies 

and electronic transport at GBs.17,97,99 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-HfO2 layer that 

also showed a decreased forming voltage.98 This decrease has been attributed to the high 

leakage paths introduced by the grain boundaries in the investigated thin film. Section 4.2 will 

address this in more detail. 

 

Figure 1-9: (a) Cross-sectional, atomic resolution HAADF-STEM image of a metal-insulator-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) Plan-view, atomic 
resolution HAADF-STEM image of an arrangement of HfO2 grains, showing a network of grain boundaries. 

At the GBs the (110) 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 address the multitude of nanoscale 

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

qrcn rf_r sjrgk_rcjw ugjj dmpk _ apwqr_jjglc tmjskc bsc rm rfc fc_r glbsacb bspgle §dgj_kclr

formation,µ This possibly renders amorphous films to a precursor state to a crystalline and 

defect controlled switching thin film.  

Three-dimensional defects : Thin film microstructures present intricate networks of grain 

boundaries as shown in the plan-view of a HfO2 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 indicate increased transport along TJs in metals100 and also serve as 
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preferential defect segregation sites.101 Section 4.3 will 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 HfO2 thin films, 15 their current or leakage maps (Figure 1-10 (a) ) on polycrystalline 

HfO2 films might indicate the presence of high conductivity  regions at TJs, which they attribute 

to GBs (2D defects). KaIcll_ cr _j, qfmu gl rfcgp amppcj_rcb rmnmep_nfga_j _lb §asppclr

gk_egleµ k_nqthat indeed the GBs are locations in the thin film with a high forming probability 

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

support this by ab initio calculations for a symmetric (101) tilt GB .17 The authors also discuss 

the surface roughness arising at GB locations due to the development of a thermal groove during 

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

surface. 

  
Figure 1-10: (a) CAFM current (leakage) maps of polycrystalline Pt/HfO2 and Zr/HfO2 thin films by Lanza 

et al.15 Bright, hight current regions indicate a high leakage at a ïminimumð read-out voltage above the 
noise level of the instrument. (b) Topographical and ïcurrent imageð of a p-Si/SiO2/HfO 2 stack at 6.5 V by 

McKenna et al.17 High current values are observed for the grain boundaries, represented by detents in the 

topographic image. 

The previous discussion on defects and defect structures highlights the necessity of fundamental 

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

review paper by Zhu et al.,102 and the progress report by Hui et al.103 allow deep insights into 

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

Despite being out of scope for the presented work, the efforts in electrode and interface 

engineering104­106 and multi -layer stack geometries107 are viable options that control the device 

characteristics. 

To conclude the nanoscale and defect driven behavior of VCM RRAM devices, a set of four key 

features and properties must 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) In large, planar devices, a single, nanometer sized q_knjc dc_rspc ugjj emtcpl rfc §`sjiµ

properties. 

4) Sc_pafgle rfc §_argtc qgrcµ gl _ j_pec qa_jc bctgac pcqck`jcq _ §lccbjc gl rfc f_yqr_aiµ

problem, and a combination of methods (CAFM and TEM) may be necessary to study 

relevant regions of interest.13,27,108 

1.5 The perfect RRAM device (for electron microscopy)  

Defining a perfect RRAM device is dependent on the desired application. For neuromorphic 

devices, the accessibility of an analog or quantized conductance states is of highest 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 parameters for non-volatile 

transition metal oxide (TMO) based memories.109 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.110 It is evident that no one material 

qwqrck §rgaiq _jl the boxes.µ This 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 system and parameters used have been under 

continuous development since 2008111 to achieve the level of control necessary to synthesize 

the highly ordered samples presented. The expertise in sample synthesis allowed the study of 

high-performance thin film stacks with unique compositional and structural features. Finding 

systems that allow the individual investigation  of the multitude of parameters, some of which 

are described in the previous sections, that define the electric behavior of a VCM RRAM device 

is highly beneficial for the fundamental understanding. Findings on systems that are sometimes 

_rrpg`srcb _q §kmbcj qwqrckqµ _ju_wq a_l `csqcb rm bctcjmn kcrfmbq rf_r qrccp §kmpc

pcnpcqclr_rgtcµ bctgacq rmu_pbq _l mnrgkgxcbstate, especially if the fundamental physical 

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 are mostly 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 will be shortly presented here, 

focusing on the material properties that define their use in the thin film stack.  

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

(TiN) electrode is deposited on c-cut sapphire (Al2O3) substrate, followed by the insulator 

hafnium oxide (HfO 2) of 10-15 nm 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 presented crystallographic texture is discussed in detail in chapter 4. 
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Figure 1-11: VESTA112 model of the thin film stack consisting of (left to right) the Al2O3 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 HfO2 film were chosen. The film thicknesses are not to scale, and a single selected in-plane 

(IP) orientation was selected for the TiN and HfO2 layers. 

1.6.1 Substrate: c-cut sapphire í 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 

quality of the TiN electrodes that can be achieved during deposition  on this substrate. Similar 

results have been reported on MgO (also see the discussion in section 4.1), where epitaxial 

growth is possible due to the low lattice mismatch of TiN and MgO (0.7  %).113 

In general, a key motivation for the choice of the substrate material is CMOS compatibility, thus 

Si substrates would be a more viable choice. CMOS compatibility is also given for sapphire 

substrates (silicon-on-sapphire process) but for the present planar systems, the importance for 

ultimate control of the texture for the TiN BE and the HfO 2 layer are the decisive factor. 

1.6.2 Bottom electrode: Titanium Nitride í TiN 

When c-cut, Al2O3 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.114 Rhomb-on-rhomb growth of a cubic (TiN) structure on a 

hexagonal (Al2O3) 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 2O3 (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 TiN1-x films has been investigated8,78,115 as a 

scavenging interface alongside the implementation of metallic Ti scavenging layers.88,116­118 For 

FERAM, symmetric MIM stacks with TiN electrodes are also promising candidates.59,119,120 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 HfO2 layer. As a refractory or barrier metal, room 

temperature electronic properties of TiN are defined with a resistivity of 10-25 µɱcm.121,122 At 

superconducting temperatures (bulk TC =  6 K123) it is used in as microwave resonator 

applications and Josephson junctions.124 

1.6.3 Active insulator : Hafnium Oxide í HfO2 

Hafnium oxide is deeply embedded in the history of CMOS processing, serving as a wide 

bandgap, high-k dielectric layer, proving the compatibility of H fO2 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.125 

As resistive switching material, hafnia is, besides TaOx, TiO2, NbOx, _ §dpmlrpsllcpµ gl rcpkq md

stability when switched between its transition metal and oxide phase.46 This is mainly due to 

rfc §qgknjgagrwµ mdits phase diagram, which is discussed to contain no intermediate phases 

between these states.126 Nonetheless, the exact nature of the phases hafnia can form as a 

response to oxygen deficiency are still under discussion as, e.g., low-temperature cubic phases 

have been observed recently.90 As a high-k material, t he required film thic knesses that are 

necessary for creating insulating layers are low, promising good or ultimate scalability.  

All defect types discussed in section 1.4.3 that enhance or control the filament formation process 

have been observed for hafnia and grain boundary, 2D defect as well as volume, 0D defect 

mediated properties will be discussed in the chapters 4 and 5 respectively. 

1.6.4 Top electrode: Platinum í 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 scavenger.118 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 to be 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.91,127 

 

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, _lb mvgbcq', Ctcl amglcb _q rfc §emjb qr_lb_pbµ dmp qwlrfcqgxgle

semiconductor heterostructures,128 and being fundamentally connected to industrial and 

scientific advances in nanotechnology,129 it serves as an ideal synthesis routine for physical 
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property research of (oxide) thin films. 130 Deposition of thin films occurs at ultra -high vacuum 

(UHV) conditions with a base pressure of ~  10-9 mbar. Due to the reduced collision probability 

and increased mean free path at these vacuum conditions, the use of evaporation sources, which 

generate low energy atomic or molecular beams, is possible. The geometry of the deposition 

system is shown schematically in Figure 1-12. 

 

Figure 1-12: Schematic of the reactive molecular beam epitaxy (RMBE) setup. Figure from reference131. 

Originally developed for co-evaporation of, most prominently, GaAs and InSb III-V 

semiconductors, initial reports of early versions of MBEs date back to 1958,132 but only the 

introduction of in situ growth monitoring techniques, controlled epitaxial thin film growth 

could be achieved.133 

Elemental sources in an MBE system can be implemented by electron beam evaporation sources 

and consist of 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 located in 

proximity to  the crucible. The electron beam is deflected by a magnetic field into 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.134 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 are either 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 ions and 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 regularly 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 a relatively slow film 

growth at a speed of fractions of to several ångström per second. The schematic shown in Figure 

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 applications.135,136 Wall et al. observed the 

seeding of TiN (001) on MgO (001) single crystals by STM and ab initio  density functional 

theory (DFT) methods in 2004.113 They deposit ½ monolayers by <2  min reactive magnetron 

sputtering of a Ti target at N2 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 achieved island 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 temperatures below 865 °C, growth is limited by diffusion  of TiNx admolecules on the 



 

 

Page 20  

surface. For higher temperatures, the formation rate of stable clusters (defined by their critical 

radius) limits the growth.  

 

Figure 1-13: Schematic showing adsorption, surface reconfiguration and re-evaporation processes during 

thin film growth , adapted from reference137. 

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 growth.138 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 kinetically limited 

surface rearrangement processes during ­ in this case ­ molecular beam epitaxy thin film 

growth.  

Agnostic to the fundamental processes on the surface Ohkubo et al. show that the optimization 

of a specific physical property can also be achieved by optimizing the growth via a machine 

learning-based process.139 Section 4.1 will extensively study the properties of (quasi-)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) techniques normally 

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 speeds that 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, the texture 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 in-plane rotations A, B) and (d) single crystal, adapted from Wang and Lu.140 

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 2ʃ/ʖ scans, X-ray 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 t hin 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 range of several square millimeters.141 A 

glass/quartz  fluorescent screen is mounted on the vacuum chamber wall 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 includes the 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 the primary 

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 for constructive interference for 

thin films. The Bragg condition is fulfilled, if the Ewald sphere intersects with the highly elongated rods in 

the reciprocal latt ice of the deposited thin film (adapted from Braun141 and Atenrok142). The inset shows 

the reciprocal lattice , Ewald sphere and screen in top view. 

Observing the patterns recorded and analyzing the intensity of specific reflection spots over 

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

is performed in regular intervals and the specular reflection intensity is plotted. 141 In the layer-

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

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

dmp §amslrgleµ md rfc lsk`cp md bcnmqgrcb qglejc j_wcpqduring growth which is regularly used 

in MBE and pulsed laser deposition (PLD). 

Depending on the growth mode of the film, the time -dependent attenuation of the specular spot 

intensity is following different  characteristic schemes.141 This attenuation can be modeled as a 

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 the full  

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 fi lm, as 

indicated in the previous section and discussed later in section 4.1.3. 

1.7.5 Ex situ thin film characterization (XRD  and XRR) 

Assessing the quality of the deposited films is mainly performed by techniques such as X-ray 

diffraction ( XRD), X-ray reflectometry (XRR) and X-ray photoemission spectroscopy (XPS). 

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) 2ʃ/ɤ scans, (2) ה scans and (3) ה and ʔ scans/ pole figures.  
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Figure 1-16: Geometrical degrees of freedom in a 4-circle diffractometer .143 

Depending on the geometry used in the XRD scan, different information can be acquired. By 

comparing the recorded intensities in a 2ʃ/ɤ 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 o f 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.143 The position and shape/asymmetry of a 

Bragg intensity can give insights on changes in stoichiometry, strain, grain size and texture of 

the thin film.  scans are performed with the X-ray source and detector set to predefined 2ʃ ה 

and ʔ angles and the sample rotating around its surface normal. Thus, the intensities in a ה 

scan represent the occurrences of a lattice spacing depending on the in-plane rotation of the 

sample. This information adds to the possible preferential orientations observed in the 2ʃ/ɤ 

scan and can also be used to correlate crystallographic orientations to the sample geometry if 

subsequent analysis and preparation routines target specific orientations in the sample (also see 

section 3.4). Pole figures add one more degree of freedom to the ה scan, the angle ʔ is varied 

in a selectable range (within 0° to 90°). The resulting dataset represents a two dimensional 

map of the probability (ʔ,ה)  of a specific lattice spacing (which is connected to the selected 2ʃ 

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 ref lection of the X-ray beam inside the (stack of) 

layers. The incidence angle is scanned in a range of about 0 to 10° and the resulting 2ʃ 

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 are refined in a multiparameter optimization routine ( e.g., RCRefSIM144) 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 µm² 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 second route for patterning the 

electrodes is a conventional lithography and lift-off procedure. Here, the photoresist is directly 

applied to the HfO2 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 with a 

removed HfO2 layer acts as the electrical contact to 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 samples for 

TEM investigation to have a thickness in the range of the electron MFP (t Ò 100 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 (EELS) or annular bright -field (ABF) imaging, to less thickness-

constrained methods such as high-angle annular dark-field (HAADF) imaging and nanobeam 

electron diffraction (NBED).  

 
Figure 2-1: Overview of methods available in Transmission Electron Microscopy (Robin Schäublin145). 

The sections marked in blue are methods that are applied in this work. The microscope in the background 
is the JEOL JEM-ARM200F, which was mainly used in this work. 

The schematic shown 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. Rfc mdrcl osmrcb §rmmj`mvµ rf_r cjcarpml

microscopy presents to materials science, was greatly expanded by the implementation of CS 

correction and ever growing in situ capabilities,i and thus maintained to be a state-of-the-art 

tool for high -end materials characterization.146  

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.147 The complexity presented gives a great variety of options and it is crucial to perform 

complementary studies based on methods with fundamentally differe nt concepts to create a 

compelling picture of the studies material system. The authors also emphasize the need for high 

spatial resolution (<  1 nm) and time resolved (in situ TEM) methods to study the dynamics of 

RRAM systems. 

As already stated, samples for transmission electron microscopy must fulfill certain 

requirements to qualify as viable for analysis.148­150 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, sub-micrometer precise placement 

of a specimen can only be achieved via focused ion beam-based preparation. Thus, the first 

section of this chapter will  address this key part of electron microscopy, sample preparation. 

 

2.1 Focused Ion Beam 

One key method in modern transmission electron microscopy is the use of a focused ion beam 

(FIB) system for sample preparation. FIB-based preparation and conventional techniques are 

applied for the same reason: The sample being investigated is required to be transparent for the 

probing electrons. For electrons accelerated to 200 kV the mean free path (MFP) is, depending 

on the average Z number, around 100 nm.151 To avoid a high number of multiple scattering 

events and excessive absorption, the sample thickness thus should generally be lower than 

100 nm. However, this thickness is strongly dependent on the type of planned experiments for 

the sample. For example, electron energy-loss spectroscopy (EELS) for example has the highest 

requirements for sample thickness.152  

Modern FIB systems 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 

 

i In their 2011 paper, Robertson et al. coined time resolved microscopy (via the implementation of in situ capabilities 

_lb d_qr bcrcarmpq' _q §four-bgkclqgmlq &2B'µ af_p_arcpgx_rgml, Rmb_w%q dgcjb md 2B-STEM mainly includes reciprocal 

or k-space resolved STEM methods. 
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2.3.2). Besides the scanning electron or ion microscope columns on the system (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 fo r individual detectors used for Energy 

Dispersive X-ray 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 so-called Gas Injection Systems (GIS).  

 

Figure 2-2: (a) SEM/FIB system, with the SEM column on top of the specimen chamber and the Ga FIB 

column at an angle in the back (steel column). (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 reference153. The area marked by a red rectangle is shown in detail in Figure 2-5 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 SE for each pixel is captured by the Everhart-Thornley 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 2D grid, a SE intensity map is formed that 

is sensitivity to the topography of the sample, as edges allow 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 in-column SE detector. The sample itself is mounted by silver paste 

(non-conducting substrate) or a carbon adhesive disk to the sample holder and stage. This 

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 FIB columns as well as positioning the sample at the eucentric 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 octupoles (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 are 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+  Ò 10-4 at 4 µA emission current154) the optical design does not 

necessarily need to contain a mass/charge separator, and the low amount of double charged 

ions is suppressed early in the column. The beam selecting aperture is 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 this ppm`c mp rfc §bgqi md jc_qr amldsqgmlµ gq jgkgrcb `w rfc mnrga_j

properties and aberrations of the electron column. This will be discussed in section 2.5.1 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 30 keV. 

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° (depending 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 sample surface also needs to be brought 

rm rfgq ecmkcrpga nmqgrgml* ufgaf gq _afgctcb `w sqgle _ §dglc x-_vgqµ bpgtc* rfgq npmacqq clqspcq

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 

_qrgek_rgqk amppcargml, Rfcpc gq _ qm a_jjcb §fgef-rclqgml um``jcpµ _t_gj_`jc rf_r _bbq _ jmu

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, because each 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 section is addressing tfc kmqr amkkml _lb _ dcu §lml-qr_lb_pbµ amlrp_qr kmbcq _t_gj_`jc

in a FIB/SEM system. Figure 2-3 shows the geometries of electron/ion beam, sample, and 

detectors for these modes and will be referenced in the following sections. The locations of the 

SE and backscatter electron (BSE) detectors are also depicted in the schematic shown in Figure 

2-2 (b).  Exemplary, the sample for this schematic was chosen to represent a (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.  

 

Figure 2-3: (a) SEM SE, BSE and EBSD geometries. For SE and BSE imaging, the electron beam is scanned 

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 iCCI), 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 FIB/ SEM 

system. 

Figure 2-4 shows exemplary images of the same sample region in three contrast or imaging 

modes that 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 2-4: (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 EBSD 

analysis, in the shown example, all TiN grains are facing with their (111) axis along the observation 
direction and are 60° in-plane oriented. 



 

 

Page 30  

2.2.1 Secondary electron (SE) contrast imaging  

Depending on the information to be gathered in an SEM the choice of contrast 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 region of interest (ROI). Edges or 

roughness in a sample allows for more secondary electrons to escape the sample.155 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 t he 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 that have 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 emission due 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, including material (Z) 

dependance (used for compositional imaging), electron channeling (used for imaging grains in 

a microstructure) and defect density156. 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 topography 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 cameraii, 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 

 

ii Rfgq k_icq C@QB _ dmpk md §2B-QCKµ _lb slbcpjglcq rfc qgkgj_pgrw `cruccl rfgq kcrfmb _lb ?srmk_rcb Apwqr_j

Orientation Mapping (ACOM), which will be introduced later.  
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lines, star shaped sets of bands, 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 simulated 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 displayed in 

Figure 2-4 (c) . Inverse pole figure color coding is applied to the orientation information to 

display the map as an RGB image.157 By definition, inverse pole figure (IPF) mapping is created 

by defining the pole figure with a symmetry dependent section of a sphere surface (cubic: eighth 

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 the in-plane rotated TiN cells. 

The Kikuchi bands are detected during the image porcessing via Hough transformation. 

2.2.4 Ion channeling contrast imaging  (iCCI) 

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 incidence.158 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 §bclqgrwµ md _rmkq158 per area in the observation direction 

(schematically shown in Figure 2-6 by the VESTA insets). This density of atom (columns) per 

sample area can also be interpreted as §mncl qn_acµ rfc apwqr_j pcnpcqclrq gl rfc gml rp_hcarmpw,

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 was tilted to achieve an 54° incidence angle 

and consecutively rotated around ū 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 ɮ 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 (/ςς) zone axis.  

 
Figure 2-6: SE FIB (iCCI)  rotation series of a TiN sample with the growth orientation of (111), arrows 

indicate high and low SE yield areas for corresponding to the orientations shown as VESTA models of 

(1Ӷ22) 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 axis. Thus, 

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.158  

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 an in situ lift -out of a cross-sectional 

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 
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The yield can vary between 10-1 and 102, mostly affected by the incidence angle ʃ and mass 

ratio function ɻ (dependent on M2 target material and M1 incident ion mass). The first term 

includes the interaction probability including the screening radius for the target material, U 0 is 

the surface binding energy, Sn(E) is the target material stopping power and E is the primary 

beam energy. To estimate the sputtering yield for an experiment, Monte Carlo-based 

simulations are performed in the software package Stopping Range of Ions in Matter 

(SRIM).161,162 A full 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 Ions 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, sputter yields, 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. Ion channeling thus cannot be simulated with this software package. However, 

commercial software packages are available which include this feature.163 

 
Figure 2-7: Histogram of ion ranges for SRIM simulations of 5000 Ga ions in HfO2 for different primary 

energies (5 and 30 keV) and incidence angles (0° and 85°). These conditions represent the two main 

operating modes: cutting (85°, 30 keV) and thinning (5°, 5 and 30 keV). Histogram with bins of 0.2 nm, 
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 HfO2. The results of the 

simulations are also given in Table 2-1. Here, the use case for the combinations of geometry 

and acceleration voltage are also given. In the cases where high milling rates are desired (trench 

cutt ing, 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 implanted volume on the surface.164,165 

Table 2-1: SRIM simulated ion ranges, straggle and sputter yield for four different primary Ga ion energies 

(5 and 30 keV) and incident angle (0 and 85°) combinations for a HfO2 target. 

SRIM, HfO2 target 5 keV, 0° 5 keV, 85° 30 keV, 0° 30 keV, 85° 

ion range (nm) 4.0 2.2 12.9 6.6 

straggle (nm) 2.1 1.4 6.8 4.4 

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 lamella166 can be 

removed in a secondary argon ion milling process.167,168 Overall sputter rate can be improved 

by adjusting the step length (pixel pitch)  of the scan operation.169 At step lengths below the 

(FWHM) beam diameter, an overlap between beam positions is achieved and the sputter rate 
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is increased.170 Increasing the dwell time evidently increases the number of induced collisions 

since the ion dose increases. These settings are stored in the microscope configuration and an 

adequate combination of dwell time and scan step width is selected whenever a milling or 

deposition operation is chosen. 

2.3.2 Material deposition - Ion 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, thus the 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 

achieve an optimal deposition rate,  the ion beam current and the flow of the precursor gas from 

the GIS nozzle need to be adjusted to balance between supplied precursor material and induced 

deposition from the gas phase.160,171 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 chamber necessary.  

  
Figure 2-8: (a) SE SEM overview image during the lamella transfer process with the nanomanipulator and 

Pt GIS in place. (b) Image of the SEM/FIB chamber with the GIS and micromanipulator introduced to the 
specimen area.172 The SEM/FIB stub is pictured for reference and not to scale. Stage movement 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 FIB/ SEM system. 

Additional to IBID, electron beam induced deposition (EBID) can be used.173 The deposition 

rates are lower as the interaction probability (cross-section) of high energy electrons is lower 

than Ga ions. Higher cross-sections can be achieved by lowering the acceleration voltage. 

IBID and EBID Pt and C structures are used to create electrical contacts during FIB-based sample 

preparation. Lithography-based electrical 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 connections are ~  150 ɱ at a cross-section of 1 µm², as 
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other studies174­176 are also reporting. Annealing the deposited structures is also reported to 

increase the electrical conductivity.175 

2.3.3 Sample manipulation í 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). The manipulator 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 accessible and 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, the manipulator axes are 

polar coordinates. During coarse stage movements (tilt, rotation,  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 the 

repeatability and thus the precise placement of the lamella in a specific ROI 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 these 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 that is used 

for imaging is Bragg contrast. As the de Broglie wavelength177 of an electron at 200 keV is 

ʇ =  2.51 pm and thus is in the range of the periodic spacings of lattice planes in a crystal 

(typically given in the unit ångström, 1 Å = 0.1  nm = 100  pm), diffraction can occur. 

Geometrically, constructive interference occurs, if the Bragg condition, equation (ς) is satisfied.  

Î‗ ς Ä ÓÉÎ— (ς) 

Ὠ
ρ

Á Ὤ Ὧ ὰ
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With parallel illumination on a TEM specimen and a selected area (SA) aperture introduced in 

the 1st image plane, a diffraction pattern is formed in the back focal plane (BFP) of the objective 

lens (see Figure 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 is 150 nm in diameter in the sample plane. 
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The deflection angle ʃ is dependent on the lattice spacing d (equation (ς)) . The diffraction 

order n can be considered as 1, if only the 0th 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 number of 

(5) tilt angles to conveniently switch between bright -field (BF) and centered dark-field (DF) 

imaging. 

 

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 axis the SAED pattern was acquired at. (b) Schematic 

representation for the construction of the Ewald sphere intersecting with the (2D representation) of the 

reciprocal lattice.178 Red rectangles mark the lattice positions fulfilling the Bragg condition (for both  ZOLZ 

and FOLZ). 
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Figure 2-10: Schematic ray diagrams indicating modes used in BF, DF TEM imaging and diffraction mode, 

drawn after Fultz & Howe179. Note that for diffraction mode, the construction for the intermediate lens 

beam path was changed to project the back focal plane (dashed lines). 

The described processes for electron diffraction also apply for electrons at lower energies 

15-30 keV (ʇ =  6.98 pm), as they are used in an SEM and RHEED systems. Whereas electron 

diffraction processes are used in the SEM for EBSD imaging (see section 2.2), in RHEED, a 

reflection geometry is used that closely resembles the SAED 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 excited with a 

lower current  (optical power)  than in imaging mode, so the BFP is projected to the 

screen/detector plane. 

Positioned in the 1st image plane of the optical system, the SA aperture §virtuallyµ qcjcarq rfc

specimen region that is sampled. The parallel electron beam on the sample illuminates a larger 

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

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

plane. A typical SAED pattern is shown in Figure 2-9 (a) for a single crystal of Al 2O3 along the 

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

to assign the zone axis rf_r u_q _jgelcb ugrf rfc mnrga_j _vgq &qm a_jjcb §glbcvgleµ'. For single 

crystalline DPs this can be done directly. In DPs containing 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 datasets contain similar 

information (although with a reduced angular resolution) as X-ray diffraction 2ɗ/ɤ datasets. 

2.4.3 Nanobeam electron diffraction (NBED)  

Whereas the spatial resolution of SAED is limited by projected size of the field limiting aperture 

in the specimen plane (150 nm), another way of limiting the sampled volume is to converge 
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the electron beam to a spot. If this is performed with the condenser system of the microscope 

in TEM mode, a highly convergent bc_k gq apc_rcb, Rfcpc gq rfc mnrgml md _afgctgle §os_qg

n_p_jjcjµ gjjskgl_rgml _lb dmpkgle _ l_lmkcrcp qgxcb npm`cat the same time with the condenser 

system set to the nanobeam electron diffraction (NBED) mode. By reducing the beam 

convergence (or the convergence semi-angle), it is possible to create a spot-like diffraction 

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

would dictate a higher beam convergence to 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 section 2.5.1). For large unit cells, a 

high beam convergence could 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 angles for identification of diffraction spots, but there are also routines that 

allow the fitting of diffraction disks. 180,181  

2.5 Scanning transmission electron microscopy (STEM) 

Scanning electron microscopy (SEM) was introduced in section 2.2, therefore, scanning 

transmission electron 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,iii  In their review 

paper on the implementation of fast pixelated detectors in STEM, Nord et al. describe the 

developments that historically advanced the technique to today%s level with technological 

advances in vacuum technology, detector geometries ((high-angle) annular dark-field: 

(HA)ADF; annular bright -field:  ABF; and azimuthally segmented: DPC).182 The development of 

spherical aberration (CS) correction183,184 made sub-ångström imaging and spectroscopy 

possible. Pennycook describes the transformational  impact of this advancement for materials 

science185 and also points out that with the advent of fast pixelated detectors, STEM will be 

enhanced by the possibilities of image contrast selection after the experiment and new data 

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 4D-STEM will be given. 

2.5.1 Spatial resolution in STEM (TEM and SEM) 

The overall probe diameter d50 is defined as containing 50% of the beam current. As an 

approximation, the squared contributions to the beam spread can be summed to estimate the 

square of the total beam spread. Four contributions can be defined: dG, the demagnified, 

 

iii  Von Ardenne also envisioned this method to work (for short distanced between optics and sample) in air, similar 

modern environmental E-TEM and E-SEM systems. 
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aberration free Gaussian size of the electron source at the specimen plane; dd, the diffraction 

contribution of the objective aperture ( 1/2  Airy disk diameter); d S, 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 angle Ŭ to the size of the disk of least 

confusion that is achievable. 
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Shown in Figure 2-11, the correlation convergence angle and the achievable probe size is given 

for SEM, TEM and (CS corrected) STEM. For non CS corrected microscopes, this is mainly 

governed by the Ŭ³, dependent on the contribution of sp herical 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 dtot 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.  

 
Figure 2-11: Plots for the contributions of aberrations to the total probe size in SEM, STEM and 

CS-corrected STEM (FEG). Between the three cases, the primary energy and the CS value were changed, 

all other parameters were fixed at values (considering a Schottky FEG) ǪE = 1 eV, CC = 1.3 mm, 

Ib = 104 A/cm 2, ɼ = 108 A/(cm 2sr). Note the varying optimum convergence angle for the smallest 

achievable probe size. The contributions to the probe size were calculated after Fultz & Howe179 and 

Bell & Erdman.186 
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The shape of an electron probe in the sample plane is determined by the aberrations discussed 

above. For a non-aberrated case, the probe 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 experiment. A1, B2 and C1 (in Haider notation187) are the 

aberration values routinely  adjusted during the Ronchigram alignment.188,189 

 
Figure 2-12: (a) CS-corrected STEM probe shape at the sample surface for 200 keV with all aberration 

parameters set to zero at Scherzer defocus, a typical Airy disk is observed. (b) Probe shape with 2-fold 

astigmatism (Haider: A1, Krivanek: C12) set to 15 nmiv, ◖ = 0°. (c) Probe shape with the axial coma set to 

B2/C 21 = 2.5 µm, ◖ = 90°. (d) Probe shape with defocus set to C1/C 10 = 40 Å. All probes have been simulated 

with abTEM.190 For all probes, a horizontal 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 microscope, a 

more universal description is given in the object transfer function, OTF (contrast transfer 

function  (CTF) in a TEM).191 The concept is used 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 (Ὄ Ὧ) 

is the Fourier transformation of the probe shape (Ὤ ὶ), which itself is an Airy disk (see 

equation (9)) .192,193 J0 is the 0th order Bessel function, and Ap normalizes the function. Kirkland 

provides this numerical solution (and Matlab scripts) to calculate the TEM CTF and STEM 

OTF.193  

Ὄ Ὧ ὃ  Ὤ ὶ ὐ ς“Ὧὶὶ Ὠὶ  (9) 

Figure 2-13 shows the TEM CTF and OTF of the JEOL JEM-2100F and the STEM OFT of the 

JEOL JEM-ARM200F, which are the microscopes used in this work. 

 

iv For visualization purposes, the values of the aberration coefficients have been chosen to result in an easy to discern 

probe shape. Typical aberrations will cause less extreme probe shapes but still degrade the image. 

(a) (b) (c) (d)
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Figure 2-13: (a) Contrast transfer function of the JEOL JEM-2100F, indicating a point resolution of 2.5 Å and 

an information limit of 1.7 Å, the envelope functions that dampen the CTF are also plotted using CTF 

Explorer194. (b) Object transfer function for incoherent imaging of a non- and CS-corrected STEM (plotted 

with the scripts by Kirkland 193). The nominal spatial resolution (0.8 Å) of the JEOL ARM-200F 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 transferred through the optical system 

(here 0.6 Å-1 å 1.7 Å) and the point resolution, up until the transferred contrast did not invert 

(here 0.4 Å-1 = 2.5 Å). The latter effect gq ilmul _q rfc §nf_qc npm`jckµ _q FPRCK gk_egle

relies on the phase contrast to form its image intensity and the signs of the phase are 

lost/integrated  in the conventional detection process on a CCD or image plate.195 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 contrast inversion 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 Å-1 å 1.7 Å and 1.25 Å-1 å 0.8 Å respectively). 

2.5.2 Image formation í 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 section 2.5.1) differ from the examples of FIB 

and SEM. The second difference is 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 

presented in Figure 2-14. 

 

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

a diagram depicting the experimental geometries of an annular (HAADF) detector (orange), an EELS 

detector (pink) and a two-dimensional DED (purple). (b) Representative stored values or 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 k-space 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 rfc a_qc md §0B-STEM*µ or conventional STEM imaging, a scintillator-based detector is 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 electrons carry 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 

size for a 16-bit image at 1024*1024 px² is 16 MB. 

Electrons transmitted through the sample also perform inelastic scattering processes, which is 

used in electron energy-loss 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 in the 

dimension perpendicular to ȹE). Each value in the array corresponds to the number of electrons 

ncp §energy af_llcjµ gl rfc clcpew bgqncpqgtc CCLS detector. Thus, a 3D dataset (2D real space, 

1D energy space, also called §data cubeµ196) is created. The typical file size of a 100*100  px² * 

2048 ch at 32-bit  dataset is 80 MB. 
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If the detectors mentioned above are replaced (EELS and 4D-STEM cannot be applied at the 

same time) by a 2D detector in k-space, for each real space pixel a 2D k-space frame is recorded, 

resulting in a 4D dataset: 512*512  px² * 256*256  px² 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 datasets comes with the possibility to extract information that was not 

accessible anymore. In his review article on 4D-STEM, Ophus describes a wealth of software 

n_ai_ecq rf_r _pc §_argtcjw bctcjmncbµ _lbpredicts that §the software landscape [is about to] 

change considerably,µ28 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.29,30 One example showcasing the possibilities and untapped information that is 

buried within a 4D -STEM dataset is the work by Krajnak and Etheridge.31 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 the sampling 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 that the 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 §qcckYcb[ rm `c bgddgasjrµ _r rfc rgkc _lb mljw rfc

implementation of (radially and angular) segmented detectors provided initial §i-space 

resolution,µ197,198 Only with the advent of the current generation of 2D electron detectors, fast 

and spatially resolved k-space acquisition during a STEM scan reached a mature technological 

basis for the fast developing field of 4D-STEM.22,25 
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Figure 2-15: (a) Single 256*256 k-space frame of a 4D-STEM 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 3 mm BF aperture introduced (ABF configuration) and the HAADF detector. The 
image is scaled to represent the detection area at a camera length (CL) of 6 cm. The shown condition was 

obtained 06/2021199 as part of this work.  

Figure 2-15 (a) shows an exemplary 4D-STEM k-space frame with the detector shapes of an 

ABF and ADF detectors superimposed. The high intensity bright-field disk is visible in the center 

of the detected frame, the diameter is 46 mrad (double the convergence semi-angle). 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 detectors). Shown in Figure 2-15 (b) 

are the detector scans for a CL of 6 cm. These detector scans are used to verify the centering of 

the (A)BF detector and beam stopper relative to the ADF detector, as well as the intensity maps 

if quantitative STEM image simulation is pursued.200 As part of this work, ABF imaging 

capabilities were optimized and the BF detector was centered 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 k-space frame and physical 

detector responses of a (masked) BF and ADF detector, Figure 2-16 shows experimental data 

acquired conventionally and by 4D-STEM on a (1/0) oriented HfO 2 grain. Commonly used are 

bright -field ( BF, 0-10 mrad) and annular dark -field ( ADF, 25-50 mrad) detectors which 

represent absorption (BF) and Bragg/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 modes result in 

images that are closely related to TEM BF and DF imaging, as these imaging techniques also 

rely on the comparable physical processes to form an image. The 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). 201 

Annular bright -field (ABF) rejects the central part of the BF disk (< 10 mrad) and is suited for 

imaging light elements. Findlay et al. describe the achieved contrast to be suitable for 

simultaneous acquisition of heavy and light elements in atomic resolution images.202,203 

Enhanced ABF (eABF) addresses forward focusing of light element columns (inverted contrast 

in MaBF) and thus addresses the contrast between light and heavy atom columns by subtracting 

the MaBF signals from the BF signal. In Figure 2-16 (c,d), insets show a more useful example 

of (001) oriented SrTiO 3 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-ångström 

resolution,204 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 section 2.8) 

in their 1999 paper discussing incoherent imaging modes.205 
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Figure 2-16: A HfO2 grain observed along the (1ρ0) zone axis. (a) Conventional ABF-STEM image with the 

inset showing a multislice simulation. (b) Virtual BF image. (c) Virtual ABF image. (d) Virtual EABF image. 

The images in (c,d) are from STO (110) 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 (b-d) and (f-h) have been extracted from the same 4D-

STEM dataset. 

Rutherford scattering causes electrons to be deflected at high angles (> 60 mrad for 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.207 Combined with electron probe sizes achieving sub-ångström 

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

HAADF-STEM contrast. It  is easily interpretable, as the contrast provided is robust against 

sample thickness effects and shows no contrast reversal.208 

Differential phase contrast (DPC) imaging originated from the use of segmented or split 

detectors209 over increasingly segmented detectors197,198 until 2D detectors allowed for 

arbitrarily shaped segments and detector shapes.23 The mathematic handling (and ultimately 
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physical interpretation) of DPC datasets is based on the interaction of an electron beam in an 

cjcarpga mp k_elcrga dgcjb &rfc j_rrcp pcosgpgle §dgcjb-free*µ Lorentz lens operation modes of the 

microscope to not saturate the magnetization of the sample210).  Both, deflection of the electron 

beam, as well as phase-shift that is introduced to the wavefunction when transmitting through 

the sample must be considered.211 The Lorentz force induced deflection deflection angle — is 

defined as: 

—
Ὁάẘ ὺ

Ὡ ὸ
 (10) 

This relation is determined by the Lorentz force acting on a 200 keV electron άẘ Ö when it 

transmits through a sample of thickness t. Only the electric field perpendicular to the optic axis 

of the microscope Ὁ  is considered. Typical deflection angles are in the range of 10s of µrad. 

Detection of shifts of the intensity in the center disk is achieved by center-of-mass (COM) 

analysis. Krajnak et al. improved the accuracy of DPC in 4D-STEM datasets by implementing an 

edge detection algorithm, showcasing the advantages a 4D-STEM-based DPC approach offers.23 

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.212 For atomic resolution datasets, 

the electric Coulomb field centered arounb _rmkga amjsklq pcqsjrq gl rfc rwnga_j §p_gl`mu

bmlsrµ _pmslb rfc amjsklq gl rfc q_knjc &qccFigure 2-16 (g)). 211  

 

Figure 2-17: (a) Virtual BF image of the unbiased SMO/BST/Pt stack. (b) DPC image of the area marked 

in (a).206 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 an in 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 performed prior to the initial acquisition of the datasets). 

These regions are displayed as areas of continuous color in the DPC map, as the color-wheel 

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.213 

2.5.4 High-resolution i mage filtering  

For the atomic resolution datasets created in CS corrected STEM as well as in HRTEM imaging, 

a common method to reduce artifacts such as noise, background intensities and contribution of 

amorphous contaminations is image filtering. The procedure can also spatially filter an image 

for a specific lattice spacing to enhance the visibility of a feature in the image. 

 

Figure 2-18: (a) Unfiltered HAADF-STEM image of Al2O3 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 HAADF-STEM image, the circle indicates the highest frequency periodic signal 
in the image. (e) Wiener filtered , average background subtracted, and STEM crosshair filtered FFT. (f) 

The initial FFT of the raw image with the selected spatial frequency marked (014), (0ρτ, corresponding 

to a lattice spacing of 2.6 Å. 

Fourier transformation and filtering in frequency space is widely  used in signal and image 

processing. High frequency signals such as noise or 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,214 and 

§QRCK apmqqf_gpµ dgjrcpgle has been established and is available as a script maintained by 

Mitchell  for the widely -sqcb qmdru_pc §E_r_l Kgapmqamnw Qsgrcµ-µBgegr_j Kgapmep_nf,µ215 
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 (11) 

As a basis for these methods, 2D direct 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, §FFTs,µ For each signal dimension of the real space image, a 

representation by a set of periodic functions ( first dimension: ÅØÐς“Ὥẗ
 

) is calculated, 

which can be plotted in the spatial frequency domain. In the resulting FFTs, periodic features, 

such as a crystal lattice, appear as a set of spots in the generated 2D frequency space, see 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 the background can also be applied. For STEM images, the 

scanning operation can introduce artifacts like line  shifts, rf_r _nnc_p _q §apmqqf_gpqµ _pmslb

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 scan in STEM images. These 

can also be removed 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 space to select the desired spatial frequency, attenuating all pixels outside of the mask 

to 0 values and applying the IFFT pcqsjrq gl _ §dpcosclaw dgjrcpcbµ gk_ec _q gr gq qfmul glFigure 

2-18 (c,f).  The image shows the π/τ Al2O3 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 scanning of the beam 

and can require additional hardware (see section 2.6).180,216 Additional to the scanning signal, 

it is possible to also apply a set of signals to the deflectors that changes the incidence angle of 

the beam periodically (e.g., 100 Hz) so it is describing a motion on the surface of a cone around 

the optical axis, a precession motion. This motion causes Ὧᴆ (the vector of the primary electron 

radiation)  to also perform a precession motion (compare Figure 2-9). Thus, the Ewald sphere 

bcqapg`cq _ §pmjjgle kmrgmlµ gl rfc pcagnpma_j qn_ac qafck_rga, which results in a volume of 

pcagnpma_j qn_ac `cgle §glrcep_rcbµ bspgle _ npcacqqgml awajc md rfc cjcarpml `c_k, In their 

review on precession electron diffraction, Midgeley and Eggeman summarize the improved 

interpretability of the ED patterns and the importance for structure determination. 217 Due to 

qwkkcrpw gl rfc mnrga_j qwqrck* _ §bc-qa_lµ qgel_j gq _nnjgcd to the deflectors in the projection 

system of the microscope. In scanning precession electron diffraction (SPED) an additional 

signal is induced into the deflectors: The beam is scanned across the sample. The scan dwell 

time is usually selected to include a full precession cycle (100 Hz 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.218 
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As SPED is a method based on NBED, the used convergence angle is in the range of 5 mrad. For 

data analysis, a pattern matching routine is implemented commercially in the ASTAR software 

package180 and as an open source solution in pyxem.181 By supplying a crystallographic 

information file (CIF) 219 or inputting structural parameters manually, both software packages 

generate a template database of 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.181 

2.5.6 Electron energy-loss spectroscopy (EELS) 

Most of the methods described in this section rely on the elastic scattering of electron in the 

TEM sample. A fraction of transmitted electrons, depending on the material thickness and cross-

section, also undergoes inelastic scattering.196 Several mechanisms can be triggered in the 

electronic structure of the sample, which define the (characteristic) energy, a transmitted 

electron loses. Excitations of core-level electrons of an atom are represented as a characteristic 

edge in the electron energy-loss spectrum, as it is schematically shown for the case of oxygen 

and nickel atoms in Figure 2-19 (a) , also called the core-loss (CL) spectrum. As a secondary and 

complementary method, the photon emitted when an electron fills the created hole at the core 

level is used in energy dispersive X-ray (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 transitions form the LL regime below 100 eV energy loss. 

To avoid multiple energy-loss processes to occur as a primary electron traverses the sample, the 

criteria for sample thickness are more rigorous than for other methods. For very thin samples 

(t  <  20 nm), surface plasmon transitions can dominate the low-loss spectrum.196 



 

  Page 51 

 

Figure 2-19: (a) Schematic of low-loss and core-loss electronic transitions and a corresponding energy-
loss spectrum for NiO.196,220,221 (b) Experimental and simulated LL-EEL spectra of HfO2 compiled by Guedj 

et al.222 

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.223 Differentiation of stoichiometries in oxides is possible via the identification 

of representative low-loss spectra.78,79,224 Guedj et al. investigated the low-loss spectra of HfO2 

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.222  

The physical processes that are responsible for the energy transfer are complex as the triggered 

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 Brillouin 

zone.225 Simulation of EEL spectra has developed alongside the methodologies supporting 

experimental results with ab initio models of the sampled structures226 as shown in Figure 

2-19 (b).   

2.6 4D-STEM setup 

Installed in 2011,227 the probe corrected JEOL JEM-ARM200F scanning transmission electron 

microscope offers atomic resolution ABF and HAADF imaging as well as for analytics such as 

EDS and EELS mapping.185 In situ capabilities have been and are added by the introduction of 

MEMS-based sample holders.20,165,228,229 Biasing in situ TEM holders also allow for electron 

beam induced current (EBIC) contrast imaging.230 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). (b) MerlinEM is attached to the post-column ïGatan boxð opposite to the Gatan US1000 

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 general-use 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 high-resolution 

STEM imaging. The DED replaces conventional BF and ADF detectors. Synchronization 

is performed via acquiring a line clock (one TTL pulse at 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 controlling the DED. 










































































































































































































































