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Part I: Synopsis 
9. Introduction and Motivation

With over 60 data centers (as of 2022), the Rhine-Main region adjacent to TU Darmstadt is 

one of the most important data processing locations in Europe (alongside London) [4]. Its 

electricity consumption is higher than that of Frankfurt Airport, which itself is one of the 

fourth-largest in Europe [5]. Due to the success of silicon semiconductor-based memories 

(DRAM, EEPROM, and Flash) in the 1980s, almost every computer today is equipped with 

this technology [6]. The increasing demand for data centers calls for technologies with 

enhanced performance, durability, and energy effectiveness [7]. Silicon-based technologies, 

particularly in the semiconductor and memory industries, are reaching their physical and 

technological limits for various reasons, including physical limitations in miniaturization or 

challenges in manufacturing technology [8]. As shown in Figure 9-1, the world's energy 

production will eventually be unable to support the power demands for computing 

(benchmark line). Therefore, novel computing technologies will be required, such as 

memristive systems [9]. 

Figure 9-1: The energy consumption in computing for the current technology represented as “Benchmark” could 

surpass the world’s energy production. The targeted technologies (blue curve) should have an energy per bit 

conversion that is three orders of magnitude better. The theoretical physical limit known as Landauer limit is shown 

in grey [10], © 2015 Semiconductor Research Corporation. 
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In memristive systems, a logic state (0, 1) is related to the electrical resistance of a two-

terminal device, which can be altered by resistive switching, or the so-called memristive 

phenomenon [11]. Since internal states are given by a stable physical value that remains even 

without power, memristive systems are typically considered for non-volatile memory (NVM) 

applications [12]. However, unlike Flash, which is also an NVM, memristive systems are more 

energy efficient, can be manufactured with a higher storage density, and are more easily 

scalable [13]. Aside from NVM applications, memristive systems can also be found in logic 

circuits with integrated memory, such as Field-Programmable Gate Arrays (FGPA) for in-

memory computing or neuromorphic architectures like artificial neural networks (ANN) [14]. 

In-memory computing allows for direct communication between memory and computing, 

which is more efficient (energetically and computationally) than classical computing, which is 

based on the von Neumann architecture, where communication between memory and 

computing is limited by the PCI bus [15]. ANNs, on the other hand, are becoming more and 

more relevant with the use of artificial intelligence. For example, generative pre-trained 

transformers (GPTs) would benefit from the efficiency given by the transformer architecture 

of an ANN [16]. 

Despite the promising prospects of memristive systems for future computational tasks, it is 

intriguing as to why commercially functional redox-based resistive random access memory 

(ReRAM)-NVM was initially made available in 2013 [17] and complex neural networks are 

slated to be released in 2024 [18], although resistance switching in oxides was first 

discovered in the 1960s [19–21]. Looking at history, industry, and research could 

demonstrate several working ReRAM devices from the mid-1990s until 2004 [22, 23]; 

however, two major achievements led to the start of a megatrend in the semiconductor 

industry: first, a publication by Waser et al. in 2006 [24] that could clarify the underlying 

microscopic  mechanism of the memristive phenomena in oxide ReRAM known by the 

name valence change memory (VCM) effect. Second, a publication by William's group in 

2008 [25] which proved that the electrical characteristics can indeed be described in terms of  

the  theory of memristive devices published by Kang and Chua in 1976 [26]. This highlights 

that a generic understanding of the microscopic  mechanism and a  validation  of  the 

theoretical  concept were key to advancing an entire research field. With this in mind, this 

PhD research is realized with a similar objective: the information gained at the microscopic 

level, complemented, if possible, by theoretical calculations, provides the necessary insight to 

provide a true explanation of the device properties. 
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10. Related Work

10.1. The memristor and the memristive system 

Figure 10-1: The four basic passive circuit elements (resistance R, capacitance C, inductance L, memristance R) given 

as functions of the four fundamental circuit variables voltage v, current i, charge q and flux φ. Reprinted with 

permission from [25], © 2008 Nature. 

The memristor, as the fourth circuit element, was introduced in 1971 by Leon Chua [27] and 

is defined as a function of charge and flux, as shown in Figure 10-1. Nowadays, a memristor is 

typically expressed by the following equation [28], in which the resistance R depends on a 

dynamical state variable q (a state-dependent Ohm’s law): 

𝑉𝑉 = 𝑅𝑅(𝑞𝑞) ∙ 𝐼𝐼 Equation 9-1 

The memristor state equation can thus be expressed by the following: 

𝑞̇𝑞 = 𝐼𝐼 Equation 9-2 
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Based on this equation, it becomes clear why a memristor cannot be utilized for data storage 

applications. A NVM based on resistive switching can only work if the charge q is strongly 

non-proportional to the current, which is not the case with Equation 9-2 [29]. 

Therefore, two-terminal devices that are used for non-volatile resistive switching applications 

should not be called memristors. These devices should be named under the more general term 

memristive systems introduced by Chua and Kang [26]. The state-dependent Ohm’s law has 

been refined accordingly, with x being an internal state variable: 

𝑉𝑉(𝑡𝑡) = 𝑅𝑅(𝑥𝑥, 𝐼𝐼, 𝑡𝑡) ∙ 𝐼𝐼(𝑡𝑡) Equation 9-3 

This complex state-dependent Ohm’s law results in a strong non-linearity of R, as R now 

depends on the entire device history. In addition, to be representative of non-volatile resistive 

switching, the internal state variable must fulfill certain requirements, as shown by Strukov et 

al. [25].  

10.2. Redox-based resistive random access memory (ReRAM) 

Solid-state memory technologies are classified as read-only memories (ROM) and random 

access memories (RAM), as shown in Figure 10-2. Abbreviations of all the shown memory 

technologies are listed in Chapter 7. This PhD thesis will only cover data storage devices 

based on resistive switching. Information about the other memory technologies can be found 

elsewhere [8]. Data storage devices based on resistive switching are typically named under 

the umbrella term resistive random access memory (RRAM) or memristive RAM and are non-

volatile solid-state memory technologies. Resistive switching can be based on three different 

effects: magnetic, electrostatic, or atomic configuration, while the underlying mechanism for 

resistive switching determines the device classification. This PhD thesis focuses on valence 

change memory (VCM). For VCM (and ECM and TCM), resistive switching is a result of redox 

effects, which is why these memristive devices are summarized by the term ReRAM. 
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v ol at il e R A M . M e mristi v e R A M  is f urt h er di vi d e d b as e d  o n  t h e eff e ct  t h at m e di at es  r esisti ve s wit c hi n g b ei n g  eit h er 

m a g n eti c,  el e ctr ost ati c , or  at o mi c  c o nfi g ur ati o n . F urt h er  diff er e nti ati o n  is ma d e b as e d  o n  t he u n d erl yi n g 

m e c h a nis m  of  r esisti ve s wit c hi n g, e. g., V C M  or  E C M.  A ll a c r o n y ms ar e list e d i n C h a pt er  7. R e pri nt e d  wit h p er missi o n 

fr o m [ 2 9], © 2 0 2 1 T a yl or  &  Fr a n cis . 

A V C M  c ell  i s a t wo -t er mi n al de vi c e  t h at c o n si st s  of a m et al -i n s ul at or-m et al  (MI M )  st a c k.  A s 

s h o w n  in Fi g ur e  1 0 - 3, a m et al  o xi d e di el e ctri c  l a y er li k e Hf O 2  i s sa n d wi c h e d  b y  a ch e mi c all y  
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Figure 10-3: Phase map retrieved from a 4D-STEM dataset of a metal-insulator metal stack. 

The choice of material and the associated work functions influence the metal-dielectric 

interface barriers, which impact the ionic phenomena during resistive switching operations 

[30]. Usually, the active electrode has a high work function to provide a Schottky contact, and 

the ohmic electrode has a low work function while being easily oxidizable [31]. A MIM cell is 

electronically considered a Schottky diode. However, Schottky emission fails to explain the 

conduction mechanisms of resistive switching in most VCM cells [32] because current is 

limited by the dielectric layer (bulk limited) and not by the metal electrodes (electrode 

limited). A brief summary of the different conduction mechanisms is shown in Figure 10-4, 

and respective schematic energy band diagrams are shown in Figure 10-5 and Figure 10-6 

[33]. 

Figure 10-4: List of electrode-(green) and bulk-(yellow) limited conduction mechanisms. Reprinted under a CC BY 

NC ND from [33], © 2014 Elsevier. 
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Figure 10-5: Schematic energy band diagrams of electrode-limited conduction mechanisms in metal-insulator 

semiconductor structures. 𝑞𝑞𝜙𝜙𝐵𝐵 is the Schottky barrier height; EC and EV are the conduction and valence bands, 

respectively; and EF is the Fermi level. Reprinted and modified under a CC BY NC ND from [33], © Elsevier. 

Figure 10-6: Schematic energy band diagrams of bulk-limited conduction mechanisms in metal-insulator-

semiconductor structures. 𝑞𝑞𝜙𝜙𝐵𝐵 is the Schottky barrier height in (c), the potential barrier height in (d), and the grain 

boundary potential energy barrier in (e); 𝑞𝑞𝜙𝜙𝑇𝑇 is the trap energy level; a is the mean hopping distance; d is the 

spacing of two nearby jumping sites; EC and EV are the conduction and valence bands, respectively; and EF is the 

Fermi level. Reprinted and modified under a CC BY NC ND from [33], © 2014 Elsevier. 
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For electrode-limited conduction, the barrier height 𝑞𝑞𝜙𝜙𝐵𝐵 is one of the most important 

parameters. If electrons obtain enough energy to overcome the barrier, the resulting 

conduction mechanism is Schottky emission. For barriers thinner than 10 nm, electrons can 

tunnel through the barrier, which is Fowler-Nordheim tunneling, and for thin barriers (e.g., 

3.5 nm for SiO2), the conduction mechanism is direct tunneling. The current due to 

thermionic field emission is temperature-dependent and is located between (in terms of 

energy) Schottky emission and field emission. 

Bulk-limited conduction is dependent on the trap energy level of the dielectric film 𝑞𝑞𝜙𝜙𝑇𝑇. 

Poole-Frenkel emission is sometimes named “internal Schottky emission” due to its similarity, 

with the difference that electrons are thermally excited from traps inside the dielectric. 

Electrons from trap states can also tunnel and “hop” between trap sites, distanced by the 

mean hopping distance a, named hopping conduction. Ohmic conduction results from mobile 

electrons in the conduction band but is also influenced by charge carriers due to thermal 

excitation. Ion movement leads to ionic conduction, and polycrystalline dielectric layers can 

have grain boundaries with higher resistivity compared to the grain, thus limiting conduction, 

namely grain boundary-limited conduction. 

Figure 10-7: Schematic I-V (current-voltage) curve consistent of three regions showing space charge-limited 

conduction (SCLC). Vtr is the transition voltage, and VTFL is the trap-filled limit voltage. Reprinted and modified 

under a CC BY NC ND from [33], © 2014 Elsevier. 

A representative I-V (current-voltage) curve for space-charge-limited conduction (SCLC) of a 

MIM cell is shown in Figure 10-7 and consists of three regions with different slopes [34]. For 

the first region, current scales linearly with voltage, known as Ohm’s law. In the second 

region, from Vtr (transition voltage) to VTFL (trap-filled limit voltage), current scales with the 

square of the voltage, which is also true for the third region but, as shown in the literature, 

can also be greater than two [35]. 
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A brief summary of how to identify the most relevant conduction mechanisms based on I-V 

curves of leakage measurements is taken and modified from Chang et al. [36] and is given in 

Table 10-1. The power law can be used to identify several conduction mechanisms, e.g., 

SCLC. Depending on the conduction mechanism, resistive switching is either considered 

filamentary or area-dependent (non-filamentary) switching [37], as shown in Figure 10-8. An 

overview of filamentary resistive switching processes is shown in Figure 10-9. The pristine 

VCM cell shown in the bottom-left corner has an initial resistance state (IRS), and an 

electroforming step is required to allow for the resistive switching operations Set and Reset. A 

more general overview of possible processes in a memristive cell is summarized in Figure 

10-10. The main driving forces are the electrochemical potential and temperature gradient.

VCM cells with fully oxidized metal oxide layers usually require the creation of a conductive

filament by applying relative high electric fields, which can damage the cell permanently,

leading to device failure [38, 39], reduction of endurance and retention [40], and can also

impede CMOS compatibility [41]. Therefore, different concepts of the insulating layer by

oxygen [42–45] or grain boundary [1, 46] engineering are utilized to create usable VCM cells.

Here, pre-existing oxygen vacancies facilitate CF formation, and in the case of grain boundary

engineering, they can provide preferential pathways [47–50].

Table 10-1: Practical guide on how to determine the conduction mechanism based on I-V (current-voltage) curves. 

Reprinted and adapted with permission from [36], © AIP Publishing. 

Charge transport/Conduction mechanism Linear fitting plots
Poole-Frenkel emission ln(𝐼𝐼 𝑉𝑉⁄ ) 𝑣𝑣𝑣𝑣 √𝑉𝑉 
Fowler-Nordheim tunneling ln(𝐼𝐼 𝑉𝑉2⁄ ) 𝑣𝑣𝑣𝑣 1 𝑉𝑉⁄  
Schottky emission ln(𝐼𝐼) 𝑣𝑣𝑣𝑣 √𝑉𝑉 
Hopping conduction ln(𝐼𝐼 𝑉𝑉⁄ ) 𝑣𝑣𝑣𝑣 𝑉𝑉 
Power law ln 𝐼𝐼  𝑣𝑣𝑣𝑣 ln 𝑉𝑉 

Figure 10-8: Metal (gray)-insulator (yellow)-metal (green) cell showing schematically (A) filamentary, (B) multi-

filamentary, (C) area-dependent interface-type, and (D) area-dependent bulk resistive switching. Reprinted with 

permission from [51], © 2015 Elsevier. 
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Figure 10-9: Resistive switching processes in a VCM cell. The pristine sample (Fresh sample, bottom-left corner) has 

an initial resistance state (IRS) due to the insulating properties of the metal oxide layer. Applying a positive voltage 

to the top electrode (+Vforming, top-left corner) results in the injection of electrons and a soft-breakdown that 

creates charged Frenkel defect pairs (Oxygen vacancies 𝑉𝑉𝑂𝑂
∙∙ and oxygen interstitials 𝑂𝑂𝑖𝑖

′′ (here O2-)). Due to the 

oxidizable top electrode, 𝑂𝑂𝑖𝑖
′′ will be incorporated and 𝑉𝑉𝑂𝑂

∙∙ will start to form a conductive filament (CF). Completing 

the electroforming step (top right) results in the VCM cell being in a low resistance state (LRS). Applying a sufficient 

voltage of the same polarity (+Vreset) or opposite polarity (-Vreset) will result in breakage or shrinkage (not shown) of 

the CF and, upon completion of the reset process, in an increase in resistance (high resistance state, HRS). Applying 

a voltage with the same polarity as the forming voltage is considered the set process and results in the growth of 

the CF and a reduction in resistance (LRS) upon completion. Reprinted with permission from [52], © 2012 Springer 

New York. 

Figure 10-10: Supplying electrons to a metal (M’’)-insulator (MX)-metal (M’) can result in several redox reactions, 

including a local increase in temperature due to Joule heating and phase and space charge formation due to 

concentration polarization. Reprinted with permission from [29, 53], © 2012 John Wiley & Sons. 
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11. Methodology

11.1. Reactive molecular beam epitaxy (RMBE) 

Molecular beam epitaxy (MBE) is a physical vapor deposition (PVD) technique to grow 

epitaxial or highly textured thin films by creating molecular beams of electron-evaporated 

high-purity materials onto a (heated) substrate in an ultra-high-vacuum (UHV) chamber. 

High-purity materials are loaded into a crucible and placed in an effusion cell, as shown in 

Figure 11-2 a). Electrons are targeted towards the crucible, as shown in Figure 11-2 b) to melt 

and evaporate the material. With the addition of radical beam-assisted evaporation (RBAE), 

elements can be in situ oxidized or nitridized before being deposited onto the substrate, as 

shown in Figure 11-3, which is known today as reactive molecular beam epitaxy (RMBE). A 

summary of the relevant parameters to create a thin film with the desired properties is shown 

in Figure 11-1. Impurities (low vacuum pressure, low purity materials or gases, dirty 

substrates, end plates, or RF discharge tubes) should be kept to an absolute minimum as 

device properties are strongly altered. The choice of substrate is the foundation for growing 

thin films. In-plane lattice spacings determine the lattice mismatch between substrate and thin 

film, which results in strain effects that can be utilized to grow epitaxial or textured thin films 

far beyond their thermodynamic equilibrium. The correct choice of substrate temperature can 

enhance thin film properties (crystallinity, surface roughness), but it can also cause unwanted 

phases. In addition, the evaporation rate relative to the amount of available radicals (optical 

output) finally determines not only the crystallinity but also the stoichiometry and phase. In 

principle, maximizing the optical output to have the most number of radicals available is best. 

The choice of end plate (aperture) determines the 

stable plasma power range for a certain partial 

pressure, which in turn influences the growing thin 

film stoichiometry. Moreover, a stable evaporation 

rate is crucial for high-quality thin films, which is not 

always possible for every evaporation rate.  

Figure 11-1: The bouquet of RMBE: Only 

careful selection of the shown growth 

parameters can yield a thin film with the 

desired properties. 



Page 29 

Figure 11-2: a) A tungsten crucible with melted Hf is placed in an effusion cell (Hanks HM2 single-crucible e-gun). 

The picture of the crucible is taken from [54] and the technical drawing of the cell from [55], © 2020 thermionics 

laboratory, inc. b) Cross-sectional schematic view of an effusion cell. Electrons are deflected by 270° in a shielded 

compartment to avoid contamination from the material evaporation. Taken from [56], © 2024 Dr. Eberl MBE-

Komponenten GmbH. 

Figure 11-3: Left: Electron-beam evaporated materials like Ti or Si are in situ oxidized by O radicals before being 

deposited on the substrate. The evaporation rate is monitored by a quartz crystal microbalance (QCM, here quartz 

head) and the amount of O radicals by the optical monitor. Reprinted with permission from [57], © 2000 Elsevier. 

Right: Example of an end plate or aperture having 175 holes with a diameter of 200 µm.  
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11.2.  Device fabrication and electrical characterization 

PVD techniques like RMBE can produce continuous coatings on substrates. However, most 

semiconductor applications require a patterned coating, typically achieved via 

photolithography [58]. For this method, as shown in Figure 11-4, a sacrificial photoresist is 

deposited on a substrate via spin coating. This photoresist is exposed to ultraviolet (UV) light 

through a mask that creates a pattern on the surface. In the case of a negative photoresist, the 

illuminated sections will “harden” so that the unexposed parts can be removed via immersion 

in a developer solvent. In the case of a positive photoresist, illuminated parts become more 

soluble in the developer solvent. Thus, unexposed parts remain after immersion in the 

developer solvent. The pattern of the developed photoresist is then transferred to the 

substrate, either via etching or via lift-off. For the lift-off-process, an additional layer is 

deposited onto the patterned surface. This is typically achieved via sputtering as schematically 

shown in Figure 11-5. The substrate and desired coating material (target) are placed in a 

vacuum chamber. A working gas (e.g. argon) is ionized, which will create a plasma cloud. 

Supplying a negative potential to the target material will cause ions from the plasma to 

accelerate towards the target to dislodge and eject atoms. Some atoms will hit the substrate 

and recombine to form the coating, which generally has the same chemical composition as the 

target material. After sputter deposition, immersion in typically acetone will lift off the 

photoresist with the sputtered material, leaving only the desired sputtered material pattern on 

the surface. Most reliable pattern transfers with additive techniques (sputtering) that require 

a lift-off process, utilize a negative photoresist. As shown in Figure 11-6, the developed profile 

of a negative photoresist shows an undercut unlike the overcut profile of the positive 

photoresist. This undercut profile, usually called the lift-off profile, yields in gaps in the 

coating after sputter deposition facilitating the removal (lift-off) of material on top of the 

photoresist. The continued coating due to the overcut profile significantly complicates lift-off. 

Figure 11-7 shows an example of a patterned surface after lift-off of a VCM memristive device 

under test (DUT). The MIM structure is TiN/HfO2/Pt, and the additional Au layer, is for 

protection against penetration when contacting with a probe, as schematically illustrated in 

Figure 11-8. One source meter unit (SMU) probe is placed on the Au layer and the other 

probe (the ground (Gnd) probe) is on the TiN layer. I-V measurements can be performed with 

a semiconductor characterization system (SCS). 
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Figure 11-4. Selective surface coating is achieved via surface patterning: ultraviolet light (UV) shines through a mask 

onto a photoresist. For a negative photoresist, exposed parts “harden” so that unexposed parts can be removed 

after immersion in a developer solution. The sputtered material that is on top of the developed photoresist will be 

“lifted off” after immersion in acetone, completing the pattern transfer from the mask to the surface. Reprinted 

with permission from [59], © 2006 Springer. 

Figure 11-5: Sputter deposition is achieved by accelerating an ionized working gas in a vacuum chamber, known as 

plasma, to a target material to dislodge and eject atoms that will recombine on the substrate surface to form the 

coating. Reprinted with permission from [60], © 1973 SAE International. 
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Figure 11-6: Schematic comparison of a lift-off process based on a positive (left) and negative (right) photoresist. 

Reprinted with permission for non-commercial purposes from [61], © 2014 University of Alberta Libraries. 

Figure 11-7: Illustration of a valence change memory (VCM) memristive device. The top electrode (Pt) is contacted, 

and the bottom electrode (TiN) is grounded. The additional Au layer protects the device from penetration during 

electrical testing. Reprinted with permission from [62], © 2021 Oxford University Press. 

Figure 11-8: A device under test (DUT) is contacted by two source measure unit (SMU) probes, one for supplying 

voltage or current and the other for providing ground (Gnd), connected to an in this case Keithley 4200-SCS 

(Semiconductor Characterization System). Probes are usually micrometer sized. Thus, an optical microscope is 

required for precise positioning. Reprinted under a CC BY 4.0 from [63], © 2020 MDPI. 
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11.3. Thin film growth 

The starting conditions for thin film growth via i.e. PVD (or chemical vapor deposition (CVD)) 

are shown in Figure 11-9 (a), where a metastable vapor (phase A) is adjacent to a substrate 

(s, phase B(s)). To trigger the phase transition from vapor to solid so that nucleation and 

growth of the nuclei into a thin film can start, a steady state of supersaturation (or 

supercooling) needs to be achieved[64]. This is realized with a vapor phase that contains 

more material than can be sustained in equilibrium at a given temperature and pressure. This 

results in the adsorption of atoms from the vapor on the substrate, as schematically shown in 

Figure 11-9 (b), to form nuclei (either spontaneously or artificially induced). The growth of 

the nuclei into epitaxial or textured films is by definition related to atomic ordering and is 

influenced by the lattice misfit between substrate and film, thermal stress, but also the 

supersaturation (the flux), and the adhesion energy. The five most relevant growth modes are 

shown in Figure 11-10 and are systematically classified in terms of surface energies (SFE of 

substrate  𝛾𝛾𝐵𝐵, SFE of film 𝛾𝛾𝐴𝐴, and SFE of film-substrate interface 𝛾𝛾∗)[65]. The growth mode

and growth kinetics will impact the crystalline quality, i.e., surface morphology or 

microstructure, as shown in Figure 11-11. An ideally ordered single-crystalline thin film has 

no grain boundaries, with only one out-of-plane (growth) orientation and one in-plane 

(parallel to the interface) orientation. The opposite is an ideally disordered 

amorphous/polycrystalline film with no defined out- and in-plane orientation. Biaxially 

textured grown thin films can have a defined out-of plane, and, i.e. several defined in-plane 

orientations, usually named domains, and uniaxially textured films have only a defined out-of 

plane orientation. 

. 
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Figure 11-9: (a) A metastable phase A (i.e., vapor in the case of physical vapor deposition) is adjacent to a substrate 

(s) (phase B(s)). b) If supersaturation is achieved, atoms from phase A are thermodynamically incorporated to the

surface of phase B(s) and form nuclei of the new growing epilayer (e) of phase B(e). Surface atoms can diffuse across

the surface and also desorb. Reprinted with permission from [66], © 2002 Springer.

Figure 11-10: (a) A layer-by layer growth, known as two-dimensional Frank-van der Merwe (FM) growth mode, is 

achieved when the surface energy of the substrate 𝛾𝛾𝐵𝐵 is greater than the combined surface energy of the film 𝛾𝛾𝐴𝐴 

and the interface energy of film-substrate 𝛾𝛾∗. (d) If 𝛾𝛾𝐵𝐵 is smaller than 𝛾𝛾𝐴𝐴 + 𝛾𝛾∗, the thin film will grow as islands, 

known as the three-dimensional Volmer-Weber (VW) growth mode. (c) A layer plus island growth, known as 

Stranski-Kstanov (SK) growth mode, occurs when 𝛾𝛾∗ increases with film thickness as a result of i.e. strain to match 

the lattices of film to substrate. (e) Columnar growth is similar to VW and SK growth but fundamentally different 

due to the lack of coalescence, where islands or columns do not fuse in a liquid-like fashion. (b) Step flow growth 

can be achieved for substrates with surface steps (i.e., monatomic terraces as a result of wafer miscut) at 

sufficiently high temperatures and low fluxes, respectively. Adatoms are directly incorporated in step edges (due to 

their mobility) and do not nucleate on terraces, which would result in FM growth. 𝛩𝛩 is the surface coverage in 

monolayers (ML). Reprinted with permission from [66], © 2004 Springer. 
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Figure 11-11: Different types of thin films are classified in terms of their out-(growth) and in-plane orientation. 

Reprinted under a CC BY-NC 3.0 US Deed from [67] © 2010 Stanford University. 

11.4. X-ray diffraction techniques 

X-ray diffraction (XRD) is typically used to investigate thin film quality. The essential

components for investigating thin films are shown in Figure 11-12. The X-ray source is

conditioned by a laterally graded multilayer (Göbel) mirror to form a parallel beam (parallel

beam optics). This is essential as a divergent beam (Bragg Brentano optics), typically used for

investigating powders, would cause errors that would falsely alter the results. The notation of

angles in a diffractometer is shown in Figure 11-13 a). The angle between the incoming and

scattered X-ray beam is known as 2𝜃𝜃 analogous to the Bragg equation (Equation 9-4), which

correlates lattice spacing (d) with constructive interference at certain Bragg angles based on

the geometric considerations illustrated in Figure 9-23 b).

𝑛𝑛𝑛𝑛 = 2𝑑𝑑 sin 𝜃𝜃 Equation 9-1 

At a tilt angle of 𝜓𝜓 = 0°, lattice spacings of planes parallel to the surface, as depicted in Figure 

11-14, can be measured with a 2𝜃𝜃-𝜃𝜃 scan (mostly known as 2𝜃𝜃-𝜔𝜔 scan in literature), yielding

information about the out-of-plane orientation. To access in plane lattice spacings (and also

asymmetric planes), samples are tilted (𝜓𝜓, also known as 𝜒𝜒) and rotated (𝜙𝜙) at a fixed 2𝜃𝜃

value for the entire 𝜙𝜙- 𝜓𝜓 range, known as a pole figure, or at a fixed 𝜓𝜓 value as a 𝜙𝜙 scan. 2𝜃𝜃-𝜔𝜔

scans, as shown in Figure 11-15, near the total reflection critical angle can yield information

about the thin film or a stack of thin films, i.e., roughness or thickness [68].
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Figure 11-12: A parallel beam (PB) X-ray diffraction setup. (a) A Göbel mirror conditions rays from the source to 

form a parallel beam. (b) The incident and scattered beam is conditioned with optical arrangements consisting of 

slits. Reprinted with permission from [69] © 2021 Springer Nature. 

Figure 11-13: (a) The angle between the incoming beam and the sample is 𝜔𝜔 and between the diffracted beam and 

the sample is 𝜃𝜃. The Sample tilt is given by 𝜓𝜓 and the sample rotation with 𝜙𝜙. Sample rotation along the rotation 

axis 𝜔𝜔 is typically performed for rocking curves. Reprinted with permission from [69] © 2021 Springer Nature. (b) 

Two X-rays with a wavelength 𝜆𝜆 are reflected by atoms of a lattice with the lattice spacing 𝑑𝑑. The incident angle 𝜃𝜃 is 

equivalent to the reflected angle, and in case that 𝑛𝑛𝑛𝑛 is equal to 2𝑑𝑑 sin 𝜃𝜃, both X-rays are reflected in phase, 

resulting in constructive interference. Reprinted from [70], © 1999 Encyclopedia Britannica, Inc. 

(a) 

(b)
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Figure 11-14: X-rays can only be diffracted at Bragg planes, which is why the growth orientation (out-of-plane) can 

be investigated without tilting the sample. In a textured thin film with defined out- and in-plane crystallographic 

planes, samples are tilted to investigate in-plane and asymmetric planes of interest so that the scattering vector is 

aligned to the incident and diffracted X-ray beam. Reprinted under a CC BY 4.0 Deed from [71], © 2013 Scientific 

Research. 

Figure 11-15: From 2𝜃𝜃 = 0° until the critical angle, all incident X-rays are reflected, resulting in a high intensity of 

the X-ray reflectivity (XRR) curve. At the critical angle, incident X-rays propagate along the sample surface, resulting 

in a decrease in the reflected intensity. Above the critical angle, incident X-rays penetrate the material and are 

refracted, resulting in a further decrease in the intensity of the reflected beam. From [72], © 2020 Covalent 

Metrology Corp. 

Pole Figures or 𝜙𝜙 scans can provide information about the type of texture. A biaxially textured 

thin film can consist of two 60° in-plane rotated grains, as schematically shown by the cubic 

TiN0.9 unit cells in Figure 11-16. The out-of-plane orientation is (111), thus a 𝜙𝜙 scan at a tilt 

angle of 𝜒𝜒 = 54° and a 2𝜃𝜃 = 42.62° would result in six peaks due to the six (200) planes as 
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depicted by arrows. The microstructure and the arrangement of grains, however, cannot be 

investigated via XRD. One possibility to visualize grains, which is directly correlated with in-

plane orientation, is ion channeling contrast imaging (ICCI). As schematically shown in Figure 

11-17 (a), a low index crystal structure results in less secondary electron (SE, e-) yield

compared to (b) a high index crystal structure because gallium ions (Ga+) can penetrate or

channel deeper into the material. In the case of this biaxially textured thin film, aligning the

(200) lattice vector with the ion beam would result in a low signal due to a low SE yield. The

other grain type, as can be seen in Figure 11-16, would then be aligned along the (1�22) axis.

This high index orientation would result in a high SE yield.

Figure 11-16: Two 60° in-plane rotated cubic TiN0.9 unit cells along (111). Structure is taken from [73] and visualized 

with [74]. 

Figure 11-17: (a) Gallium ions (Ga+) can penetrate or channel deeper into a material along low-index crystal planes, 

which results in less secondary electron (SE, e-) yield compared to (b) high-index crystal planes. Reprinted with 

permission from [75], © 2007 Springer Nature. 
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11.5. Electron microscopy 

The human eye can distinguish objects as small as ~29 µm in size [76], which is obviously 

insufficient to investigate the microstructural features of thin films in the range of 

nanometers. Even light microscopes can only resolve features as small as 0.2 µm due to the 

Abbe diffraction limit because the wavelength of the light limits the resolution. Therefore, 

electron microscopy techniques like scanning electron microscopy (SEM) or transmission 

electron microscopy (TEM) are employed, where an electron beam probes the material, which 

has a wavelength in the range of picometers (i.e., 2.5 pm), resulting in a suitable resolution 

for investigating thin films. As schematically shown in Figure 11-18, an SEM is a vacuum 

chamber where a focused electron beam is scanned across a sample generating, i.e., 

secondary electrons (SE) and backscattered electrons (BSE), which are collected and 

amplified by suitable detectors. All signals generated upon electron-matter interaction are 

summarized in Figure 11-19. The size of the shown excitation volume is proportional to the 

incident beam energy and anti-proportional to the atomic number Z of the material, which is 

why the amount of BSE scales with Z. SEs have a low kinetic energy and can only escape the 

sample within a few nanometers below the surface and thus are ideal to investigate the 

sample topology as a result of a difference in SE yield (resulting in a different image contrast), 

as schematically shown in Figure 11-20. To investigate thin film stacks and layer interfaces 

(exemplary as shown in Figure 11-21), usually precise cuts are performed via material 

removal with a high-energy focused ion beam (FIB), as schematically shown in Figure 11-22. 

The advantage of FIB technologies, compared to other micromachining technologies, is that a 

small feature resolution for various materials and geometries can be achieved. Hence, FIB is 

primarily used to prepare electron-transparent lamellae (samples) for TEM. 
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Figure 11-18: Example of a scanning electron microscope (SEM). Inside a vacuum chamber, an electron gun 

generates accelerated electrons, which have been emitted either from a thermionic emission filament like W or 

LaB6, or a field emission filament like a field emission gun (FEG). The electromagnetic condenser and objective 

lenses form a fine electron probe, which is scanned via the scan coils across an area of interest in the form of a 

raster. Generated backscattered or secondary electrons (BSE and SE) are collected accordingly via, e.g., an Everhart-

Thornley detector, which is primarily used to generate SE images of the sample surface. Reprinted under a CC BY-

NC-ND 4.0 DEED from [77], © 2021 IEEE. 

Figure 11-19: Electron-matter interaction generates numerous signals from different sample depths inside an 

excitation volume. Although the incident electron beam can be formed into a probe with a diameter in the range 

of nanometers, the spatial and analytical resolution are mostly limited by the size of the excitation volume, which 

can be several cubic micrometers (µm) in size. Reprinted with permission from [78], © 2018 Springer International 

Publishing. 
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Figure 11-20: Secondary electron (SE) imaging can reveal information about the sample morphology and 

topography. SE yield and the resulting contrast are primarily due to edge effects: SEs are less absorbed and can exit 

more readily at surface bumps compared to flat areas. Hence, surface bumps can result in higher brightness due to 

a higher SE yield. Reprinted with permission from [79], © 2013 Springer Nature. 

Figure 11-21: A cross-sectional view of a thin film stack was revealed via precise focused ion beam (FIB) milling. 

Taken from [80] © 2024 Dr. Kirsten Schiffmann, Frauenhofer IST. 

Figure 11-22: A focused ion beam (FIB) is scanned across a sample (substrate) via a precise pixel-by-pixel movement, 

resulting in material removal (milling). Dwell times (time per pixel) and pixel overlap (given by pixel spacing) must 

be adjusted for sufficient FIB milling. Reprinted with permission from [81], © 2004 Institute of Physics Publishing. 
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11.6. Electron transparent lamella preparation 

Typical equipment to prepare electron-transparent lamellae is shown schematically in Figure 

11-23. Such a FIB SEM dual-beam setup in combination with a lift-out (LO) system

(probe/manipulator) is nowadays the standard tool and has replaced single- and dual-beam

FIB-SEM systems (without LO) since their first usage in 1978, as shown in Figure 11-24. A

modern FIB-SEM system where the FIB is based on Ga+ with a LO system can produce lamella

as thin as 50-100 nm, which can even be made thinner (resulting in higher-quality TEM

images) by replacing Ga+ ions with ions like He/Ar/N/O, known today as a plasma FIB

(PFIB), and, in the future, with the addition of a laser beam.

Figure 11-23: A modern dual beam system consists of a secondary electron microscope (SEM) and focused ion beam 

(FIB). To ensure that features of interest of a sample will not move out of field of view during tilting (required for 

lamella preparation), the sample must be placed at eucentric height which is the location where the electron beam 

of SEM intersects with the ion beam of FIB. Images are either created by collecting secondary electrons (SE) with an 

Everhart-Thornley detector (ETD) or by collecting backscattered electrons (BSE) with a BSE detector. An energy 

dispersive X-ray (EDS) detector allows to investigate the elemental composition of a sample and the electron 

backscatter diffraction (EBSD) detector can reveal information about the sample crystallinity. Signals (SE, BSE, 

characteristic X-rays) can either be generated by incident electrons or ions while EBSD can only be generated by 

incident electrons. The manipulator is used for the in situ lift-out technique and can be used in combination with a 

gas injection system (GIS) (to precisely deposit materials like C or Pt) and FIB milling to remove µm-sized lamellae 

from samples. Reprinted under a CC BY-SA 4.0 DEED from [82] © 2024 Microscopy Australia. 
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Figure 11-24: Electron-transparent lamella preparation using a focused ion beam (FIB) started in 1978. At that time, 

FIB was used to start the preparation; however, it could not finalize lamella preparation (to be usable for 

transmission electron microscopy (TEM)), which needed to be carried outside (ex situ) the FIB equipment. 

Nowadays, with the addition of a lift-out system (shown here by a probe) and a gas injection system (here denoted 

as “Gas”), all TEM lamella preparation steps can be performed inside (in situ). This development, with the addition 

of novel ion sources based on plasma (i.e., He), leads to TEM lamellae with a thickness less than 50 nm, which 

improves TEM imaging. Reprinted with permission from [83], © 2022 John Wiley and Sons. 

Figure 11-25: a) To protect the sample from ion beam radiation, a protective layer is deposited on the material at a 

desired location for the TEM lamella. The first 100 nm are usually deposited by using the electron beam. Then, 

deposition is continued by using the ion beam to accelerate this preparation step. (b, c) Trench cuts are placed at 

both sides of the TEM lamella. (d) The TEM lamella is then welded to a manipulator (Omniprobe) and lifted out of 

the trench by performing an undercut. A sufficiently sized lamella can only be guaranteed if the undercut can be 

performed at a suitable depth, which is influenced by properly sizing the trench cut width. The TEM lamella is then 

transferred to a TEM grid to mill and polish the TEM lamella to a desired thickness (typically less than 50 nm). 

Reprinted with permission from [83, 84], © 2015; 2022 John Wiley and Sons and Elsevier. 
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The LO system allows to in situ (inside the FIB-SEM system) lift-out a µm-sized lamella from a 

sample, which, compared to ex situ lift-out, increases precision and cleanliness and is the 

preferred preparation method since first introduced in 1993 by Overwijk et al. [85] due to the 

relative ease of use (as no initial specimen preparation is required and preparation can start 

from a bulk sample if compatible with FIB) [86]. The essential preparation steps are 

summarized in Figure 11-25.  

Figure 11-26: (a) Simplified illustration of atomic processes during focused ion beam (FIB) milling to remove 

material from the substrate. Please note that an incident angle of the ion beam of 90° results in less efficient 

milling, as the highest sputtering yield (the most amount of removed material) is between 70 and 80° [87]. In 

addition, such an incident angle typically results in more ions being implanted into the material, altering or 

damaging the substrate. (b) A desired material (atoms are represented by red circles) is supplied to the sample 

surface in the form of a precursor gas (purple and blue circles) through a gas injection system (GIS, here deposit gas 

injection). A focused electron beam (FEB) or FIB breaks up the precursor gas, resulting in the removal of the volatile 

precursor gas material and material deposition on the sample surface. Reprinted with permission from [88], © 2008 

American Vacuum Society. 

FIB milling can result in amorphization and, for example, Ga+ implantation, as schematically 

shown in Figure 11-26 (a), which is why a ~1-3 µm thick protection layer is deposited at the 

area of interest to preserve the sample and the lamella (Figure 11-25 (a)). Typically, a gas 

injection system (GIS) is used to deposit material at specific sites. The essential processes are 

shown in Figure 11-26 (b). Similar to FIB milling, the ion or electron beam is scanned across 

the region of interest in a pixel-by-pixel movement. Dwell time (time per pixel) and pixel 

overlap (given by pixel spacing) must be adjusted so that the deposited material is not 

instantly removed (milled). The GIS is also used to weld the lamella to the manipulator 

(Omniprobe) [89] for lift-out and to the TEM grid (Figure 11-25 (d, e)). Typically, as 

schematically shown in Figure 11-27, TEM lamellae are attached to an Omniprobe lift-out 

(a) (b)
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grid. Moreover, as shown in Figure 11-28, TEM lamellae can be attached to a micro-

electromechanical systems (MEMS)-based chip that allows to test a sample under stimuli like 

temperature or electric field. 

Figure 11-27: (a) Example of an Omniprobe lift-out grid made of copper. The grid has a diameter of 3 mm and is 

designed to fit standard transmission electron microscopy (TEM) holders. For this example, three posts labeled A, B, 

and C (not visible) with different shapes (“V”-shape and vertical bar) are available to securely attach TEM lamellae. 

(b) A TEM lamella is attached to the side of post B via Pt or C welding. This attachment allows thinning without

recontamination from the copper grid. Reprinted under a CC BY 4.0 DEED from [90], © 2023 Juliane Weber.

Figure 11-28: (a) A micro-electromechanical systems (MEMS)-based chip from DENSsolutions designed to fit sample 

holders for transmission electron microscopes (TEMs) from the manufacturer JEOL. Four contacts are available for 

electrical contact with attainable E-fields up to 300 kV/cm, and four contacts (colored green) are used for heating 

(up to 1300 °C for only heating and up to 900 °C when combined with biasing). The center of the chip is a thin 

membrane (colored differently). (b) Here, the lamella is placed at the center of the heater coils at the electrodes for 

biasing. (c) In this example, a SiC lamella is placed on top of the electrodes and additionally contacted with gold 

lamellae. Reprinted under a CC BY 4.0 DEED from [91], © 2023 Springer Nature. 
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1 1. 6. 1.   W el d -fr e e l a m ell a e att a c hm e nt  f or i n sit u bi a si n g of t w o -t er mi n al de v i c e s 

T e sti n g  a t w o-t er mi n al de vi c e,  i. e., a  me mri sti v e  de vi c e , d uri n g  a n  i n sit u bi a si n g  e x p eri m e nt  

n e c e s sit at es  t h at t h e a p pli e d  cu rr e nt fl o ws a cr o s s  th e m et al -i ns ul at or -m et al  ( MI M )  str u ct ur e , 

i d e all y at  th e el e ctr o n -tr a n s p ar e nt r e gi o n of t he  ME M S -b a s e d c hi p . Pr e vi o usl y , t h e se T E M  

l a m ell a e w er e att a c h e d  t o t h e ME M S -b a s e d c hi p  vi a  el e ctr o n  or i o n be a m -i n d u c e d d e p o siti o n, 

t o e ns ur e  th at  t h e l am ell a e  w oul d  r e m ai n o n  t h e chi p  w h e n  perf or mi n g  si de c ut s  to  gui d e t h e 

c urr e nt  fl o w a n d  su b s e q u e nt  thi n ni n g  to  ele ctr o n  tr a n s p ar e n c y.  T hi s  d e p o siti o n , h o w e v er,  as 

s c h e m ati c all y  sh o w n  in  Fi g ur e  1 1 -2 6  ( b ) , c o nt a mi n at e s  t h e e ntir e  ME M S -b a s e d c hi p , l e a di n g 

t o uni nt e n d e d  str a y le a k a g e  curr e n t p at h w a y s . He n c e , c urr e nt  fl o w thr o u g h t h e  a ct u a l MI M  is  

u nli k e l y, w hi c h  will pre v e nt a  pro p er  curr e nt -v olt a g e r e s p o ns e fr o m th e  de vi c e.  A  no v el  

a p pr o a c h  in v ol v e s  TE M l a m ell a e att a c h m e nt  wit h o ut  de p o siti o n.  T hi s  w el d-fr e e m et h o d 

r e q uir e s a mo difi c ati o n  of t h e st a n d ar d i n- sit u lift- out pr o c e s s , as  sh o w n i n  Fi g ur e  1 1- 2 9  A- F : 

t h e si d e  cut s  (Fi g ur e  1 1- 2 9  C ) t o gui d e  t h e curr e nt a cr o s s  t h e MI M  ar e pla c e d  bef or e  lift- out. 

T h e  re gi o n  of  i nt er e st (R OI )  i s t hi n n e d t o el e ctr o n tra n s p ar e n c y  at t h e m a ni p ul at or  a n d 

s u b s e q u e ntl y  pl a c e d  on  th e M E M S - bas e d  chi p  (Fi g ur e  1 1- 2 9  G-I ) vi a  p us hi n g , t h er e b y affi xi n g 

t h e l a m ella t o t h e chi p  vi a  va n  der W a al s  f or c e s. F urt h er,  i m pl e m e nti n g el e ctr o n  be a m 

i n d u c e d c urr e nt ( E BI C ) m e a s ur e m e nt s  i nt o th e pr e p ar ati o n  ro uti n e  ca n  hel p t o  v ali d at e  t h at 

l a m ell a e ar e  pr o p erl y ele ctr o ni c all y  c o n n e ct e d  [ 9 2 ] . 

Fi g ur e 1 1 - 29 : ( A- E) A  m o difi e d  i n sit u lift- out  f o c us e d i o n b e a m  pr e p ar ati o n  (se e als o  Fi g ur e 1 1- 2 5 ) t o g ui d e t h e 

c urr e nt a cr oss a m et al-i ns ul at or - met a l str u ct ure of  a  t w o t er mi n al d e vi c e b y  pl a ci n g  si d e c uts  ( E). ( F) Milli n g  a n d 

p olis hi n g  t o a  d esir e d  t hi c k n ess is p erf or m e d  wit h  t he l a m ella att a c h e d  t o a  m a ni p ul at or.  ( G) T h e l a m ell a is pl a c e d 

at  t he el e ctr o d es  of  t he mi cr o - el e ctr o m e c h a ni c al s yst e ms ( M E M S)- bas e d  c hi p fr o m D E N Ss ol uti o ns  a n d  p us h e d 

d o w n.  ( H) T h e  m a ni p ul at or  is d et a c h e d , (I) l e a vi n g t he r e gi o n of  i nt er est ( R OI) a b o v e t he el e ctr o n  tr a ns p ar e nt 

wi n d o w (s h o w n i n bl a c k) . R e pri nt e d  u n d er  a  C C  B Y 4. 0  D E E D  fr o m [ 9 3], © 2 0 2 4 T h e  A ut h ors,  p u blis h e d  b y Els e vi er . 
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11.7.  Transmission electron microscopy 

High-energy electron beams (electrons accelerated to 80-300 kV) can be transmitted through 

electron-transparent lamellae (samples) with a thickness up to 1000 nm. As schematically 

shown in Figure 11-30, the electron-matter interaction can result in direct or unaltered 

transmission of electrons (direct beam), elastically or inelastically scattered electrons (if 

treated as particles), or in diffraction (if treated as waves). 

Figure 11-30: Electron-matter interaction for samples thinner than 1000 nm generates reflected (as shown in Figure 

9-29) and transmitted signals, in addition to electron beam-induced current (EBIC). The amount of reflected signals

(X-rays, secondary electrons, and backscattered electrons) is low due to the relatively thin sample thickness

compared to the excitation volume. Most of the incident electrons are directly transmitted (direct beam). Elastically

scattered electrons are used for imaging (transmission electron microscopy (TEM) and scanning transmission

electron microscopy (STEM)) and inelastically scattered electrons for electron energy-loss spectroscopy (EELS).

Reprinted with permission from [94], © 2019 Elsevier.

Electron diffraction can be explained by the same concept as for X-rays with Braggs law. 

However, the principle of obtaining diffraction information is different for XRD. In TEM, the 

incident angle of electrons is fixed to a few mrad (10 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ≈ 0.5°) and only limited lamella 

tilting (up to ±30°) can change the crystal orientation to fulfill the Bragg condition. In 

principle, this would limit the detection of crystallographic information. This, however, is 

circumvented by the comparatively high energy of electrons and the size of the lamellae. An 

intuitive explanation for why high-energy electrons can still result in constructive interference 

from several crystallographic planes with different lattice planes can be given by the 

introduction of the reciprocal space. In a crystalline material, atoms are periodically arranged 

in a three dimensional real space lattice distanced by the lattice spacing d. The lattice plane 
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orientation is specified by the Miller indices hkl, which, as shown in Figure 11-31 (a), can be 

obtained by taking the reciprocals of the three intercepts on the axes (x, y, and z) in terms of 

the lattice constants a, b, c. The reciprocal lattice vector G(hkl) is normal to the planes {hkl}. 

Examples of lattice planes characterized by their (hkl) values are shown in Figure 11-31 (b). 

Figure 11-31: (a) Miller indices (hkl) are calculated by taking the reciprocals of the intercepts of the x-, y-, and z-axes 

in terms of the lattice constants a, b, and c. Reprinted with permission from [95], © 2014 Springer New York (b) 

Examples of cubic lattice planes. A (001) plane intercepts the x-, y-, and z-axes at ∞, ∞, and 1, respectively, hence 

ℎ = 1 ∞⁄ = 0, 𝑘𝑘 = 1 ∞⁄ = 0 and 𝑙𝑙 = 1 1⁄ = 1. Reprinted with permission from [96] © 2015 Springer Berlin 

Heidelberg. 

Each of these lattice planes can be represented in a reciprocal lattice, which is basically just 

points with position coordinates h, k and l on a regular grid that represent diffraction 

possibilities. To visualize which points lead to diffraction (by satisfying the Bragg condition), 

an Ewald sphere with the diameter 1 𝜆𝜆⁄  is drawn on top of the reciprocal lattice. As can be 

seen in Figure 11-32, the about 61 times larger Ewald sphere for electrons intersects with 

several points, leading to several diffraction spots.  

Figure 11-32: The Bragg condition is satisfied if the Ewald sphere intersects with reciprocal lattice points. Drawn 

after [97]. 

(a) (b)
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Moreover, because lamellae thickness is about three to four orders of magnitude smaller 

compared to its length and width, the reciprocal lattice points of lattice planes perpendicular 

to the thin direction are elongated, resulting in “relrods” (reciprocal lattice rods), as shown in 

Figure 11-33. Intersection of the Ewald sphere with a relrod can also lead to a diffraction 

spot, even though the Bragg condition is not satisfied. 

Figure 11-33: For thin electron-transparent lamellae, reciprocal lattice points are elongated normal to the thickness 

of the lamella (in this case, parallel to the incident beam) and are transformed into relrods thus relaxing the Bragg 

condition. Reprinted with permission from [98], © 2022 Springer Nature Singapore. 

A typical selective-area electron diffraction (SAED) pattern of a polycrystalline material is 

shown in Figure 11-34 (b). Due to the random orientation of crystals, electrons are diffracted 

at respective lattice planes (labeled 1-5) in all possible directions, resulting in the formation of 

rings. The ring radius is proportional to the reciprocal lattice spacing d and can therefore be 

correlated with an XRD pattern where 2𝜃𝜃 is also proportional to the reciprocal lattice spacing. 

In the case of a single crystal or a set of oriented grains, only specific diffraction spots in the 

diffraction image are possible and must be oriented with respect to the incident beam to 

achieve a highly symmetric diffraction pattern around the direct beam labeled (000), as 

shown in Figure 11-35 (b). The electron beam is aligned with a crystallographic direction 

named zone axis [HKL] determined from the zone axis criterion ℎ𝐻𝐻 + 𝑘𝑘𝑘𝑘 + 𝑙𝑙𝑙𝑙 = 0. If not 

aligned, a random diffraction pattern with no specific relation among diffraction spots would 

be visible (Figure 11-36). 
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Figure 11-34: (a) X-ray diffraction pattern of a polycrystalline material with indexed diffraction peaks (hkl) labeled 

1-5. (b) The corresponding selective-area diffraction pattern (SAED) shows rings with radii related to the spacing of

the lattice planes (hkl). Reprinted with permission from [99] © 2014 Springer, Cham.

Figure 11-35: (a) The X-ray diffraction pattern of a single crystal shows only a single peak. (b) Such an oriented 

sample can produce a symmetric selective-area diffraction pattern (SAED) if the incident beam is aligned (parallel) 

to a material crystallographic axis. Reprinted with permission from [99] © 2014 Springer, Cham. 

Figure 11-36: A randomly aligned crystal results in a asymmetric diffraction pattern with no relation among 

diffraction spots. Reprinted with permission from [98], © 2022 Springer Nature Singapore. 
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Figure 11-37: The electron source nowadays is typically a cold field emission gun (FEG) that generates electrons that 

are usually accelerated to 60-300 kV and are condensed on an electron transparent lamella (sample) either as a 

parallel beam (transmission electron microscopy, TEM) or probe (scanning transmission electron microscopy, 

STEM). The probe position can be controlled via STEM scan coils. The transmitted beam is treated by an imaging 

system (objective lens, objective aperture, selected area aperture, projector lenses) and can be collected either via 

bright field (BF), annular dark field (ADF), high-angle annular dark-field (HAADF) detectors, a CCD camera used for 

imaging, or for electron energy-loss spectroscopy (EELS). Reprinted with permission from [100], © 2016 Elsevier. 
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To perform TEM experiments (generating high-energy electrons and collecting generated 

signals due to electron-matter interaction), a schematic overview of the core components of a 

modern TEM microscope is shown in Figure 11-37. The TEM can be operated to generate 

either a diffraction pattern or an image, as schematically shown in Figure 11-38. In principle, 

a diffraction pattern and image are always produced by the objective lens at the focal and 

back focal planes (F), respectively, but only with a magnification of 20-50 times. Intermediate 

and projector lenses (as part of the imaging system) further magnify the image on the final 

image screen. With the addition of a diffraction lens between the objective and intermediate 

lenses, it becomes possible to image only the diffraction pattern.  

Figure 11-38: The transmission electron microscope can either be operated in (a) imaging or (b) diffraction mode. 

As shown by the ray diagrams, the transmitted beam is focused by the objective lens at the back focal plane (F). 

With the addition of a diffraction lens, the diffraction pattern can be magnified on the final image screen (selected-

area diffraction); otherwise, as exemplary shown, by blocking diffracted waves with an objective diaphragm, a 

bright-field image is magnified. Reprinted with permission from [101], © 2008 Springer. 

Back focal plane (F) 
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11.7.1. Diffraction contrast 

Typically, an objective diaphragm is introduced at F either centered, resulting in bright-field 

(BF) mode, or to intercept the primary beam, resulting in dark-field (DF) mode, as shown in 

Figure 11-39. BF and DF modes are based on separating the primary beam (direct beam) from 

diffracted beams, yielding a diffraction contrast that produces the images. Figure 11-40 a) 

shows a BF TEM image of a thin film stack with only the direct beam used for contrast 

generation. The differences in brightness can map out crystallographic variations such as 

grain boundaries, dislocations, and other defects. For example, a grain boundary can be 

identified as a black vertical line in the TiN layer roughly in the center of the image. In this 

example, the TiN layer is grown with a biaxial texture (see also Figure 11-11) with two 

defined in-plane domains. Adjacent grains will generate different SAED patterns due to their 

60° in plane rotation (see also Figure 11-16). The distinct in-plane orientation of grains can 

be visualized by DF TEM imaging as shown in Figure 11-40 b). The left grain in the TiN layer 

appears brightest because a diffracted beam, specific to the crystallographic orientation of 

this grain, has been utilized for contrast generation. 

Figure 11-39: (a) In the bright-field (BF) imaging mode, only undiffracted transmitted waves are used for contrast 

generation. In dark-field (DF) mode, a diffraction spot is selected for contrast generation, which can be achieved 

either by (b) shifting the objective aperture or by (c) tilting the beam with a centered objective aperture (centered 

dark-field, CDF. Reprinted with permission from [102] © 1996 Springer Nature. 
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Figure 11-40: a) Bright-field (BF) transmission electron microscopy (TEM) image of a HfO2 based memristive device. 

b) To visualize the different in-plane orientations of the TiN grains, the dark-field (DF) TEM image is generated by a

diffracted beam of a specific (002) crystallographic orientation of the left grain. The insets show an exemplary

selected area electron diffraction (SAED) pattern from both TiN grains at the grain boundary. For BF imaging, only

the primary beam is selected for contrast generation, and for DF imaging, a diffracted beam. [103]

11.7.2.  Phase contrast 

The diameter of the objective diaphragm, which determines the objective aperture (angle), 

can also be selected in such a way that both the primary and either one or many diffracted 

beams are used for imaging. In principle, the interference due to a phase difference from 

scattering in the sample should generate a phase contrast in the image. However, the phase 

difference is relatively low, so that, as schematically shown in Figure 11-41 (a), waves of 

beams recombine in a focused image, leading to no discernible contrast (Figure 11-41 (b)). 

Introducing a phase shift, as schematically shown in Figure 11-41 (c), either due to spherical 

aberration (Cs) of the objective lens or defocus, will blur the image but also create a 

frequency-dependent interference that results in a defocus-dependent contrast (Figure 11-41 

(d, e)). The resulting contrast is described in Fourier space by the (phase) contrast transfer 

function (CTF), as shown in Figure 11-41 (f). This Fourier transform (FT) is the calculated 

diffraction pattern of the TEM image. The FT differs from an actual diffraction pattern, as the 

TEM image is based on “double” interference. That is interference between diffracted and 

undiffracted waves and the diffracted waves, which are already a result of interference. The 

CTF is influenced by Cs, Scherzer defocus 𝛥𝛥𝛥𝛥 and electron wavelength 𝜆𝜆. Different frequencies 

can result in a reversal of contrast and also a loss of contrast (loss of information). Signal 

intensity decreases with frequency due to the effects of temporal and spatial coherence. 

However, sufficient contrast at higher frequencies is indispensable for high-resolution (HR) 
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TEM and as shown in Figure 11-41 (g), this can be cut off by a too small objective aperture 

(or insufficient temporal and spatial coherence), thus preventing HRTEM. 

Figure 11-41: Phase-contrast imaging relies on the interference of scattered and unscattered waves. (a) In case of a 

focused image, the phase difference between the waves is insufficient for interference thus waves recombine. (b) 

This produces an image with no phase contrast and only some scattering contrast. (c) To achieve interference, a 

phase shift is introduced by defocusing and spherical abberation (CS) of the objective lens, which results in a blurred 

image with a defocus-dependent contrast as shown by the (d) underfocused and (e) overfocused image. 

Underfocused images are easier to interpret as the scatter and phase contrast have the same amplitude at low 

frequencies. (f) The Fourier Transform highlights how contrast depends on frequency, which showcases the effect 

of the contrast transfer function (CTF) shown in orange. (g) A smaller objective aperture cuts off contrast at high 

frequencies, which prevents high-resolution imaging. Reprinted under a CC BY 4.0 DEED from [104], © 2020 Wiley. 
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In contrast to conventional TEM which relies on a highly parallel incident beam, it is also 

possible to focus the beam to ideally form an atomic-scale probe on the sample. As 

schematically shown in Figure 11-42, a convergent beam leads to broadening of the 

diffraction spots into diffraction disks because a focused beam consists of electron waves with 

different incident vectors that are scattered differently.  

Figure 11-42: Diffraction from a nearly parallel beam results in distinct diffraction spots. A convergent beam 

contains a range of incident wave vectors; thus, diffraction spots are broadened to disks. Reprinted with permission 

from [105] © 2014 Springer Nature. 

Figure 11-43: A small convergence semi angle (0.2 mrad) results in a several nanometer-sized probe, which is 

considered “quasi-parallel” as the resulting crystalline scattering consists of spots, which facilitates the investigation 

of crystallinity. An intermediate semiangle can result in crystalline scattering with non-overlapped diffraction discs 

and a nanometer sized probe. This Kossel-Möllenstedt pattern allows for the investigation of diffraction generated 

from minuscule regions, which is unique in comparison to other diffraction techniques. For larger semiangle, 

diffraction disks overlap creating a Kossel pattern. The probe size is in the range of atoms which allows to 

investigate with atomic resolution. Reprinted with permission from the author [106] © Colin Ophus. 
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The size of diffraction disks scales with the convergence angle, as shown in Figure 11-43. This 

can result in distinct spots for small convergence angles or an overlapped diffraction disk. The 

convergence angle also affects the probe size, while a large angle can yield probe sizes in the 

tens of picometer range, allowing to image atoms, and a small angle can yield a nanometer-

sized probe useful to investigate crystal phases. 

Figure 11-44: A probe scanned across an electron-transparent lamella can, i.e., generate (a) Kikuchi patterns or (b) 

Bragg disk diffraction, depending on the convergence semiangle. Reprinted under a CC BY from [107], © 2019 

Oxford University Press. 

Figure 11-45: The direct and diffracted beam must stay stationary when the beam is scanned across the sample to 

generate a scanning transmission electron microscopy (STEM) image plane. Reprinted with permission from [102] 

© 1996 Springer Nature. 
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Unlike TEM, the probe must be scanned across the sample to generate an image. As 

schematically shown in Figure 11-44 different parts of the material result in different 

scattering. It should be noted that when the beam is scanned across the sample, the 

transmitted beam must stay stationary at the back focal plane, as schematically shown in 

Figure 11-45; otherwise, forming an image is not possible. Analogous to TEM, scanning 

transmission electron microscopy (STEM) can be performed in BF mode or DF mode. 

Figure 11-46: (a) Sufficiently large convergence angles and lattice spacings (smaller reciprocal lattice vector g) result 

in a triple overlap of the direct and diffracted beams. (b) The overlaps result in interference and can be used to 

generate a bright field (BF) scanning transmission electron microscopy (STEM) image by placing a BF detector at 

the triple overlap region. Reprinted with permission from [108], © 2011 Springer Nature. 

The origin of contrast for BF STEM relies, similar to the origin of phase contrast, on 

interference between the direct beam and two opposite diffracted beams, and also on 

absorption. These interference features lead to contrast in BF STEM, which is why a BF 

detector is placed at this triple overlap region, as shown in Figure 11-46. Smaller lattice 

spacings (resulting in larger reciprocal lattice vectors g) could result in the absence of contrast 

due to missing diffraction disk overlap. This could be compensated by selecting a larger 

semiangle or could be resolved by using non-axial detector geometries. Nowadays, BF and DF 

STEM images can be obtained simultaneously, as the DF detector is typically a non-axial 

annular detector and the BF detector is an axial circular detector, as schematically shown in 

Figure 11-47 (c). The scattering semiangles (𝛽𝛽) at which electrons are collected are defined 

by the detection range of the detectors. This can be adjusted by altering the camera length, 

which is the effective (not physical) distance between the specimen and the detector plane. 
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The different imaging modes are summarized in Figure 11-47 (a, b). High-angle annular dark 

field (HAADF) imaging collects scattered electrons at semiangles greater than 50 mrad 

according to [102]. However, nowadays, typically semiangles greater than 90 mrad are used 

for HAADF imaging. The generated contrast is free of Bragg effects and contains information 

about the atomic number Z (due to Rutherford scattering), since higher-angle scattering is 

caused by electron-nucleus interactions. Due to the absence of interference, as is the case for 

coherent imaging in BF, the contrast is no longer affected by the CTF. For this incoherent 

imaging as shown by the optical transfer function (OTF) in Figure 11-48, contrast is not 

reversed and decays monotonically with spatial frequency. 

Figure 11-47: Different imaging modes lead to different atom contrast in atomically resolved scanning transmission 

electron microscopy (STEM) images. (a) Light and heavy atomic columns appear as dark spots in annular bright 

field (ABF) STEM. Annular dark field (ADF) STEM, typically differentiated into low-angle and medium-angle ADF, 

can be beneficial to investigate defects like grain boundaries, as Bragg effects are still included in the contrast. For 

high-angle ADF, heavy atomic columns appear as bright spots. (b) The inverse contrast of HAADF-STEM is visible in 

high-angle bright field (HABF) STEM images. For medium-angle bright field (MABF) STEM, light atomic columns 

appear as bright spots, while heavy atomic columns appear as dark spots. Low-angle bright field (LABF) STEM is 

similar to high-resolution transmission electron microscopy (TEM). (c) The annular and circular detectors are placed 

at different detection planes in a double-detector microscope. Reprinted with permission from [109], © 2012 AIP 

Publishing. 

When acquiring images with a double-detector STEM, the imaging modes must be selected 

before imaging. This can be a disadvantage that can be circumvented nowadays by replacing 

the BF and DF detectors with a direct electron detector if the sample is investigated with a 

probe that has a semiangle greater than 20 mrad, as shown in Figure 11-49. A pixelated 

detector collects the entire Bragg (crystalline) scattering per probe position. Each pixel of the 
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two-dimensional scanned image contains a two-dimensional convergent beam electron 

diffraction (CBED) pattern. For this reason, this imaging is referred to as 4D-STEM. The 4D-

STEM dataset allows for the generation of conventional STEM images by applying a mask to 

the 4D dataset, i.e., permits scattered electrons in the range of 90-360 mrad to generate 

contrast for a HAADF STEM image. 

Figure 11-48: The optical transfer function (OTF), which is the Fourier transform of the electron probe intensity, 

shows a contrast decrease for high spatial frequencies. Reprinted with permission from [108], © 2011 Springer 

Nature. 

Figure 11-49: (a) A conventional scanning transmission electron microscopy (STEM) image is produced by collecting 

signal intensities from a fixed angular region either with an annular detector (high-angle annular dark field 

(HAADF) or annular dark field (ADF)) or a circular detector (bright field (BF) or annular bright field (ABF)). (b) A 

direct electron detector, on the other hand, detects a large angular region of the diffraction plane. Each probe 

position contains a 2D image of the diffraction plane. When the probe is scanned across the sample, a 4D dataset 

will be created, which is why this imaging technique is referred to as 4D-STEM. Reprinted with permission from the 

author. Original figure in Microscopy and Analysis at [110]. 
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A 4D STEM dataset acquired with a probe semiangle smaller than 2 mrad cannot be used to 

generate conventional STEM images, however, can be used to generate, i.e., grain orientation 

or phase maps. A schematic workflow for automated crystal orientation mapping (ACOM) is 

shown in Figure 11-50. Tilting the beam continuously around the optical axis, known as 

precession, can improve the quality of the available diffraction data for analysis. This 

precession electron diffraction-assisted (PED) 4D-STEM is usually referred to as scanning 

precession electron diffraction (SPED). 

 

Figure 11-50: Recent developments allow to acquire 4D-STEM datasets with a direct electron detector (DED, here 

in-column complementary metal oxide semiconductor (CMOS)) detector. The installation of our special dedicated 

4D-STEM setup is documented by Dr. Alexander Zintler in his PhD thesis [103]. In comparison to collecting 

diffraction patterns (DPs) from a phosphorus screen with an external CCD (charge coupled device) camera, a DED 

offers a faster readout with less noise and little radiation damage. With software like ASTAR from Nanomegas 

[111], DPs are analyzed by using template matching. Simulated DPs are compared to measured DPs. The result can 

be used to generate, i.e., an orientation map. Reprinted under a CC BY from [112] © Oxford University Press.  



Page 62 

12. Cumulative Part

12.1. Grain boundaries and resistive switching 

McKenna et al. in 2011 [113] and Lanza et al. in 2012 [114] showed by using conductive 

atom force microscopy (C-AFM) that grain boundaries (GBs) are beneficial pathways for CF 

formation in highly textured insulating thin films. Ab initio calculations based on density 

functional theory (DFT) relaxed structures further supported this idea [115–118]. However, 

research on metal-oxide based memristive devices with SrTiO3 bicrystals [119] or CeO2 thin 

films [120] as the insulating layer could not provide evidence that GBs act as preferential 

pathways. Surprisingly, the samples investigated in the first publication [1] showed very 

different resistive switching behavior in terms of electroforming voltage, although the 

microstructure, especially the grain boundary layout of the insulating layer, was identical. 

Based on the C-AFM results in the literature, a grain boundary layout of textured insulating 

thin films, where threading GBs bridge the adjacent metal layer, should improve 

electroforming voltage. However, only memristive devices with (111�) textured HfO2 layers 

have improved electroforming voltage, while the devices with (010) textured HfO2 have not. 

Hence, a goal was set to answer this in principle simple question of why these memristive 

devices behave differently in the first publication [1]. 

This section is published in: Winkler, R., Zintler, A., Petzold, S., Piros, E., Kaiser, N., Vogel, T., 

Nasiou, D., McKenna, K.P., Molina-Luna, L., Alff, L.: Controlling the Formation of Conductive 

Pathways in Memristive Devices. Adv. Sci. 9, 2201806 (2022). 

https://doi.org/10.1002/advs.202201806 



Page 63 

12.1.1. Summary and discussion 

Figure 12-1: Growing a (111�) oriented HfO2 on top of (111) TiN can result in larger strain effects in comparison to 

(020) oriented HfO2 due to the larger lattice mismatch as shown by the in-plane lattice spacings of the common

structure (dotted line). Single atomic planes are visualized along the respective growth orientation with VESTA

[74]. Unit cell (hatched lines) structures for TiN and HfO2 are taken from [73, 121], respectively. Reprinted under a

CC BY 4.0 from [1], © 2022 Wiley.

Growing HfO2 based memristive devices with distinct HfO2 crystallinities has been achieved 

by utilizing texture transfer during RMBE growth (more information on RMBE in Chapter 

11.1). First, a (111) textured TiN layer has been grown on c-cut sapphire (Al2O3) substrates 

continued by in situ growth of (020) and (111�) textured HfO2, respectively. For (111�) 

textured HfO2, a relatively large lattice mismatch of ~25% relative to the TiN layer, as 

highlighted by the common structure shown by dotted lines in Figure 12-1, needed to be 

compensated. This was possible by careful adjustment of RMBE growth parameters, however, 

most significantly influenced by the choice of rf-source endplate (aperture). An endplate with 

fewer holes allowed to operate the plasma with a high optical output (a high amount of O* 

radicals) at 200 W resulting in (111�), while another endplate, that allowed to operate at 

280 W with a high optical output resulted in (020) textured hafnia. O flow and Hf 

evaporation rate have been the same (1 sccm and 0.7 Å s-1) with only a temperature 

difference of 60 °C (020 grown at 460 °C, (111�) grown at 520 °C). 
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Figure 12-2: (a, b) Atomically resolved cross-sectional high-angle annular dark-field (HAADF) scanning transmission 

electron microscopy (STEM) images of metal-insulator-metal stacks reveal, that the textured monoclinic (m)-HfO2 

thin film growth, either with a (020), (pink) or(111�), (purple) texture (single peaks in respective X-ray diffraction 

patterns (d, e)), results in an insulating layer with threading grain boundaries. (c) Despite the same grain boundary 

layout, only devices with (111�) HfO2 have a reduced average forming voltage of 𝑉𝑉𝐹𝐹��� = −1.9 𝑉𝑉 unlike devices with

(020) HfO2 with 𝑉𝑉𝐹𝐹��� = −5.3 𝑉𝑉. The cumulative distribution function (cum. distr. funct.) shows 50 data points for each

type of texture, representing 50 memristive devices. HAADF STEM images were filtered by an average background

subtraction filter (ABSF), a Butterworth filter and a STEM crosshair filter to improve the visibility of atomic columns

[122, 123]. Dashed lines show the HfO2/TiN interface. The length of the scale bar in the HAADF STEM image is 2

nm. Reprinted under a CC BY 4.0 from [1], © 2022 Wiley.

XRD patterns of HfO2/TiN/Al2O3 directly acquired after RMBE growth, shown in Figure 12-2 

(d, e), confirmed the growth of highly textured HfO2 thin films. The MIM structure has been 

complemented by surface patterning via optical lithography and sputter deposition of Pt and 

Au (more information about device fabrication is in Chapter 10.2). The cross-sectional HAADF 

STEM images shown in Figure 12-2 (a, b) highlighted that the HfO2 layers consist of GBs that 

thread the entire thin film. This, according to C-AFM measurements [113, 114], should 

therefore yield memristive devices with improved RS performance. However, as shown in 

Figure 12-2 (c) by the cumulative distribution function of forming voltages (VF) collected 

from 50 devices, only the devices with (111�) textured HfO2 have reduced VF. Examples of 

electroforming are shown in Figure 12-3 (b). 
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Analysis of the conduction mechanism as shown in Figure 12-3 (c, d), which is based on the 

leakage measurements shown in Figure 12-3 (a), revealed that both memristive devices have 

bulk-limited conduction. Because GBs are considered preferential pathways for filament 

formation, the local atomic configuration of GBs, influenced by the thin film texture, should 

therefore be related to the required forming voltages. For this purpose, density function 

theory (DFT) relaxed atomic structure models have been retrieved from the atomic resolution 

images of grain boundaries, as shown in Figure 12-4 and Figure 12-5.  

Figure 12-3: (a) The leakage current of memristive devices with (020), pink, and (111�), purple HfO2 was used to 

investigate the conduction mechanism by changing current-voltage (I-V) plots (see Table 9-1). Data points from the 

leakage measurement of the device with (020) HfO2 are fitted with a Lorentzian function for better visibility. (c) 

The device with (111�) shows space-charged limited conduction (SCLC), and the device with (020) shows Fowler-

Nordheim tunneling. (b) The device with (020) requires a higher voltage for electroforming, but also a higher 

compliance current (maximum allowed current) to reliably switch from the initial low resistance state to the formed 

high resistance state. Reprinted under a CC BY 4.0 from [1], © 2022 Wiley. 

The cross-sectional HAADF STEM images are shown in (a), and the DFT relaxed atomic 

structures are shown in (b). The GB of (111�) textured HfO2 is composed of high-indexed 

terminated grains (112�����|1�21), and the GB of (020) textured HfO2 is composed of low-indexed 

terminated grains (100|101). To validate that the calculated structures match with atomic 

images, the DFT relaxed atomic structures were used as the basis to simulate HAADF-STEM 

images shown in (c) by using the multislice method [124]. The construction of the (112�����|1�21) 

GB structure for (111�) textured HfO2 could only be achieved by applying significant strain 

parallel to the GB. 
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Figure 12-5: See description of Figure 7-4. 

Reprinted under a CC BY 4.0 from [1], © 

2022 Wiley.  

 

Figure 12-4: To understand how the grain boundary 

atomic structure impacts electroforming, (a) the 

atomically resolved high-angle annular dark-field 

(HAADF) scanning transmission electron microscopy 

(STEM) images were used to construct realistic 

density functional theory (DFT) relaxed atomic 

structures, which were used to simulate (c) HAADF 

STEM images. The DFT relaxed atomic structure is 

overlaid on the real and simulated image to highlight 

the congruence, in addition to the drawn, 

periodically occurring structural units (pink circles). 

Atomic bonds are not shown in the DFT relaxed 

structure for better visibility. Experimental HAADF-

STEM images are filtered by an average background 

subtraction filter (ABSF) and a Butterworth filter 

[122, 123]. Both HAADF STEM images are colored 

with the GEM-16 LUT. The scale bar is 1 nm. 

Reprinted under a CC BY 4.0 from [1], © 2022 Wiley. 
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The realistic models of the grain boundary atomic structure were used to investigate neutral 

oxygen vacancy (VO) interactions by first principles calculations. The calculated segregation 

energies (Eseg) in the vicinity of the GBs are shown in Figure 12-6 (a). For a low VO 

concentration of 1 nm-2, the Eseg of the (112�����|1�21) GB is significantly more negative compared 

to the (100|101) GB. A negative Eseg results in segregation of VO at the GB [125], which could 

explain the low VF for devices based on (111�) textured HfO2, as preexisting oxygen vacancies 

are known to lower VF [126]. For higher VO concentrations above 2 nm-1, as shown by the 

average Eseg per VO in Figure 12-6 (b) the Eseg/VO of both types of GBs is comparable. In 

principle, a low VO concentration below 2 nm-1 should be representative of these memristive 

devices, as HfO2 has been grown with a close to ideal 2:1 stoichiometry. Therefore, any 

anisotropy in VO distribution cannot be the reason for a reduced VF. Moreover, as shown by 

the density of states (DOS) projected onto the GB region in Figure 12-6 (c-f), a higher VO 

concentration of 4 nm-1 results in the formation of a conductive sub-band [127, 128]. Because 

this sub-band deteriorates the insulating properties, the investigated pristine, non-formed 

memristive devices, which are insulating, must have a low VO concentration, as a VO 

concentration of 1 nm-1 shows a clear gap state between the valence and conduction bands.  

 

Figure 12-6: Oxygen vacancy (VO) segregation energies (Eseg) (a) near the grain boundary for (020), (pink) and 

(111�), (purple) for and (b) averaged for different initial VO concentrations. The density of states (DOS) are 

calculated using the projector augmented wave (PAW) for a low (c, d) and higher (e, f) VO concentration. 

Reprinted under a CC BY 4.0 from [1], © 2022 Wiley. 
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Although only a single GB per texture has been investigated, the type of investigated GB 

(high-indexed terminated grains for (111�), low-indexed terminated grains for (020)), can be 

considered representative as the HfO2 layer is grown with a biaxial texture. As shown by the 

pole figure measurements in Figure 12-7 (a, b), both (111�) and (020) textured HfO2 thin 

films have six allowed in-plane directions. As emphasized by the unit cells of (out-of-plane 

oriented) (111�) and (020) HfO2 in Figure 12-7 (c, d), respectively, the majority of GBs in 

(020) textured HfO2 must therefore be composed of low-indexed terminated grains, contrary

to GBs in (111�) HfO2, which are primarily composed of high-indexed terminated grains.

Figure 12-7: Pole figure (PF) measurements at a fixed 2θ of (a) 28.35° and (b) 36.64° for the (111�) and (020) 

textured HfO2, respectively. (c) A (111�) out-of-plane oriented monoclinic HfO2 single crystal would produce a single 

in-plane peak in a (11-1) PF measurement (due to the monoclinic nature of the unit cell). (d) In the case of a (020) 

crystallinity, two in-plane peaks are expected. Reprinted under a CC BY 4.0 from [1], © 2022 Wiley. 

12.1.2. Presentation of own contribution 

Successive RMBE growth of the (111�) HfO2 and (111) TiN thin films on c-cut sapphire was 

carried out by Dr. Stefan Petzold, while I have grown the thin film stack with (020) HfO2. The 

entire macroscopic analysis, including surface patterning, electrical measurements and XRD, 

was performed by me. The HAADF-STEM image of the memristive device with (111�) HfO2 

was acquired by Dr. Alexander Zintler, and the HAADF-STEM image of the device with (020) 

was acquired by me. Rough structural models of the (111�) and (020) grain boundaries were 

made by Dr. Alexander Zintler and me, which were given to Prof. Dr. Keith McKenna. He 

calculated the DFT-relaxed atomic structures and performed the first-principles calculations. 
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Eszter Piros, Dr. Nico Kaiser, Dr. Tobias Vogel, and Déspina Nasiou contributed to the 

discussion of results and proofreading of the manuscript. Prof. Dr. Leopoldo Molina-Luna 

provided support for all results related to electron microscopy, and Prof. Dr. Lambert Alff 

provided support for all results related to electrical characterization. 

12.2. Grain boundaries and texture transfer 

Grain boundary engineering of the dielectric layer in memristive devices, as in the case of this 

PhD research, has been based on growing highly textured thin films via texture transfer 

during thin film growth. These optimized dielectric films, however, are grown at elevated 

temperatures, which could be more challenging to integrate in a complementary metal oxide 

semiconductor (CMOS) back-end-of-line (BEOL) process [129]. Usually, in a CMOS BEOL 

process, thermal annealing is used to activate dopants or remove defects [130], and in the 

case of RRAM to alter the polycrystallization or texture of the dielectric [131, 132]. According 

to literature, annealing temperatures increase with decreasing film thickness [131, 133–140], 

and about 300 °C is required to crystallize amorphous HfO2, while crystallization for layers 

thinner than 6 nm can be suppressed [141]. Striking about these experimental data is the fact 

that the chosen deposition technique resulted in different annealing temperatures, which are 

higher for films grown by atomic layer deposition (ALD), a low-kinetic deposition method 

[142], and lower for films grown by pulsed laser deposition (PLD), a high-kinetic technique 

[143]. This could affect the atomic coordination of the amorphous films. A study by Luo and 

Demkov [144] investigated different atomically coordinated amorphous hafnia and calculated 

a crystallization temperature of 146 °C, lower than the experimentally determined 

crystallization temperatures. This difference could be related to a higher surface-to-interface 

ratio (thinner film), but it could also be related to the fact that HfO2 films are always grown 

on a substrate or underlying layer that can alter the Gibbs free energy by accommodating 

strain, which impacts the crystallization temperature texture. Therefore, the third publication 

[3] was meant to answer the question of at which temperature amorphous HfO2, grown on 

textured TiN, starts to crystallize, and whether the adjacent layers influence the crystallinity, 

and if the resulting crystallinity improves resistive switching performance.  

This section is published in: Winkler, R., Zintler, A., Recalde-Benitez, O., Jiang, T., Nasiou, D., 

Adabifiroozjaei, E., Schreyer, P., Kim, T., Piros, E., Kaiser, N., Vogel, T., Petzold, S., Alff, L., 

Molina-Luna, L.: Texture Transfer in Dielectric Layers via Nanocrystalline Networks: Insights 

from in Situ 4D-STEM. Nano Lett. (2024). https://doi.org/10.1021/acs.nanolett.3c03941  
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12.2.1. Summary and discussion 

An electron-transparent lamella of a MIM device with the layer configuration 

TiN (111)/amorphous HfO2/Pt was prepared on a MEMS-based heating chip from 

DENSSolutions (see also Figure 11-28).  

Figure 12-8: The darker blue X-ray diffraction pattern of the reactive molecular beam epitaxy (RMBE) grown 

amorphous HfO2/TiN (111)/Al2O3 (001) stack shows, in addition to the expected crystalline peaks, a low-intense 

broad feature between 32° and 34° related to amorphous HfO2. Surface patterning and subsequent sputter 

coating result in the additional Au and Pt peaks in the lighter blue XRD pattern. Reprinted with permission from 

[3], © 2024 American Chemical Society. 

The thin film stack was created by using RMBE. TiN (111) was grown on c-cut sapphire, 

followed by in situ growth of amorphous HfO2. Figure 12-8 shows the corresponding XRD 

pattern (darker blue color). To ensure that HfO2 is grown with an amorphous structure, the 

RMBE chamber was cooled down overnight after TIN (111) deposition. The Pt layer was 

added via sputter coating after surface patterning via optical lithography, yielding a similar 

device structure as shown in Figure 11-7. The corresponding XRD pattern is shown in light 

blue in Figure 12-8.  

The crystallization temperature was determined by investigating microstructural changes 

during in situ heating. High-resolution (HR)-TEM images of the heating experiment are 

shown in Figure 12-9. To facilitate identification of crystallization, FFTs of two selected areas, 

named here as “grain I” and “grain II”, are shown next to the respective TEM images. Further, 

arrows indicate the direction of crystallization and are placed on the crystalline phase, while 

colored lines indicate the boundary between the crystalline and amorphous phases. The 

difference between a crystalline area and an amorphous or nanocrystalline area is relatively 

difficult to assess from the HR-TEM images. To properly recognize which part of the HfO2 is 
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already crystalline and which is not, inverse FFTs were retrieved by bandpass filtering the 

amorphous ring of the HR-TEM images, and, as shown in Figure 12-10, amorphous parts 

therefore appear brighter compared to crystalline parts. In the pristine state (t=0 min), both 

the HR-TEM and iFFT images show that the HfO2 layer is mostly amorphous. However, some 

nanocrystallinity is already present, as shown by spots in the FFT of grain I. Within 30 

minutes, the temperature was carefully increased until noticeable changes were visible at 160 

°C. For the investigated section, two grains start to grow from the corners of the image toward 

each other, parallel to the interface. Continuous heating at 160 °C for another 30 minutes 

(t=60 minutes) resulted in the formation of a grain boundary (shown by a white line in 

Figure 11-9 (d)). To investigate the crystallization in more detail, azimuthal integration (AI) 

plots were calculated for the entire in situ heating experiment by using the PASAD tools 

[145]. As exemplary shown in Figure 12-11 (a-c) for the pristine (t=0 min), intermediate 

(t=69 min) and the annealed (t=90 min) states, the 2D FFTs can be represented by a 1D 

plot, the azimuthal integration (AI). Intensities are collected from radial segments (rings) for 

each radius given by 1/d. The AIs were then used to visualize the entire in situ heating 

experiment as a 2D waterfall plot shown in Figure 12-12 (d). The amorphous ring shown in 

the FFT of the pristine state (Figure 12-12 (a)) is visible as a broad peak ranging from 3 to 4 

nm-1, as shown in the corresponding AI (Figure 11-12 (c)). This feature disappears after 60 

minutes of continuous heating, and instead, two distinct peaks appear at 3 and 4 nm-1. The 

peak at 3 nm-1 can be identified as (111�) HfO2. The peaks close to 4 nm-1, as indicated in the 

FFT (Figure 12-12 (b)) and the corresponding AI (Figure 12-12 (e)), can be identified as 

(200) HfO2 and TiN (111). It should be noted, that a peak at 3 nm-1 is not visible in the AI of

the annealed state. This could be related to loss of high resolution as a consequence of drift

resulting in defocus. Bandpass filtering the feature at 3 nm-1 to retrieve an iFFT as shown in

Figure 12-11 (d) indicates that this feature is related to the HfO2 layer, as the highest

intensities originate from the HfO2 layer close to the layer interfaces. The close positioning of

the HfO2 (200) and TiN (111) peaks, as emphasized by the overlaid simulated diffraction

patterns in Figure 12-13, indicates a texture relation between both layers.
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Figure 12-9: (a1), (a2) – (d1), (d2) Fast Fourier 

transforms (FFTs) of selected areas, named 

grain I and II, are presented next to (a-d) the 

respective high-resolution transmission 

electron microscopy (HR-TEM) images to 

illustrate crystallization at a temperature of 

160 °C of amorphous HfO2 sandwiched 

between Pt and highly textured (111) TiN 

during in situ TEM. Arrows indicate the 

growth direction of developing grains. 

Colored lines indicate the boundary between 

crystalline and amorphous HfO2, and a white 

line indicates the formed grain boundary. The 

HR-TEM scale bar is 5 nm, and the FFT scale 

bar is 5 1/nm. Reprinted with permission from 

[3], © 2024 American Chemical Society. 
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Figure 12-10: (a-d) Inverse Fast Fourier 

Transforms (iFFTs) were retrieved from 

bandpass filtering the amorphous ring of the 

high-resolution transmission electron 

microscopy (HR-TEM) images (shown in Figure 

11-8) to highlight the noncrystalline parts of

the HfO2 layer shown in blue. To facilitate

identification of the layer interfaces, shown

by white lines, the iFFTs are overlaid on the

HR-TEM images. Phase boundaries

(amorphous|crystalline) are shown as orange

and yellow lines. The formed grain boundary

is shown as a blue line. The scale bar is 5 nm.

Reprinted with permission from [3], © 2024

American Chemical Society.
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Figure 12-11: By using azimuthal integration, 

the fast Fourier transforms (FFTs) of the 

pristine (a), intermediate (b) and the 

annealed (c) states can be converted into the 

1D intensity profiles shown by the overlaid 

red graphs. (d) The inverse FFT, colored with 

the Temperature LUT, is retrieved from 

bandpass filtering the corresponding FFT (b) 

at 3±0.3 nm-1. The scale bar is 5 nm. Reprinted 

with permission from [3], © 2024 American 

Chemical Society. 
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Although these HR-TEM images already showed information about crystallinity and grain 

orientation, the relatively small field of view did not allow for a clear insight into grain 

growth origins and dynamics. To investigate a larger field of view while still being able to 

obtain precise information about the microstructure evolution, a second in situ heating 

experiment was performed using 4D-STEM. The acquired dataset was analyzed by the 

software ASTAR utilizing ACOM (more details in Chapter 11.7) to generate phase and 

orientation maps. To include the quality of template matching, the phase maps are 

superimposed by the phase reliability, as shown in Figure 12-14 right, and the orientation 

maps are superimposed by the index (Figure 12-14 left). 

Figure 12-12: The Fast Fourier Transforms of the (a) pristine and (b) annealed states are shown to indicate the 

range (non-grayed-out part) of the (c, e) respective azimuthal integrations (Ais). (d) The 2D waterfall plot of AIs is 

shown as a function of time and temperature (f) The peaks (corresponding spots) around 4 nm-1 are attributed to 

TiN (111) and HfO2 (200). The scale bar is 2 1/nm. Reprinted with permission from [3], © 2024 American Chemical 

Society. 
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Figure 12-13: Diffraction patterns of TiN (blue) with a (1�01) zone axis and of HfO2 ((010) zone axis) are simulated 

with the software ReciPro [146]. The overlaid diffraction patterns are representative of HfO2 that adapts a growth 

orientation of (200) due to a possible texture transfer from an underlying TiN (111), which, in addition to a similar 

d spacing of HfO2 (200) and TiN (111), results in close positioning of the HfO2 (200) and TiN (111) spots. The scale 

bar is 4 1/nm. Reprinted with permission from [3], © 2024 American Chemical Society. 

As visible in the phase map of the pristine state (Figure 12-14, right first row), every layer is 

identified by the expected phase (top layer = cubic-Pt, middle layer = amorphous-HfO2, 

bottom layer=cubic-TiN). Similar to the pristine state shown in the HR-TEM image (Figure 

12-9(a)), a grain seed is also already present inside the amorphous HfO2 matrix. It should be

noted that proper phase identification was challenging for this 4D STEM dataset. The map of

the annealed state (last row) shows Pt inside HfO2. This identified Pt is, however, darker

compared to the color at the Pt layer. A darker color is related to lower phase reliability. The

shown Pt phase inside the HfO2 should therefore be related to an identification error. To

investigate grain growth in more detail, selected orientation+index maps of the pristine, two

intermediate and the final annealed states are shown in Figure 12-15. The bright yellow color,

representing amorphous HfO2, which is covering the entire HfO2 of the pristine state (Figure

Figure 12-15 (a)), changes to a darker, indistinct mix of yellow and red when the temperature

is set to at least 180 °C. As shown in Figure 12-15 (b), the pre-existing grain grows, and new

grains are formed. Intriguingly, the newly formed grains do not have a distinct crystallinity

and continue to grow without a distinct crystallinity (Figure 12-15 (c). Only when grains are

sufficiently in contact with an adjacent layer does a distinct crystallinity become present.
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Figure 12-14: Overview of the entire crystallization process by analyzing the in situ heating 4D-scanning 

transmission electron microscopy (STEM) dataset with automated crystal orientation mapping (ACOM). Left: 

superimposed orientation+index maps. Right: superimposed phase+phase reliability maps. Reprinted with 

permission from [3], © 2024 American Chemical Society.   



 

 

Page 78 

 

Figure 12-15: Superimposed orientation+index maps from automated crystal orientation mapping (ACOM) of the 

4D scanning transmission electron microscopy (STEM) data set. The saturation of the Pt and TiN layers is reduced, 

growing grains are encircled and formed grain boundaries are represented by lines. (a) The pristine state contains 

primarily amorphous HfO2, as shown by the bright yellow color. Some pixels, however, are shown by a darker 

yellow color or a black color resulting from a lower index (darker pixel) or inadequate indexing (no orientation, 

black pixel). (b, c) Heating to at least 180 °C results in the formation of new grains, which are primarily amorphous 

or nanocrystalline (yellow in color) and in the growth of the pre-existing grain. (d) The annealed state shows grain 

boundaries that thread the HfO2 layer. The coloring of the grains shows a mixed (001), (100), and (111�) 

orientation. Reprinted with permission from [3], © 2024 American Chemical Society. 

The in situ TEM results were verified by annealing another bulk memristive sample. Figure 

12-16 (a) shows the XRD pattern after RMBE growth (orange) and after annealing (pink). 

Surface patterning was performed before annealing. Like in situ TEM annealing, the HfO2 

layer crystallizes at 180 °C into a mixed (200)+(111�) texture. The forming voltages (Figure 

12-16 (c)) collected from 50 devices with amorphous and annealed HfO2, respectively, show 

that the average forming voltage improves from 𝑉𝑉𝐹𝐹 = −6.1 𝑉𝑉 to 𝑉𝑉𝐹𝐹 = −4.2𝑉𝑉. Exemplary 

electroforming is shown in Figure 12-16 (b).  
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Figure 12-16: (a) The reactive molecular beam epitaxy (RMBE) grown amorphous HfO2/TiN (111)/Al2O3 thin film 

stack (shown by the orange X-ray diffraction) was patterned by optical lithography and sputter coated with Au and 

Pt. Annealing at 180 °C results in a mixed (111�)+(002) HfO2 texture, as shown by the pink XRD pattern. (b) 

Compared to a device with amorphous HfO2 (blue), the electroforming voltages for a device with annealed HfO2 

(pink) are lower. (c) The average forming voltage retrieved from 50 devices, shown by the cumulative distribution 

function (cum. distr. funct.) is lowered from 𝑉𝑉𝐹𝐹 = −6.1 𝑉𝑉 (blue) to 𝑉𝑉𝐹𝐹 = −4.2𝑉𝑉 (pink). Reprinted with permission 

from [3], © 2024 American Chemical Society.  

12.2.2. Presentation of own contribution 

Successive RMBE growth of the amorphous HfO2 and (111) TiN thin films on c-cut sapphire 

was carried out by me. The entire macroscopic analysis, including surface patterning, 

electrical measurements, and XRD, was performed by me. Dr. Alexander Zintler and I have 

acquired the HR-TEM images and 4D-STEM dataset. One in situ lamella was prepared by Mr. 

Oscar Recalde with assistance from Dr. Letian Li, and another in situ lamella by Dr. Alexander 

Zintler. I have calculated all AIs and performed ACOM. Dr. Shuai Wang was responsible for 

the calculation of the iFFT retrieved by bandpass filtering the amorphous ring of the HR-TEM 

images. Tianshu Jiang, Déspina Nasiou, Esmaeil Adabifiroozjaei, Philipp Schreyer, Taewook 
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Kim, Eszter Piros, Dr. Nico Kaiser, Dr. Tobias Vogel, and Dr. Stefan Petzold contributed to the 

discussion of results and proofreading of the manuscript. Prof. Dr. Leopoldo Molina-Luna 

provided support for all results related to electron microscopy, and Prof. Dr. Lambert Alff 

provided support for all results related to electrical characterization. 

12.3. Grain boundaries and conductivity 

Texture transfer in dielectric layers is an intricate part of the investigated memristive systems 

in this PhD research and is strongly influenced by the underlying layers. The foundation on 

which every investigated textured layer is grown is a c-cut sapphire substrate (Al2O3), which 

has been selected to grow highly textured TiN thin films. This layer is one of the metal 

electrodes in the VCM cell and acts as the ohmic electrode. Usually, fully stoichiometric TiN is 

inert and cannot be used as the ohmic electrode as it is not oxidizable. In principle, TiN could 

be grown as a substoichiometric nitride. However, this would result in undesirable surface 

oxidation during the subsequent growth of the HfO2 layer, as these layers are grown through 

the addition of radical beam-assisted evaporation (RBAE) of oxygen. Ab initio simulations 

based on DFT relaxed structures have shown that defects (e.g., vacancies) increase the oxygen 

affinity of initially internet electrodes [147, 148], but also extended defects (e.g., grain 

boundaries) can significantly increase oxygen diffusion [149, 150]. Having an electrode that 

is usable for texture transfer while being oxidizable is crucial, as oxygen is released during 

resistive switching operations from the metal oxide layer and can lead to bubble formation, 

causing deformation or delamination, ultimately resulting in device failure if not incorporated 

into the electrode [151, 152]. Therefore, the second publication [2] investigates how nitrogen 

deficiency in similarly textured TiN layers affects the microstructure and type of evolving 

grain boundary with the intent in mind of identifying an ideal stoichiometry, regarding 

conductivity, to be used as an ohmic electrode for a VCM cell. 

This section is published in: Zintler, A., Eilhardt, R., Petzold, S., Sharath, S.U., Bruder, E., 

Kaiser, N., Alff, L., Molina-Luna, L.: Enhanced Conductivity and Microstructure in Highly 

Textured TiN1–x/c-Al2O3 Thin Films. ACS Omega. 7, 2041–2048 (2022). 

https://doi.org/10.1021/acsomega.1c05505 
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12.3.1.  Summary and discussion 

TiN thin films were grown on c-cut sapphire (Al2O3 (001)) using RMBE. One TiN thin film 

was grown with a Ti evaporation rate of 0.6 Å/s and a nitrogen flow of 1.0 sccm at 750 °C. 

The corresponding XRD pattern is shown in Figure 12-17 #1. In addition, a sample series was 

grown with a constant Ti evaporation rate of 0.2 Å/s and a constant nitrogen flow of 1.0 sccm 

at different substrate temperatures. The resulting thin film crystallinity is shown by the XRD 

patterns (#2-#5) in Figure 12-17. Please note that the patterns are ordered by the thin film 

stoichiometry (and not primarily by temperature), as the 2θ peak position of the TiN1-x peak is 

influenced by the amount of nitrogen deficiency. Sample #1 is less nitrogen deficient due to 

the growth with a higher Ti evaporation rate. In addition, samples #1 and #5, grown at 

750 °C, show an additional peak related to an interface layer (Ti3AlN (111)). Samples #2-#4, 

show a decrease in nitrogen deficiency with higher growth temperatures, except sample #5, 

which is most nitrogen deficient.  

Figure 12-17: TiN thin films grown on c-cut sapphire (Al2O3 (001)) using reactive molecular beam epitaxy (RMBE) 

show higher nitrogen deficiencies at higher growth temperatures (samples #2-#5) which can be counteracted by 

increasing the Ti evaporation rate (sample #1). Growth at 750 °C results in the creation of an interfacial layer 

(Ti3AlN) between TiN and c-cut sapphire. Literature values for TiN0.71 and TiN0.9 are taken from [153] and [73], 

respectively, and are shown as dashed lines. Reprinted under a CC-BY-NC-ND 4.0 from [2], © 2022 American 

Chemical Society. 

A decrease in nitrogen deficiency for sample #2-#4 is also visible in the XRR curves shown in 

Figure 12-18 by a shift of the critical angle. The dashed line, as a guide, highlights, that the 

critical angle shifts towards higher 2θ values because of an increase in density (higher 
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nitrogen content). For samples #1 and #5, the additional Ti3AlN layer dampens the 

oscillations near the critical angle. In addition, growth at 750 °C (sample #1 and #5) results 

in low surface roughness as oscillations are still present for high 2θ values.  

The type of texture (see also Figure 11-11) of the TiN1-x thin films was investigated by 

performing 𝜙𝜙-scans shown in Figure 12-19. The presence of six in-plane peaks indicates a 

biaxial texture with two 60° in-plane rotated domains. This is because in a cubic phase like 

TiN1-x, a (111) out-of-plane orientation should result in three {111} in-plane peaks for each 

in-plane locked crystal orientation (see also Figure 11-16).  

Figure 12-18: (a) A decrease in nitrogen deficiency, as a result of an increase in growth temperature (samples #2-

#4), shifts the critical angle (indicated by the dotted line), shown by the X-ray reflectivity (XRR) curves, towards 

higher 2θ values. (b) XRR curves of samples grown at the highest growth temperature (#1 and #5) show oscillations 

up to 6° and 8°, respectively, due to low surface roughness. Reprinted under a CC-BY-NC-ND 4.0 from [2], © 2022 

American Chemical Society. 

To examine how these TiN1-x {111}in-plane orientations align with the in-plane orientations 

of the substrate, an additional 𝜙𝜙-scan of the substrate is shown in Figure 12-19. This 𝜙𝜙-scan is 

performed at a fixed 2θ of the Al2O3 {1�02} and not of the Al2O3 {001} present in the 2θ/ω 

scan (81). This is because then the sample can be tilted to 𝜒𝜒 = ~57° (and not to 𝜒𝜒 = ~90°) to 

access the {1�02} in-plane orientations with a detectable XRD signal. As depicted in Figure 

12-20, c-cut Al2O3 has six R-planes. The lattice planes in this hexagonal system are given by

the hexagonal Miller-Bravais notation (hkil), which in principle is (1�02). The 𝜙𝜙-scan,

however, only shows three peaks of the {1�02} lattice planes and not six. This is because, i.e., a

(102) lattice plane is 180° rotated along the c-axis to the (1�02) which is why at a tilt of 𝜒𝜒 =
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~ + 57° only one of each plane can be detected. If the sample were tilted to 𝜒𝜒 = ~ − 57° (or 

turned upside-down), the other respective lattice plane could be detected. The three Al2O3 

{1�02} in-plane peaks are offset by ±30° with respect to the TIN1-x {111} in-plane peaks.

Because the three Al2O3 are representative of the edges of the hexagonal unit cell, the TiN1-x

{111} in-plane orientations align with the corners (i.e., a1, a2, a3, Figure 12-20).

Figure 12-19: The ϕ-scans at a fixed 2θ value of the (111) TiN1-x peak (𝜒𝜒 = ~71°) show six peaks as a result of two 

60° in-plane rotated domains (schematically shown in Figure 9-16). For samples #1 and #5, additional phi scans 

shown in a darker color were acquired for the additional peak (Ti3AlN (111)) in the XRD patterns (Figure 11-16). As 

shown by the six peaks, this Ti3AlN interface layer has a similar biaxial texture as the TiN layer. The phi scan of the 

substrate (shown in green, 2θ value fixed to Al2O3 (-102), 𝜒𝜒 = ~57°) shows three peaks that are offset by ±30°. 

Reprinted under a CC-BY-NC-ND 4.0 from [2], © 2022 American Chemical Society. 

Figure 12-20: The rhombohedral crystal structure of sapphire (Al2O3) can be cut along different planes (C, A, and R), 

resulting in, i.e., c-cut sapphire, which is a hexagonally symmetric lattice. Reprinted under a CC BY 4.0 DEED from 

[154], © 2021 Kai Trepka. 
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Figure 12-21: (a) Four-probe resistivity measurements during cooling with liquid He. (b) Selected temperature range 

to reveal the critical temperature (Tc). (c) Tc’s and (d) residual resistance ratios (𝑅𝑅𝑅𝑅𝑅𝑅 = 𝜌𝜌(300 𝐾𝐾) 𝜌𝜌(10 𝐾𝐾)⁄ ) are 

plotted as a function of the TiN1-x (111) d-spacing calculated from TiN1-x (111) 2θ peak positions retrieved from the 

X-ray diffraction patterns shown in Figure 12-17. Reprinted under a CC-BY-NC-ND 4.0 from [2], © 2022 American

Chemical Society.

To investigate the conductivity of the samples, four gold patches were sputtered onto the 

surface to measure the resistivity by using the four-probe method. Because TiN is also used in 

superconducting applications, the resistivity was not only measured at room temperature, but 

also as a function of temperature to investigate the critical temperature. Figure 12-21 (a) 

shows the entire temperature range, and Figure 12-21 (b) shows the range around the 

transition. To correlate the stoichiometry to the conductivity, Figure 12-21 (c) shows the 

critical temperature (Tc) and Figure 12-21 (d) the residual resistance ratio (RRR), both as a 

function of the TiN1-x (111) d-spacing retrieved from the 2θ peak positions. RRR is calculated 

by dividing the resistance at 300 K with the resistance at 10 K (𝑅𝑅𝑅𝑅𝑅𝑅 = 𝜌𝜌(300 𝐾𝐾) 𝜌𝜌(10 𝐾𝐾)⁄ . 

Both Tc and RRR scale linearly with stoichiometry: the most stoichiometric film (#1, yellow) 

has the highest Tc of 4.9 K and the highest RRR of 2.0. The most deficient thin film (#5, 

orange) has the lowest RRR and shows no Tc (or a Tc below the temperature of liquid helium 

(used for cooling), which is 4.2 K). In addition to the loss of superconductivity, the most 

deficient film has a resistivity at 10 K that is twice as high compared to sample #4. At this 

temperature, (thermal) phonon scattering is greatly reduced [155]; thus, conductivity is an 

indirect measure of the defect density, which, in this case, should be governed by the nitrogen 

deficiency. However, unlike sample #1-#4, where 𝜌𝜌(10 𝐾𝐾) changes ~10 µΩcm per sample, 
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the doubling in resistivity for sample #5 compared to #4 does not reflect the relatively minor 

change in stoichiometry. Therefore, the introduced volume defects cannot be the only source 

of defects that impact conductivity. 

Another source of defects are GBs, which should be present in the TiN1-x thin films due to the 

biaxial texture. According to the out- and in-plane XRD measurements, all samples should 

have a similar microstructure. However, when investigating GBs by backscatter electron (BSE) 

imaging, as shown in Figure 12-22, only the most deficient thin film (sample #5) shows GBs 

as meandering dark lines. In general, a GB should result in less BSE due to defects, and all 

samples should have grain boundaries. Therefore, ICCI (see also Chapter 11.4) was used to 

visualize the microstructure, as shown in Figure 12-23. For these images, the TiN1-x {200} in-

plane lattice planes were used for two reasons: first, a low index plane, i.e., (200) planes of 

grain I, would be simultaneously imaged with i.e., (1�22) planes of grain II, which yields a 

high SE contrast. Second, accessing the TiN1-x {111} planes would not be possible because of 

the tilt limitations of the JEOL JIB-4600F. Due to the 53° tilt of the FIB column, the incidence 

angle at a stage tilt of 0° is already 53°. To achieve the required incident angle of 71° (similar 

to χ in XRD), the sample stage must be tilted to -18°, which exceeds the limit (-10°). 

Figure 12-22: (b-f) The surface (top view) of the TiN1-x layers is imaged by backscattered electron (BSE) microscopy. 

A BSE signal contains atomic number and crystallographic (orientation contrast electron channeling) contrast [156]. 

Because all thin films are textured (every grain has the same out-of-plane orientation), the BSE contrast should only 

contain information about the local stoichiometry. Defects, which are present at grain boundaries (GBs), lower the 

BSE yield and are only visible in the most nitrogen-deficient sample (f, #5). The “meandering” of these GBs follow a 

set of three dominant orientations that correspond to the twin boundaries ((a), dashed lines). Samples #2-#4 show 

dark spots due to a higher surface roughness. Reprinted under a CC-BY-NC-ND 4.0 from [2], © 2022 American 

Chemical Society. 
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The ICC images shown in Figure 12-23 (b-c) reveal that all samples indeed have a similar 

microstructure with elongated grains. The anisotropy of grain size (100 nm in one direction, 

several cm in the other direction) is a result of step flow growth (see also Figure 11-10) due 

to surface steps, which can even be present in nominally 0° miscut substrates [157]. These 

initial surface steps (due to miscut), schematically augmented for visualization in Figure 

12-24, will bunch because of sample heating during RMBE growth before deposition of the

TiN1-x layer. The uniform step widths and heights affect the seeding condition [158] and thus

the final grain boundary density. Although the microstructure and the GB density are virtually

the same for all samples, only the GBs in the most deficient sample (#5) are visible by BSE

imaging. To investigate a difference in the type of GB, cross-sectional TEM lamellae across a

GB were prepared from sample #5 and the most stoichiometric sample (#1), as schematically

shown by red lines in Figure 12-23 (e, f). The corresponding atomic HAADF-STEM images are

shown in Figure 11-25. Both images show a {1�21�} twin boundary. For sample #1 (Figure

12-25 (a)), defects are located at the boundary itself. However, for sample #5 (Figure 11-25

(b)), an extended defect structure is visible, as emphasized by blue arrows as a result of

stacking faults along the growth direction ((111) direction). These stacking faults extend up

to the surface of the thin film, causing the observed change in BSE contrast.

Figure 12-23: (a) Ion channeling contrast (ICC) images were acquired with an incidence angle of 54°. (b-f) All ICC 

images show a similar grain structure with comparable grain sizes. (e, f) To investigate the GBs, cross-sectional 

electron transparent lamellae were prepared across the GBs (represented by red lines) for transmission electron 

microscopy. Reprinted under a CC-BY-NC-ND 4.0 from [2], © 2022 American Chemical Society. 
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Figure 12-24: (1) Al2O3 substrate miscut can create small surface steps, which can bunch (2) during annealing. (3) 

These terraces affect the seeding during TiN thin film growth. (4) The uniform step width and height lead to a 

consistent alteration of in-plane orientations (green and red). (5) Annealing at or above 800 °C leads to the 

formation of an AlN interface layer. Reprinted under a CC BY-NC-SA 4.0 DEED from [103], © 2022 Alexander 

Zintler. 

Figure 12-25: High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of 

grain boundaries of the (a) most stoichiometric and (b) most nitrogen-deficient TiN1-x thin film. Blue arrows denote 

the extended defect structure shown by the split atomic columns. Reprinted under a CC-BY-NC-ND 4.0 from [2], © 

2022 American Chemical Society. 
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12.3.2. Presentation of own contribution 

TiN thin film growth, 2θ/ω scans, and temperature-dependent resistivity measurements were 

carried out by Dr. Sankaramangalam Ulhas Sharath. Dr. Enrico Bruder, in the presence of Dr. 

Alexander Zintler and me, acquired the BSE maps. I have acquired the ϕ-scans and suggested 

investigating the microstructure via ICCI (analogous to in-plane XRD measurements), which 

Dr. Alexander Zintler and I have acquired. Dr. Alexander Zintler prepared the electron-

transparent lamellae and acquired the HAADF-STEM images. Dr. Alexander and I prepared 

the manuscript. Dr. Stefan Petzold and Dr. Nico Kaiser contributed to the discussion of the 

results and proofreading of the manuscript. Prof. Dr. Leopoldo Molina-Luna provided support 

for all results related to electron microscopy, and Prof. Dr. Lambert Alff provided support for 

all results related to electrical characterization. 

13. Conclusion

This PhD work has aimed to combine synthesis, macroscopic and microscopic investigation, 

and device characterization to bridge the information gaps required to further oxide 

electronics. Reactive Molecular Beam Epitaxy (RMBE), among other Physical Vapor 

Deposition (PVD) techniques, can precisely fabricate high-quality semiconductor 

heterostructures necessary for complex oxide electronics. Typically, RMBE is used to grow 

epitaxial thin films, yet textured thin films with defects might be more promising. Their 

composition and crystallinity can be engineered through careful selection of growth 

parameters; however, they are subject to the underlying layer. Here, miscut, composition, and 

lattice mismatch impact texture transfer and thus the resulting microstructure. Analogous to 

building a house, a poorly engineered foundation will ultimately prevent the consecutively 

built floors from being perfect. In a memristive system, where a device consists of a metal-

insulator-metal (MIM) structure, the developed texture of the first metal layer, impacted by 

the substrate, will subsequently impact the texture of the next insulator layer. Therefore, it is 

indispensable to inspect how texture develops in each layer and how the developed texture 

impacts the device’s performance.  

The first metal layers with potential use in MIM structures of memristive devices were 23 nm 

TiN1-x thin films grown on c-cut sapphire with varying nitrogen deficiencies. All thin films 

developed a biaxial texture with a (111) out-of-plane and two in-plane orientations. Ion 

channeling contrast imaging (ICCI) revealed a similar microstructure and grain boundary 
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(GB) density for all thin films with an elongated grain structure. This anisotropy of grain size 

can be attributed to the miscut of the substrate (c-cut sapphire). Only the TiN1-x thin film with 

the highest nitrogen deficiency (TiN0.71-x) resulted in GB dissociation by stacking faults 

(extended defect structure). Such TiN1-x thin films are advantageous as an ohmic bottom 

electrode in a valence change memory memristive device, as the dissociated GBs with a 

localized high density of defects can incorporate oxygen necessary for device operation. 

These types of TiN1-x layers were the foundation for engineering textures in stoichiometric 

HfO2 thin films, which are used as the insulating layer in MIM structures of memristive 

devices.  

First, HfO2 thin films were grown at elevated temperatures using RMBE. By changing the 

oxidation conditions, these thin films can be grown with either a distinct (001) or (111�) 

texture on (111) textured TiN1-x. The texture transfer induces a specific type of GB, which 

impacts the VF of the memristive devices. Devices with (001) textured HfO2 show relatively 

high VF, unlike devices with (111�) HfO2. The (111�) HfO2 devices are considered forming-free, 

as the required VF is in the range of the standard operational voltages. First-principles 

calculations based on density functional theory (DFT) relaxed atomic structures retrieved 

from atomic images of the different types of GB were used to correlate the GB atomic 

structure to the difference in VF. Negative neutral oxygen vacancy (VO) segregation energies 

(Eseg) at high-index GBs present in (111�) HfO2 indicate that this type of GB acts as a sink for 

VO. Therefore, this type of GB can be identified as the preferential pathway for conductive 

filament formation due to the presence of pre-existing VO, which explains the observed low VF. 

Second, HfO2 thin films were grown at room temperature on (111) textured TiN1-x using 

RMBE to observe the microstructure evolution of amorphous HfO2 during in situ transmission 

electron microscopy (TEM) and 4D-scanning TEM (4D-STEM) annealing. This allowed us to 

investigate the exact transition temperature and origins of grain growth with nanometer 

precision. The in-between Pt and TiN1-x sandwiched amorphous HfO2 layer started to 

crystallize into the monoclinic phase at 180 °C, non-adjacent to an interface. Only when 

growing grains are adjacent to an interface does a distinct crystallinity (texture) develop. The 

developed mixed monoclinic (111� + 001) texture was confirmed by annealing a macroscopic 

device at 180 °C. The developed texture improves the device’s performance by lowering the 

forming voltage (VF) from -6.1 V, for a memristive device with amorphous HfO2, to -4.2 V. 



Page 90 

14. Outlook

14.1. Grain boundary density 

The ideal lateral size of a memristive device is a balance between the technological 

capabilities, the desired memory density, and the specific application requirements [159, 

160], which typically ranges from a few tens of nanometers to about 50 nm. In the case of 

VCM RRAM devices, the ohmic electrode must be oxidizable, which can be achieved by having 

GBs with an extended defect structure. For this PhD work, the TiN1-x thin films that are used 

as the ohmic electrode were grown with a grain boundary density of ~ 100 nm. The 

investigated devices with a lateral size in the range of several micrometers (see also Figure 

11-7) would therefore cover several TiN1-x GBs. However, nanometer-sized devices could be

positioned above a TiN1-x grain and not a GB, which should negatively impact the device’s

resistive switching performance. The first results indicated that the GB density can be altered

by changing the growth temperature. But also the choice of substrate batch, which might have

different miscuts, can impact the GB density [103]. Therefore, optimizing TiN1-x thin film

growth should not only be based on the stoichiometry, the texture, and the roughness, but

also on the resulting grain arrangement and GB density.

14.2. Impact of adjacent electrodes on microstructure evolution 

Although in situ TEM and 4D-STEM could provide insights into how the microstructure 

develops, it is still unclear why a mixed (11�1 + 001) HfO2 texture develops and why grain 

growth does not start adjacent to an interface layer. Understanding how to alter the 

development of a certain texture, either by changing the layer thickness or stoichiometry of 

the insulating layer, by changing the adjacent electrodes (different material, different 

stoichiometry, different texture), by having a distinct annealing profile (within the 

temperature budget of the CMOS BEOL process), by annealing in a certain atmosphere, or by 

using a different PVD method for thin films, could provide more insights into how to engineer 

a texture. Moreover, understanding how the developed texture impacts the device’s 

performance could lead to more reliable and efficient devices. 

14.3. Confining conductive filament formation during in situ biasing 

Investigating the fundamental working mechanism of RRAM devices is still one of the greatest 

challenges. The most prominent examples that claim to have visualized the conductive 

filament during resistive switching operations are from 2012 [161] and 2013 [162], which 

are also included in several review articles [163–166]. However, these experimental findings 
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could not be reproduced. A progress report written by numerous relevant contributors to the 

RRAM community has concluded: “During  the  past  ten  years  a  large  number  of  RS  studies  have 

been  reported.  Unfortunately,  we  observed  that  many  of  them:  i)  do  not  provide  enough 

information  to  reproduce  the  experiments,  ii)  use  device  structures  that  are  not  relevant/realistic 

from  a  technological  point  of  view,  iii) omit  essential  figures  of  merit,  or  iv)  make  claims  that  are 

not  well  supported  by  rigorous  experimental  or  computational  data.” [167] 

The formation of a conductive filament is a result of a dielectric breakdown (DB). A novel 

approach to visualize this DB is in situ STEM electron beam-induced current (EBIC) imaging. 

Collecting the electronic signature allows for local detection of changes in the conductivity 

(with high spatial resolution) [168] and, in combination with standard STEM imaging, 

provides the necessary support when observing the RS mechanism.  

In this example, the CF formation is confined by using a slant vertical device structure which 

is different to the cross-sectional lamellae investigated in this PhD work. For these devices, CF 

formation is, in principle, not confined to a specific location and could appear random 

without being able to visualize the RS phenomena. Only locally confining the CF formation in 

a realistic RRAM device and identifying the most likely location for CF formation would allow 

investigating CF during in situ TEM biasing. With the knowledge that the GB density of TiN 

can be tuned by the c-cut sapphire misfit (and temperature) and that distinct GB types can be 

engineered by texture transfer during growth or in situ annealing, we would be able to 

engineer an ideal thin film structure as schematically depicted in Figure 12-1. Deliberately 

creating a HfO2 GB on top of a TiN GB should therefore confine the CF formation. 

Figure 14-1: Conductive filament formation (consisting of oxygen vacancies (VO)) in a valence change memory 

(VCM) memristive device should occur at a HfO2 grain boundary (GB), which is located on top of a TIN GB that can 

incorporate the oxygen interstitials (Oi). 
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Figure 9-1: The energy consumption in computing for the current technology represented as 

“Benchmark” could surpass the world’s energy production. The targeted technologies 

(blue curve) should have an energy per bit conversion that is three orders of magnitude 

better. The theoretical physical limit known as Landauer limit is shown in grey [10], © 

2015 Semiconductor Research Corporation. .................................................................. 18 

Figure 10-1: The four basic passive circuit elements (resistance R, capacitance C, inductance L, 

memristance R) given as functions of the four fundamental circuit variables voltage v, 

current i, charge q and flux φ. Reprinted with permission from [25], © 2008 Nature. ... 20 

Figure 10-2: Solid-State Memories are classified as read-only memory (ROM) and random 

access memory (ROM). The memristive devices can be named under the umbrella term 

Memristive RAM, which is considered part of non-volatile RAM. Memristive RAM is 

further divided based on the effect that mediates resistive switching being either 

magnetic, electrostatic, or atomic configuration. Further differentiation is made based on 

the underlying mechanism of resistive switching, e.g., VCM or ECM. All acronyms are 

listed in Chapter 7. Reprinted with permission from [29], © 2021 Taylor & Francis. ..... 22 

Figure 10-3: Phase map retrieved from a 4D-STEM dataset of a metal-insulator metal stack. 23 

Figure 10-4: List of electrode-(green) and bulk-(yellow) limited conduction mechanisms. 

Reprinted under a CC BY NC ND from [33], © 2014 Elsevier. ....................................... 23 
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Figure 10-5: Schematic energy band diagrams of electrode-limited conduction mechanisms in 

metal-insulator semiconductor structures. 𝑞𝑞𝑞𝑞𝑞𝑞 is the Schottky barrier height; EC and EV 

are the conduction and valence bands, respectively; and EF is the Fermi level. Reprinted 

and modified under a CC BY NC ND from [33], © Elsevier. .......................................... 24 

Figure 10-6: Schematic energy band diagrams of bulk-limited conduction mechanisms in 

metal-insulator-semiconductor structures. 𝑞𝑞𝑞𝑞𝑞𝑞 is the Schottky barrier height in (c), the 

potential barrier height in (d), and the grain boundary potential energy barrier in (e); 

𝑞𝑞𝑞𝑞𝑞𝑞 is the trap energy level; a is the mean hopping distance; d is the spacing of two 

nearby jumping sites; EC and EV are the conduction and valence bands, respectively; and 

EF is the Fermi level. Reprinted and modified under a CC BY NC ND from [33], © 2014 

Elsevier. ........................................................................................................................ 24 

Figure 10-7: Schematic I-V (current-voltage) curve consistent of three regions showing space 

charge-limited conduction (SCLC). Vtr is the transition voltage, and VTFL is the trap-filled 

limit voltage. Reprinted and modified under a CC BY NC ND from [33], © 2014 Elsevier.

 ..................................................................................................................................... 25 

Figure 10-8: Metal (gray)-insulator (yellow)-metal (green) cell showing schematically (A) 

filamentary, (B) multi-filamentary, (C) area-dependent interface-type, and (D) area-

dependent bulk resistive switching. Reprinted with permission from [51], © 2015 

Elsevier. ........................................................................................................................ 26 

Figure 10-9: Resistive switching processes in a VCM cell. The pristine sample (Fresh sample, 

bottom-left corner) has an initial resistance state (IRS) due to the insulating properties of 

the metal oxide layer. Applying a positive voltage to the top electrode (+Vforming, top-left 

corner) results in the injection of electrons and a soft-breakdown that creates charged 

Frenkel defect pairs (Oxygen vacancies 𝑉𝑉𝑉𝑉 ∙∙ and oxygen interstitials 𝑂𝑂𝑂𝑂′′ (here O2-)). Due 

to the oxidizable top electrode, 𝑂𝑂𝑂𝑂′′ will be incorporated and 𝑉𝑉𝑉𝑉 ∙∙ will start to form a 

conductive filament (CF). Completing the electroforming step (top right) results in the 

VCM cell being in a low resistance state (LRS). Applying a sufficient voltage of the same 

polarity (+Vreset) or opposite polarity (-Vreset) will result in breakage or shrinkage (not 

shown) of the CF and, upon completion of the reset process, in an increase in resistance 

(high resistance state, HRS). Applying a voltage with the same polarity as the forming 

voltage is considered the set process and results in the growth of the CF and a reduction 

in resistance (LRS) upon completion. Reprinted with permission from [52], © 2012 

Springer New York. ....................................................................................................... 27 
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Figure 10-10: Supplying electrons to a metal (M’’)-insulator (MX)-metal (M’) can result in 

several redox reactions, including a local increase in temperature due to Joule heating 

and phase and space charge formation due to concentration polarization. Reprinted with 

permission from [29, 53], © 2012 John Wiley & Sons. .................................................. 27 

Figure 11-1: The bouquet of RMBE: Only careful selection of the shown growth parameters 

can yield a thin film with the desired properties. ........................................................... 28 

Figure 11-2: a) A tungsten crucible with melted Hf is placed in an effusion cell (Hanks HM2 

single-crucible e-gun). The picture of the crucible is taken from [54] and the technical 

drawing of the cell from [55], © 2020 thermionics laboratory, inc. b) Cross-sectional 

schematic view of an effusion cell. Electrons are deflected by 270° in a shielded 

compartment to avoid contamination from the material evaporation. Taken from [56], © 

2024 Dr. Eberl MBE-Komponenten GmbH. .................................................................... 29 

Figure 11-3: Left: Electron-beam evaporated materials like Ti or Si are in situ oxidized by O 

radicals before being deposited on the substrate. The evaporation rate is monitored by a 

quartz crystal microbalance (QCM, here quartz head) and the amount of O radicals by 

the optical monitor. Reprinted with permission from [57], © 200 Elsevier. Right: 

Example of an end plate or aperture having 175 holes with a diameter of 200 µm. ....... 29 

Figure 11-4. Selective surface coating is achieved via surface patterning: ultraviolet light (UV) 

shines through a mask onto a photoresist. For a negative photoresist, exposed parts 

“harden” so that unexposed parts can be removed after immersion in a developer 

solution. The sputtered material that is on top of the developed photoresist will be “lifted 

off” after immersion in acetone, completing the pattern transfer from the mask to the 

surface. Reprinted with permission from [59], © 2006 Springer. .................................. 31 

Figure 11-5: Sputter deposition is achieved by accelerating an ionized working gas in a 

vacuum chamber, known as plasma, to a target material to dislodge and eject atoms that 

will recombine on the substrate surface to form the coating. Reprinted with permission 

from [60], © 1973 SAE International. ........................................................................... 31 

Figure 11-6: Schematic comparison of a lift-off process based on a positive (left) and negative 

(right) photoresist. Reprinted with permission for non-commercial purposes from [61], © 

2014 University of Alberta Libraries. ............................................................................. 32 
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Figure 11-7: Illustration of a valence change memory (VCM) memristive device. The top 

electrode (Pt) is contacted, and the bottom electrode (TiN) is grounded. The additional 

Au layer protects the device from penetration during electrical testing. Reprinted with 

permission from [62], © 2021 Oxford University Press. ................................................ 32 

Figure 11-8: A device under test (DUT) is contacted by two source measure unit (SMU) 

probes, one for supplying voltage or current and the other for providing ground (Gnd), 

connected to an in this case Keithley 4200-SCS (Semiconductor Characterization 

System). Probes are usually micrometer sized. Thus, an optical microscope is required for 

precise positioning. Reprinted under a CC BY 4.0 from [63], © 2020 MDPI. ................. 32 

Figure 11-9: (a) A metastable phase A (i.e., vapor in the case of physical vapor deposition) is 

adjacent to a substrate (s) (phase B(s)). b) If supersaturation is achieved, atoms from 

phase A are thermodynamically incorporated to the surface of phase B(s) and form nuclei 

of the new growing epilayer (e) of phase B(e). Surface atoms can diffuse across the 

surface and also desorb. Reprinted with permission from [66], © 2002 Springer. ......... 34 

Figure 11-10: (a) A layer-by layer growth, known as two-dimensional Frank-van der Merwe 

(FM) growth mode, is achieved when the surface energy of the substrate 𝛾𝛾𝛾𝛾 is greater 

than the combined surface energy of the film 𝛾𝛾𝛾𝛾 and the interface energy of film-

substrate 𝛾𝛾 ∗. (d) If 𝛾𝛾𝛾𝛾 is smaller than 𝛾𝛾𝛾𝛾 +  𝛾𝛾 ∗, the thin film will grow as islands, known 

as the three-dimensional Volmer-Weber (VW) growth mode. (c) A layer plus island 

growth, known as Stranski-Kstanov (SK) growth mode, occurs when 𝛾𝛾 ∗ increases with 

film thickness as a result of i.e. strain to match the lattices of film to substrate. (e) 

Columnar growth is similar to VW and SK growth but fundamentally different due to the 

lack of coalescence, where islands or columns do not fuse in a liquid-like fashion. (b) 

Step flow growth can be achieved for substrates with surface steps (i.e., monatomic 

terraces as a result of wafer miscut) at sufficiently high temperatures and low fluxes, 

respectively. Adatoms are directly incorporated in step edges (due to their mobility) and 

do not nucleate on terraces, which would result in FM growth. 𝛩𝛩 is the surface coverage 

in monolayers (ML). Reprinted with permission from [66], © 2004 Springer. ............... 34 

Figure 11-11: Different types of thin films are classified in terms of their out-(growth) and in-

plane orientation. Reprinted under a CC BY-NC 3.0 US Deed from [67] © 2010 Stanford 

University. ..................................................................................................................... 35 
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Figure 11-12: A parallel beam (PB) X-ray diffraction setup. (a) A Göbel mirror conditions rays 

from the source to form a parallel beam. (b) The incident and scattered beam is 

conditioned with optical arrangements consisting of slits. Reprinted with permission from 

[69] © 2021 Springer Nature. ....................................................................................... 36 

Figure 11-13: (a) The angle between the incoming beam and the sample is 𝜔𝜔 and between the 

diffracted beam and the sample is 𝜃𝜃. The Sample tilt is given by 𝜓𝜓 and the sample 

rotation with 𝜙𝜙. Sample rotation along the rotation axis 𝜔𝜔 is typically performed for 

rocking curves. Reprinted with permission from [69] © 2021 Springer Nature. (b) Two 

X-rays with a wavelength 𝜆𝜆 are reflected by atoms of a lattice with the lattice spacing 𝑑𝑑.

The incident angle 𝜃𝜃 is equivalent to the reflected angle, and in case that 𝑛𝑛𝑛𝑛 is equal to

2𝑑𝑑sin𝜃𝜃, both X-rays are reflected in phase, resulting in constructive interference.

Reprinted from [70], © 1999 Encyclopedia Britannica, Inc. .......................................... 36 

Figure 11-14: X-rays can only be diffracted at Bragg planes, which is why the growth 

orientation (out-of-plane) can be investigated without tilting the sample. In a textured 

thin film with defined out- and in-plane crystallographic planes, samples are tilted to 

investigate in-plane and asymmetric planes of interest so that the scattering vector is 

aligned to the incident and diffracted X-ray beam. Reprinted under a CC BY 4.0 Deed 

from [71], © 2013 Scientific Research. ......................................................................... 37 

Figure 11-15: From 2𝜃𝜃 = 0° until the critical angle, all incident X-rays are reflected, resulting 

in a high intensity of the X-ray reflectivity (XRR) curve. At the critical angle, incident X-

rays propagate along the sample surface, resulting in a decrease in the reflected intensity. 

Above the critical angle, incident X-rays penetrate the material and are refracted, 

resulting in a further decrease in the intensity of the reflected beam. From [72], © 2020 

Covalent Metrology Corp. .............................................................................................. 37 

Figure 11-16: Two 60° in-plane rotated cubic TiN0.9 unit cells along (111). Structure is taken 

from [73] and visualized with [74]. .............................................................................. 38 

Figure 11-17: (a) Gallium ions (Ga+) can penetrate or channel deeper into a material along 

low-index crystal planes, which results in less secondary electron (SE, e-) yield compared 

to (b) high-index crystal planes. Reprinted with permission from [75], © 2007 Springer 

Nature. .......................................................................................................................... 38 

Figure 11-18: Example of a scanning electron microscope (SEM). Inside a vacuum chamber, 

an electron gun generates accelerated electrons, which have been emitted either from a 
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thermionic emission filament like W or LaB6, or a field emission filament like a field 

emission gun (FEG). The electromagnetic condenser and objective lenses form a fine 

electron probe, which is scanned via the scan coils across an area of interest in the form 

of a raster. Generated backscattered or secondary electrons (BSE and SE) are collected 

accordingly via, e.g., an Everhart-Thornley detector, which is primarily used to generate 

SE images of the sample surface. Reprinted under a CC BY-NC-ND 4.0 DEED from [77], 

© 2021 IEEE. ................................................................................................................ 40 

Figure 11-19: Electron-matter interaction generates numerous signals from different sample 

depths inside an excitation volume. Although the incident electron beam can be formed 

into a probe with a diameter in the range of nanometers, the spatial and analytical 

resolution are mostly limited by the size of the excitation volume, which can be several 

cubic micrometers (µm) in size. Reprinted with permission from [78], © 2018 Springer 

International Publishing. ............................................................................................... 40 

Figure 11-20: Secondary electron (SE) imaging can reveal information about the sample 

morphology and topography. SE yield and the resulting contrast are primarily due to 

edge effects: SEs are less absorbed and can exit more readily at surface bumps compared 

to flat areas. Hence, surface bumps can result in higher brightness due to a higher SE 

yield. Reprinted with permission from [79], © 2013 Springer Nature. .......................... 41 

Figure 11-21: A cross-sectional view of a thin film stack was revealed via precise focused ion 

beam (FIB) milling. Taken from [80] © 2024 Dr. Kirsten Schiffmann, Frauenhofer IST. 41 

Figure 11-22: A focused ion beam (FIB) is scanned across a sample (substrate) via a precise 

pixel-by-pixel movement, resulting in material removal (milling). Dwell times (time per 

pixel) and pixel overlap (given by pixel spacing) must be adjusted for sufficient FIB 

milling. Reprinted with permission from [81], © 2004 Institute of Physics Publishing. .. 41 

Figure 11-23: A modern dual beam system consists of a secondary electron microscope (SEM) 

and focused ion beam (FIB). To ensure that features of interest of a sample will not move 

out of field of view during tilting (required for lamella preparation), the sample must be 

placed at eucentric height which is the location where the electron beam of SEM 

intersects with the ion beam of FIB. Images are either created by collecting secondary 

electrons (SE) with an Everhart-Thornley detector (ETD) or by collecting backscattered 

electrons (BSE) with a BSE detector. An energy dispersive X-ray (EDS) detector allows to 

investigate the elemental composition of a sample and the electron backscatter diffraction 
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(EBSD) detector can reveal information about the sample crystallinity. Signals (SE, BSE, 

characteristic X-rays) can either be generated by incident electrons or ions while EBSD 

can only be generated by incident electrons. The manipulator is used for the in situ lift-

out technique and can be used in combination with a gas injection system (GIS) (to 

precisely deposit materials like C or Pt) and FIB milling to remove µm-sized lamellae 

from samples. Reprinted under a CC BY-SA 4.0 DEED from [82] © 2024 Microscopy 

Australia. ....................................................................................................................... 42 

Figure 11-24: Electron-transparent lamella preparation using a focused ion beam (FIB) started 

in 1978. At that time, FIB was used to start the preparation; however, it could not finalize 

lamella preparation (to be usable for transmission electron microscopy (TEM)), which 

needed to be carried outside (ex situ) the FIB equipment. Nowadays, with the addition of 

a lift-out system (shown here by a probe) and a gas injection system (here denoted as 

“Gas”), all TEM lamella preparation steps can be performed inside (in situ). This 

development, with the addition of novel ion sources based on plasma (i.e., He), leads to 

TEM lamellae with a thickness less than 50 nm, which improves TEM imaging. Reprinted 

with permission from [83], © 2022 John Wiley and Sons. ............................................ 43 

Figure 11-25: a) To protect the sample from ion beam radiation, a protective layer is 

deposited on the material at a desired location for the TEM lamella. The first 100 nm are 

usually deposited by using the electron beam. Then, deposition is continued by using the 

ion beam to accelerate this preparation step. (b, c) Trench cuts are placed at both sides of 

the TEM lamella. (d) The TEM lamella is then welded to a manipulator (Omniprobe) and 

lifted out of the trench by performing an undercut. A sufficiently sized lamella can only 

be guaranteed if the undercut can be performed at a suitable depth, which is influenced 

by properly sizing the trench cut width. The TEM lamella is then transferred to a TEM 

grid to mill and polish the TEM lamella to a desired thickness (typically less than 50 nm). 

Reprinted with permission from [83, 84], © 2015; 2022 John Wiley and Sons and 

Elsevier. ........................................................................................................................ 43 

Figure 11-26: (a) Simplified illustration of atomic processes during focused ion beam (FIB) 

milling to remove material from the substrate. Please note that an incident angle of the 

ion beam of 90° results in less efficient milling, as the highest sputtering yield (the most 

amount of removed material) is between 70 and 80° [87]. In addition, such an incident 

angle typically results in more ions being implanted into the material, altering or 

damaging the substrate. (b) A desired material (atoms are represented by red circles) is 
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supplied to the sample surface in the form of a precursor gas (purple and blue circles) 

through a gas injection system (GIS, here deposit gas injection). A focused electron beam 

(FEB) or FIB breaks up the precursor gas, resulting in the removal of the volatile 

precursor gas material and material deposition on the sample surface. Reprinted with 

permission from [88], © 2008 American Vacuum Society. ............................................ 44 

Figure 11-27: (a) Example of an Omniprobe lift-out grid made of copper. The grid has a 

diameter of 3 mm and is designed to fit standard transmission electron microscopy 

(TEM) holders. For this example, three posts labeled A, B, and C (not visible) with 

different shapes (“V”-shape and vertical bar) are available to securely attach TEM 

lamellae. (b) A TEM lamella is attached to the side of post B via Pt or C welding. This 

attachment allows thinning without recontamination from the copper grid. Reprinted 

under a CC BY 4.0 DEED from [90], © 2023 Juliane Weber. ......................................... 45 

Figure 11-28: (a) A micro-electromechanical systems (MEMS)-based chip from DENSsolutions 

designed to fit sample holders for transmission electron microscopes (TEMs) from the 

manufacturer JEOL. Four contacts are available for electrical contact with attainable E-

fields up to 300 kV/cm, and four contacts (colored green) are used for heating (up to 

1300 °C for only heating and up to 900 °C when combined with biasing). The center of 

the chip is a thin membrane (colored differently). (b) Here, the lamella is placed at the 

center of the heater coils at the electrodes for biasing. (c) In this example, a SiC lamella is 

placed on top of the electrodes and additionally contacted with gold lamellae. Reprinted 

under a CC BY 4.0 DEED from [91], © 2023 Springer Nature. ...................................... 45 

Figure 11-29: (A-E) A modified in situ lift-out focused ion beam preparation (see also Figure 

11-25) to guide the current across a metal-insulator-metal structure of a two terminal 

device by placing side cuts (E). (F) Milling and polishing to a desired thickness is 

performed with the lamella attached to a manipulator. (G) The lamella is placed at the 

electrodes of the micro-electromechanical systems (MEMS)-based chip from 

DENSsolutions and pushed down. (H) The manipulator is detached, (I) leaving the 

region of interest (ROI) above the electron transparent window (shown in black). 

Reprinted under a CC BY 4.0 DEED from [93], © 2024 The Authors, published by

Elsevier. ........................................................................................................................ 46 

Figure 11-30: Electron-matter interaction for samples thinner than 1000 nm generates 

reflected (as shown in Figure 9-29) and transmitted signals, in addition to electron beam-

induced current (EBIC). The amount of reflected signals (X-rays, secondary electrons, 
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and backscattered electrons) is low due to the relatively thin sample thickness compared 

to the excitation volume. Most of the incident electrons are directly transmitted (direct 

beam). Elastically scattered electrons are used for imaging (transmission electron 

microscopy (TEM) and scanning transmission electron microscopy (STEM)) and 

inelastically scattered electrons for electron energy-loss spectroscopy (EELS). Reprinted 

with permission from [94], © 2019 Elsevier. ................................................................. 47 

Figure 11-31: (a) Miller indices (hkl) are calculated by taking the reciprocals of the intercepts 

of the x-, y-, and z-axes in terms of the lattice constants a, b, and c. Reprinted with 

permission from [95], © 2014 Springer New York (b) Examples of cubic lattice planes. A 

(001) plane intercepts the x-, y-, and z-axes at ∞, ∞, and 1, respectively, hence ℎ = 1∞ =

0, 𝑘𝑘 = 1∞ = 0 and 𝑙𝑙 = 11 = 1. Reprinted with permission from [96] © 2015 Springer 

Berlin Heidelberg. ......................................................................................................... 48 

Figure 11-32: The Bragg condition is satisfied if the Ewald sphere intersects with reciprocal 

lattice points. Drawn after [97]. .................................................................................... 48 

Figure 11-33: For thin electron-transparent lamellae, reciprocal lattice points are elongated 

normal to the thickness of the lamella (in this case, parallel to the incident beam) and are 

transformed into relrods thus relaxing the Bragg condition. Reprinted with permission 

from [98], © 2022 Springer Nature Singapore. ............................................................. 49 

Figure 11-34: (a) X-ray diffraction pattern of a polycrystalline material with indexed 

diffraction peaks (hkl) labeled 1-5. (b) The corresponding selective-area diffraction 

pattern (SAED) shows rings with radii related to the spacing of the lattice planes (hkl). 

Reprinted with permission from [99] © 2014 Springer, Cham. ..................................... 50 

Figure 11-35: (a) The X-ray diffraction pattern of a single crystal shows only a single peak. (b) 

Such an oriented sample can produce a symmetric selective-area diffraction pattern 

(SAED) if the incident beam is aligned (parallel) to a material crystallographic axis. 

Reprinted with permission from [99] © 2014 Springer, Cham. ..................................... 50 

Figure 11-36: A randomly aligned crystal results in a asymmetric diffraction pattern with no 

relation among diffraction spots. Reprinted with permission from [98], © 2022 Springer 

Nature Singapore. ......................................................................................................... 50 

Figure 11-37: The electron source nowadays is typically a cold field emission gun (FEG) that 

generates electrons that are usually accelerated to 60-300 kV and are condensed on an 
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electron transparent lamella (sample) either as a parallel beam (transmission electron 

microscopy, TEM) or probe (scanning transmission electron microscopy, STEM). The 

probe position can be controlled via STEM scan coils. The transmitted beam is treated by 

an imaging system (objective lens, objective aperture, selected area aperture, projector 

lenses) and can be collected either via bright field (BF), annular dark field (ADF), high-

angle annular dark-field (HAADF) detectors, a CCD camera used for imaging, or for 

electron energy-loss spectroscopy (EELS). Reprinted with permission from [100], © 2016 

Elsevier. ........................................................................................................................ 51 

Figure 11-38: The transmission electron microscope can either be operated in (a) imaging or 

(b) diffraction mode. As shown by the ray diagrams, the transmitted beam is focused by 

the objective lens at the back focal plane (F). With the addition of a diffraction lens, the 

diffraction pattern can be magnified on the final image screen (selected-area diffraction); 

otherwise, as exemplary shown, by blocking diffracted waves with an objective 

diaphragm, a bright-field image is magnified. Reprinted with permission from [101], © 

2008 Springer. .............................................................................................................. 52 

Figure 11-39: (a) In the bright-field (BF) imaging mode, only undiffracted transmitted waves 

are used for contrast generation. In dark-field (DF) mode, a diffraction spot is selected for 

contrast generation, which can be achieved either by (b) shifting the objective aperture or 

by (c) tilting the beam with a centered objective aperture (centered dark-field, CDF. 

Reprinted with permission from [102] © 1996 Springer Nature. ................................... 53 

Figure 11-40: a) Bright-field (BF) transmission electron microscopy (TEM) image of a HfO2 

based memristive device. b) To visualize the different in-plane orientations of the TiN 

grains, the dark-field (DF) TEM image is generated by a diffracted beam of a specific 

(002) crystallographic orientation of the left grain. The insets show an exemplary 

selected area electron diffraction (SAED) pattern from both TiN grains at the grain 

boundary. For BF imaging, only the primary beam is selected for contrast generation, and 

for DF imaging, a diffracted beam. [103] ...................................................................... 54 

Figure 11-41: Phase-contrast imaging relies on the interference of scattered and unscattered 

waves. (a) In case of a focused image, the phase difference between the waves is 

insufficient for interference thus waves recombine. (b) This produces an image with no 

phase contrast and only some scattering contrast. (c) To achieve interference, a phase 

shift is introduced by defocusing and spherical abberation (CS) of the objective lens, 

which results in a blurred image with a defocus-dependent contrast as shown by the (d) 
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underfocused and (e) overfocused image. Underfocused images are easier to interpret as 

the scatter and phase contrast have the same amplitude at low frequencies. (f) The 

Fourier Transform highlights how contrast depends on frequency, which showcases the 

effect of the contrast transfer function (CTF) shown in orange. (g) A smaller objective 

aperture cuts off contrast at high frequencies, which prevents high-resolution imaging. 

Reprinted under a CC BY 4.0 DEED from [104], © 2020 Wiley. .................................... 55 

Figure 11-42: Diffraction from a nearly parallel beam results in distinct diffraction spots. A 

convergent beam contains a range of incident wave vectors; thus, diffraction spots are 

broadened to disks. Reprinted with permission from [105] © 2014 Springer Nature. .... 56 

Figure 11-43: A small convergence semi angle (0.2 mrad) results in a several nanometer-sized 

probe, which is considered “quasi-parallel” as the resulting crystalline scattering consists 

of spots, which facilitates the investigation of crystallinity. An intermediate semiangle can 

result in crystalline scattering with non-overlapped diffraction discs and a nanometer 

sized probe. This Kossel-Möllenstedt pattern allows for the investigation of diffraction 

generated from minuscule regions, which is unique in comparison to other diffraction 

techniques. For larger semiangle, diffraction disks overlap creating a Kossel pattern. The 

probe size is in the range of atoms which allows to investigate with atomic resolution. 

Reprinted with permission from the author [106] © Colin Ophus. ................................ 56 

Figure 11-44: A probe scanned across an electron-transparent lamella can, i.e., generate (a) 

Kikuchi patterns or (b) Bragg disk diffraction, depending on the convergence semiangle. 

Reprinted under a CC BY from [107], © 2019 Oxford University Press.......................... 57 

Figure 11-45: The direct and diffracted beam must stay stationary when the beam is scanned 

across the sample to generate a scanning transmission electron microscopy (STEM) 

image plane. Reprinted with permission from [102] © 1996 Springer Nature. .............. 57 

Figure 11-46: (a) Sufficiently large convergence angles and lattice spacings (smaller 

reciprocal lattice vector g) result in a triple overlap of the direct and diffracted beams. (b) 

The overlaps result in interference and can be used to generate a bright field (BF) 

scanning transmission electron microscopy (STEM) image by placing a BF detector at the 

triple overlap region. Reprinted with permission from [108], © 2011 Springer Nature. 58 

Figure 11-47: Different imaging modes lead to different atom contrast in atomically resolved 

scanning transmission electron microscopy (STEM) images. (a) Light and heavy atomic 

columns appear as dark spots in annular bright field (ABF) STEM. Annular dark field 
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(ADF) STEM, typically differentiated into low-angle and medium-angle ADF, can be 

beneficial to investigate defects like grain boundaries, as Bragg effects are still included in 

the contrast. For high-angle ADF, heavy atomic columns appear as bright spots. (b) The 

inverse contrast of HAADF-STEM is visible in high-angle bright field (HABF) STEM 

images. For medium-angle bright field (MABF) STEM, light atomic columns appear as 

bright spots, while heavy atomic columns appear as dark spots. Low-angle bright field 

(LABF) STEM is similar to high-resolution transmission electron microscopy (TEM). (c) 

The annular and circular detectors are placed at different detection planes in a double-

detector microscope. Reprinted with permission from [109], © 2012 AIP Publishing. ... 59 

Figure 11-48: The optical transfer function (OTF), which is the Fourier transform of the 

electron probe intensity, shows a contrast decrease for high spatial frequencies. Reprinted 

with permission from [108], © 2011 Springer Nature. .................................................. 60 

Figure 11-49: (a) A conventional scanning transmission electron microscopy (STEM) image is 

produced by collecting signal intensities from a fixed angular region either with an 

annular detector (high-angle annular dark field (HAADF) or annular dark field (ADF)) or 

a circular detector (bright field (BF) or annular bright field (ABF)). (b) A direct electron 

detector, on the other hand, detects a large angular region of the diffraction plane. Each 

probe position contains a 2D image of the diffraction plane. When the probe is scanned 

across the sample, a 4D dataset will be created, which is why this imaging technique is 

referred to as 4D-STEM. Reprinted with permission from the author. Original figure in 

Microscopy and Analysis at [110]. ................................................................................. 60 

Figure 11-50: Recent developments allow to acquire 4D-STEM datasets with a direct electron 

detector (DED, here in-column complementary metal oxide semiconductor (CMOS)) 

detector. The installation of our special dedicated 4D-STEM setup is documented by Dr. 

Alexander Zintler in his PhD thesis [103]. In comparison to collecting diffraction patterns 

(DPs) from a phosphorus screen with an external CCD (charge coupled device) camera, a 

DED offers a faster readout with less noise and little radiation damage. With software like 

ASTAR from Nanomegas [111], DPs are analyzed by using template matching. Simulated 

DPs are compared to measured DPs. The result can be used to generate, i.e., an 

orientation map. Reprinted under a CC BY from [112] © Oxford University Press......... 61 

Figure 12-1: Growing a 111 oriented HfO2 on top of (111) TiN can result in larger strain 

effects in comparison to (020) oriented HfO2 due to the larger lattice mismatch as shown 

by the in-plane lattice spacings of the common structure (dotted line). Single atomic 
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planes are visualized along the respective growth orientation with VESTA [74]. Unit cell 

(hatched lines) structures for TiN and HfO2 are taken from [73, 121], respectively. 

Reprinted under a CC BY 4.0 from [1], © 2022 Wiley. .................................................. 63 

Figure 12-2: (a, b) Atomically resolved cross-sectional high-angle annular dark-field (HAADF) 

scanning transmission electron microscopy (STEM) images of metal-insulator-metal 

stacks reveal, that the textured monoclinic (m)-HfO2 thin film growth, either with a 

(020), (pink) or111, (purple) texture (single peaks in respective X-ray diffraction 

patterns (d, e)), results in an insulating layer with threading grain boundaries. (c) 

Despite the same grain boundary layout, only devices with 111 HfO2 have a reduced 

average forming voltage of 𝑉𝑉𝑉𝑉 = −1.9 𝑉𝑉 unlike devices with (020) HfO2 with 𝑉𝑉𝑉𝑉 =

−5.3 𝑉𝑉. The cumulative distribution function (cum. distr. funct.) shows 50 data points for 

each type of texture, representing 50 memristive devices. HAADF STEM images were 

filtered by an average background subtraction filter (ABSF), a Butterworth filter and a 

STEM crosshair filter to improve the visibility of atomic columns [122, 123]. Dashed lines 

show the HfO2/TiN interface. The length of the scale bar in the HAADF STEM image is 2 

nm. Reprinted under a CC BY 4.0 from [1], © 2022 Wiley. ........................................... 64 

Figure 12-3: (a) The leakage current of memristive devices with (020), pink, and 111, purple 

HfO2 was used to investigate the conduction mechanism by changing current-voltage (I-

V) plots (see Table 9-1). Data points from the leakage measurement of the device with 

(020) HfO2 are fitted with a Lorentzian function for better visibility. (c) The device with 

111 shows space-charged limited conduction (SCLC), and the device with (020) shows 

Fowler-Nordheim tunneling. (b) The device with (020) requires a higher voltage for 

electroforming, but also a higher compliance current (maximum allowed current) to 

reliably switch from the initial low resistance state to the formed high resistance state. 

Reprinted under a CC BY 4.0 from [1], © 2022 Wiley. .................................................. 65 

Figure 12-4: To understand how the grain boundary atomic structure impacts electroforming, 

(a) the atomically resolved high-angle annular dark-field (HAADF) scanning transmission 

electron microscopy (STEM) images were used to construct realistic density functional 

theory (DFT) relaxed atomic structures, which were used to simulate (c) HAADF STEM 

images. The DFT relaxed atomic structure is overlaid on the real and simulated image to 

highlight the congruence, in addition to the drawn, periodically occurring structural units 

(pink circles). Atomic bonds are not shown in the DFT relaxed structure for better 

visibility. Experimental HAADF-STEM images are filtered by an average background 
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subtraction filter (ABSF) and a Butterworth filter [122, 123]. Both HAADF STEM images 

are colored with the GEM-16 LUT. The scale bar is 1 nm. Reprinted under a CC BY 4.0 

from [1], © 2022 Wiley. ............................................................................................... 66 

Figure 12-5: See description of Figure 7-4. Reprinted under a CC BY 4.0 from [1], © 2022 

Wiley............................................................................................................................. 66 

Figure 12-6: Oxygen vacancy (VO) segregation energies (Eseg) (a) near the grain boundary for 

(020), (pink) and 111, (purple) for and (b) averaged for different initial VO 

concentrations. The density of states (DOS) are calculated using the projector augmented 

wave (PAW) for a low (c, d) and higher (e, f) VO concentration. Reprinted under a CC BY 

4.0 from [1], © 2022 Wiley. ......................................................................................... 67 

Figure 12-7: Pole figure (PF) measurements at a fixed 2θ of (a) 28.35° and (b) 36.64° for the 

111 and (020) textured HfO2, respectively. (c) A 111 out-of-plane oriented monoclinic 

HfO2 single crystal would produce a single in-plane peak in a (11-1) PF measurement 

(due to the monoclinic nature of the unit cell). (d) In the case of a (020) crystallinity, 

two in-plane peaks are expected. Reprinted under a CC BY 4.0 from [1], © 2022 Wiley.

 ..................................................................................................................................... 68 

Figure 12-8: The darker blue X-ray diffraction pattern of the reactive molecular beam epitaxy 

(RMBE) grown amorphous HfO2/TiN (111)/Al2O3 (001) stack shows, in addition to the 

expected crystalline peaks, a low-intense broad feature between 32° and 34° related to 

amorphous HfO2. Surface patterning and subsequent sputter coating result in the 

additional Au and Pt peaks in the lighter blue XRD pattern. Reprinted with permission 

from [3], © 2024 American Chemical Society. .............................................................. 70 

Figure 12-9: (a1), (a2) – (d1), (d2) Fast Fourier transforms (FFTs) of selected areas, named 

grain I and II, are presented next to (a-d) the respective high-resolution transmission 

electron microscopy (HR-TEM) images to illustrate crystallization at a temperature of 160 

°C of amorphous HfO2 sandwiched between Pt and highly textured (111) TiN during in 

situ TEM. Arrows indicate the growth direction of developing grains. Colored lines 

indicate the boundary between crystalline and amorphous HfO2, and a white line 

indicates the formed grain boundary. The HR-TEM scale bar is 5 nm, and the FFT scale 

bar is 5 1/nm. Reprinted with permission from [3], © 2024 American Chemical Society.

 ..................................................................................................................................... 72 
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Figure 12-10: (a-d) Inverse Fast Fourier Transforms (iFFTs) were retrieved from bandpass 

filtering the amorphous ring of the high-resolution transmission electron microscopy 

(HR-TEM) images (shown in Figure 11-8) to highlight the noncrystalline parts of the 

HfO2 layer shown in blue. To facilitate identification of the layer interfaces, shown by 

white lines, the iFFTs are overlaid on the HR-TEM images. Phase boundaries 

(amorphous|crystalline) are shown as orange and yellow lines. The formed grain 

boundary is shown as a blue line. The scale bar is 5 nm. Reprinted with permission from 

[3], © 2024 American Chemical Society........................................................................ 73 

Figure 12-11: By using azimuthal integration, the fast Fourier transforms (FFTs) of the 

pristine (a), intermediate (b) and the annealed (c) states can be converted into the 1D 

intensity profiles shown by the overlaid red graphs. (d) The inverse FFT, colored with the 

Temperature LUT, is retrieved from bandpass filtering the corresponding FFT (b) at 

3±0.3 nm-1. The scale bar is 5 nm. Reprinted with permission from [3], © 2024 

American Chemical Society. .......................................................................................... 74 

Figure 12-12: The Fast Fourier Transforms of the (a) pristine and (b) annealed states are 

shown to indicate the range (non-grayed-out part) of the (c, e) respective azimuthal 

integrations (Ais). (d) The 2D waterfall plot of AIs is shown as a function of time and 

temperature (f) The peaks (corresponding spots) around 4 nm-1 are attributed to TiN 

(111) and HfO2 (200). The scale bar is 2 1/nm. Reprinted with permission from [3], ©

2024 American Chemical Society. .................................................................................. 75 

Figure 12-13: Diffraction patterns of TiN (blue) with a 101 zone axis and of HfO2 ((010) zone 

axis) are simulated with the software ReciPro [146]. The overlaid diffraction patterns are 

representative of HfO2 that adapts a growth orientation of (200) due to a possible texture 

transfer from an underlying TiN (111), which, in addition to a similar d spacing of HfO2 

(200) and TiN (111), results in close positioning of the HfO2 (200) and TiN (111) spots.

The scale bar is 4 1/nm. Reprinted with permission from [3], © 2024 American Chemical

Society. ......................................................................................................................... 76 

Figure 12-14: Overview of the entire crystallization process by analyzing the in situ heating 

4D-scanning transmission electron microscopy (STEM) dataset with automated crystal 

orientation mapping (ACOM). Left: superimposed orientation+index maps. Right: 

superimposed phase+phase reliability maps. Reprinted with permission from [3], © 

2024 American Chemical Society. .................................................................................. 77 
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Figure 12-15: Superimposed orientation+index maps from automated crystal orientation 

mapping (ACOM) of the 4D scanning transmission electron microscopy (STEM) data set. 

The saturation of the Pt and TiN layers is reduced, growing grains are encircled and 

formed grain boundaries are represented by lines. (a) The pristine state contains 

primarily amorphous HfO2, as shown by the bright yellow color. Some pixels, however, 

are shown by a darker yellow color or a black color resulting from a lower index (darker 

pixel) or inadequate indexing (no orientation, black pixel). (b, c) Heating to at least 180 

°C results in the formation of new grains, which are primarily amorphous or 

nanocrystalline (yellow in color) and in the growth of the pre-existing grain. (d) The 

annealed state shows grain boundaries that thread the HfO2 layer. The coloring of the 

grains shows a mixed (001), (100), and 111 orientation. Reprinted with permission from 

[3], © 2024 American Chemical Society. ...................................................................... 78 

Figure 12-16: (a) The reactive molecular beam epitaxy (RMBE) grown amorphous HfO2/TiN 

(111)/Al2O3 thin film stack (shown by the orange X-ray diffraction) was patterned by 

optical lithography and sputter coated with Au and Pt. Annealing at 180 °C results in a 

mixed 111+(002) HfO2 texture, as shown by the pink XRD pattern. (b) Compared to a 

device with amorphous HfO2 (blue), the electroforming voltages for a device with 

annealed HfO2 (pink) are lower. (c) The average forming voltage retrieved from 50 

devices, shown by the cumulative distribution function (cum. distr. funct.) is lowered 

from 𝑉𝑉𝑉𝑉 = −6.1 𝑉𝑉 (blue) to 𝑉𝑉𝑉𝑉 = −4.2𝑉𝑉 (pink). Reprinted with permission from [3], © 

2024 American Chemical Society. ................................................................................. 79 

Figure 12-17: TiN thin films grown on c-cut sapphire (Al2O3 (001)) using reactive molecular 

beam epitaxy (RMBE) show higher nitrogen deficiencies at higher growth temperatures 

(samples #2-#5) which can be counteracted by increasing the Ti evaporation rate 

(sample #1). Growth at 750 °C results in the creation of an interfacial layer (Ti3AlN) 

between TiN and c-cut sapphire. Literature values for TiN0.71 and TiN0.9 are taken from 

[153] and [73], respectively, and are shown as dashed lines. Reprinted under a CC-BY-

NC-ND 4.0 from [2], © 2022 American Chemical Society. ............................................ 81 

Figure 12-18: (a) A decrease in nitrogen deficiency, as a result of an increase in growth 

temperature (samples #2-#4), shifts the critical angle (indicated by the dotted line), 

shown by the X-ray reflectivity (XRR) curves, towards higher 2θ values. (b) XRR curves of 

samples grown at the highest growth temperature (#1 and #5) show oscillations up to 6° 
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and 8°, respectively, due to low surface roughness. Reprinted under a CC-BY-NC-ND 4.0 

from [2], © 2022 American Chemical Society. .............................................................. 82 

Figure 12-19: The ϕ-scans at a fixed 2θ value of the (111) TiN1-x peak (𝜒𝜒 = ~71°) show six 

peaks as a result of two 60° in-plane rotated domains (schematically shown in Figure 9-

16). For samples #1 and #5, additional phi scans shown in a darker color were acquired 

for the additional peak (Ti3AlN (111)) in the XRD patterns (Figure 11-16). As shown by 

the six peaks, this Ti3AlN interface layer has a similar biaxial texture as the TiN layer. The 

phi scan of the substrate (shown in green, 2θ value fixed to Al2O3 (-102), 𝜒𝜒 = ~57°) 

shows three peaks that are offset by ±30°. Reprinted under a CC-BY-NC-ND 4.0 from [2], 

© 2022 American Chemical Society. ............................................................................. 83 

Figure 12-20: The rhombohedral crystal structure of sapphire (Al2O3) can be cut along 

different planes (C, A, and R), resulting in, i.e., c-cut sapphire, which is a hexagonally 

symmetric lattice. Reprinted under a CC BY 4.0 DEED from [154], © 2021 Kai Trepka. 83 

Figure 12-21: (a) Four-probe resistivity measurements during cooling with liquid He. (b) 

Selected temperature range to reveal the critical temperature (Tc). (c) Tc’s and (d) 

residual resistance ratios (𝑅𝑅𝑅𝑅𝑅𝑅 = 𝜌𝜌300 𝐾𝐾𝐾𝐾10 𝐾𝐾) are plotted as a function of the TiN1-x 

(111) d-spacing calculated from TiN1-x (111) 2θ peak positions retrieved from the X-ray

diffraction patterns shown in Figure 12-17. Reprinted under a CC-BY-NC-ND 4.0 from

[2], © 2022 American Chemical Society........................................................................ 84 

Figure 12-22: (b-f) The surface (top view) of the TiN1-x layers is imaged by backscattered 

electron (BSE) microscopy. A BSE signal contains atomic number and crystallographic 

(orientation contrast electron channeling) contrast [156]. Because all thin films are 

textured (every grain has the same out-of-plane orientation), the BSE contrast should 

only contain information about the local stoichiometry. Defects, which are present at 

grain boundaries (GBs), lower the BSE yield and are only visible in the most nitrogen-

deficient sample (f, #5). The “meandering” of these GBs follow a set of three dominant 

orientations that correspond to the twin boundaries ((a), dashed lines). Samples #2-#4 

show dark spots due to a higher surface roughness. Reprinted under a CC-BY-NC-ND 4.0 

from [2], © 2022 American Chemical Society. .............................................................. 85 

Figure 12-23: (a) Ion channeling contrast (ICC) images were acquired with an incidence 

angle of 54°. (b-f) All ICC images show a similar grain structure with comparable grain 

sizes. (e, f) To investigate the GBs, cross-sectional electron transparent lamellae were 
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prepared across the GBs (represented by red lines) for transmission electron microscopy. 

Reprinted under a CC-BY-NC-ND 4.0 from [2], © 2022 American Chemical Society. .... 86 

Figure 12-24: (1) Al2O3 substrate miscut can create small surface steps, which can bunch (2) 

during annealing. (3) These terraces affect the seeding during TiN thin film growth. (4) 

The uniform step width and height lead to a consistent alteration of in-plane orientations 

(green and red). (5) Annealing at or above 800 °C leads to the formation of an AlN 

interface layer. Reprinted under a CC BY-NC-SA 4.0 DEED from [103], © 2022 

Alexander Zintler. ......................................................................................................... 87 

Figure 12-25: High-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) images of grain boundaries of the (a) most stoichiometric and (b) most 

nitrogen-deficient TiN1-x thin film. Blue arrows denote the extended defect structure 

shown by the split atomic columns. Reprinted under a CC-BY-NC-ND 4.0 from [2], © 

2022 American Chemical Society. ................................................................................. 87 

Figure 14-1: Conductive filament formation (consisting of oxygen vacancies (VO)) in a valence 

change memory (VCM) memristive device should occur at a HfO2 grain boundary (GB), 

which is located on top of a TIN GB that can incorporate the oxygen interstitials (Oi). .. 91 
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Controlling the Formation of Conductive Pathways in
Memristive Devices
Robert Winkler, Alexander Zintler, Stefan Petzold, Eszter Piros, Nico Kaiser, Tobias Vogel,
Déspina Nasiou, Keith P. McKenna, Leopoldo Molina-Luna,* and Lambert Alff*

Resistive random-access memories are promising candidates for novel
computer architectures such as in-memory computing, multilevel data
storage, and neuromorphics. Their working principle is based on electrically
stimulated materials changes that allow access to two (digital), multiple
(multilevel), or quasi-continuous (analog) resistive states. However, the
stochastic nature of forming and switching the conductive pathway involves
complex atomistic defect configurations resulting in considerable variability.
This paper reveals that the intricate interplay of 0D and 2D defects can be
engineered to achieve reproducible and controlled low-voltage formation of
conducting filaments. The author find that the orientation of grain boundaries
in polycrystalline HfOx is directly related to the required forming voltage of the
conducting filaments, unravelling a neglected origin of variability. Based on
the realistic atomic structure of grain boundaries obtained from ultra-high
resolution imaging combined with first-principles calculations including local
strain, this paper shows how oxygen vacancy segregation energies and the
associated electronic states in the vicinity of the Fermi level govern the
formation of conductive pathways in memristive devices. These findings are
applicable to non-amorphous valence change filamentary type memristive
device. The results demonstrate that a fundamental atomistic understanding
of defect chemistry is pivotal to design memristors as key element of future
electronics.

1. Introduction

A memristor is based on the controlled (digital or analog)[1–4]

change of the resistance of a conductive pathway. In com-
plementary metal oxide semiconductor (CMOS) relevant
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materials such as Hf–O or Ta–O, the
conductive pathways consist of a local
enrichment of oxygen vacancies.[5–8] Pre-
existing oxygen vacancies allow for low-
voltage and thickness independent electro-
forming as only a reshuffle of vacancies
is required.[9–14] However, the oxygen va-
cancy distribution itself is still a random
process associated with forming and operat-
ing voltage variability.[15–17] Defect engineer-
ing to reduce the device variability has been
investigated in several works using dislo-
cations and nanocomposites.[18–20] The in-
troduction of threading grain boundaries
(GBs) via GB engineering results in highly
reproducible low-voltage electroforming.[17]

Here, we show that the complete materi-
als picture is disclosed only when taking
into account the intricate interplay between
point-defects (oxygen vacancies) and 2D de-
fect planes (grain boundaries). The specific
atomic configurations of the grain bound-
aries including strain effects result in en-
hanced or suppressed attraction between
both types of defects. As a consequence, the
selection of the proper GB allows us to cre-
ate a predefined region of increased oxy-
gen vacancy concentration which is asso-
ciated with electronic defect states close to

the Fermi level. These defect states, in turn, are the nuclei for the
soft dielectric breakdown via formation of a defined conducting
filament. This insight into the materials defect chemistry sug-
gests new experimental methods of controlling the conducting

R. Winkler, A. Zintler, D. Nasiou, L. Molina-Luna
Advanced Electron Microscopy Division
Institute of Materials Science
Technical University of Darmstadt
Alarich-Weiss-Straße 2, 64287 Darmstadt, Germany
E-mail: leopoldo.molina-luna@aem.tu-darmstadt.de
K. P. McKenna
Department of Physics
The University of York
York YO10 5DD, UK

Adv. Sci. 2022, 9, 2201806 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2201806 (1 of 7)

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadvs.202201806&domain=pdf&date_stamp=2022-09-08


www.advancedsciencenews.com www.advancedscience.com

Figure 1. Cross-sectional high-angle annular dark-field (HAADF) scanning transmission electronmicroscopy (STEM) image of themetal-insulator-metal
stack with a) (010) and b) (11„1) textured HfO2. Scale bar is 2 nm. The TiN-HfO2 interface is indicated by a faint dashed line. Images were filtered by an
average background subtraction filter (ABSF), a Butterworth filter and a STEM crosshair filter to reduce image noise.[25,26] Titanium nitride (TiN) and
hafnium oxide (HfO2) have been grown on (001) oriented Al2O3 by using RMBE. The X-ray diffraction (XRD) pattern reveals that a change in the growth
temperature and rf-power for HfO2 results in d) (11„1), (purple) and e) (020), (pink) when grown at 520 °C, 200 W and 460 °C, 280 W, respectively. c)
Devices with (010) textured HfO2 (pink) have an increased average forming voltage of Vf= −5.3 V compared to devices with (11„1) HfO2 having Vf=
−1.9 V as shown by the cumulative distribution function measured from 50 30 × 30 μm2 devices. The purple XRD pattern, purple cumulative distribution
of Vf and the purple colored high-resolution scanning transmission electron microscopy image is adapted from Petzold et al.[17]

filament, and thus also serves as a valuable guideline for future
memristor designs.[21–34]

2. An Intriguing Observation: Electroforming
Voltages Depend on Texture

The starting point of this investigation is the discovery of clearly
distinct electroforming voltages in memristive model devices
with different crystal orientation of the HfO2 layer. The devices
consist of a 50 nmTiN bottom electrode, followed by a 10 nm thin
HfO2 layer covered with Pt (100 nm) and gold (300 nm) grown
on c-cut sapphire. When choosing the appropriate growth con-
ditions either a (11„1) or (010) texture of the HfO2 dielectric is
achieved (Figure 1d,e and Figure S1, Supporting Information).
We have verified the oxygen content by X-ray photoelectron spec-
troscopy revealing that the HfO2 layers are homogeneously sto-
ichiometric. Electroforming voltages were collected from 50 de-
vices for each texture and reveal a clear correlation to the respec-
tive growth direction of HfO2. For the (010) texture an average
forming voltage of Vf = −5.3 V was observed as compared to Vf
= −1.9 V for the (11„1) texture (see Figure 1c and Figure S2, Sup-
porting Information). Both devices have a similar leakage current
level at+/− 200mV (see Figure S2a, Supporting Information). In
addition to the very distinct quantitative voltage levels, the device-
to-device variability is considerably reduced for the low voltage
devices which are formed already at standard operation voltages
(see Figure 1c).

2.1. Texture Defines Specific Grain Boundaries

Transmission electron microscopy revealed that the two types of
textured HfO2 layers are fully threaded by grain boundaries be-
longing to well-defined crystallographic equivalent sets of orien-
tations (see Figure 1a,b). Such grain boundaries display charac-
teristic periodic structure units that repeat themselves along the
grain boundary plane (see purple and pink circles in Figures 2a
and 3a). So far, grain boundaries have been discussed as a source
of variability.[27] Here we show that a smart use of grain bound-
aries may lead to the opposite, reduced, and more uniformly dis-
tributed forming voltage at negative bias. It is plausible to assume
that grain boundaries in general provide a predefined pathway
for filament formation.[27] What is unexpected, however, is that
there is a pronounced correlation of crystallographic directions
and forming voltages, the latter ones being related to the elec-
tronic structure of the grain boundary. In the next step, therefore,
we have used high-resolution imaging of atomic sites to model
the real nanostructure of both grain boundary types using density
functional theory (DFT). The DFT relaxed atomic structure for
the (11„1) textured HfO2 (see Figure 2b) is composed of one grain
terminated by (11„2) and the other by („121). For (020) HfO2 (Fig-
ure 3b), grains terminate at (100) and (101). The complete unit
cells of these structures are shown in Figure S3, Supporting In-
formation. The same periodically occurring structural units are
again marked by purple and pink circles. The DFT calculation
of the (112)|(„121) grain boundary revealed two possible stable

Adv. Sci. 2022, 9, 2201806 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2201806 (2 of 7)
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Figure 2. a) Cross-sectional high-angle annular dark-field (HAADF) scan-
ning transmission electron microscopy (STEM) images of a grain bound-
ary in (11„1) textured HfO2. The image was used as basis to simulate the
b) DFT relaxed atomic structure model which were then used to simulate
the HAADF-STEM image (c). Periodically occurring structural units at the
grain boundaries are indicated by purple circles. Scale bar is 1 nm. Experi-
mental HAADF-STEM images were filtered by an average background sub-
traction filter (ABSF) and a Butterworth filter to reduce image noise.[25,26]

All STEM images are colored with the GEM-16 LUT to improve visibility of
atomic columns.

structures differing only by a rigid translation of one grain with
respect to each other (Figure S4, Supporting Information). To
validate if these models replicate the real complex atomic struc-
tures, multislice-based electron microscopy image simulations
were performed (Figures 2c and 3c). The results match with high
accuracy the atomically resolved HAADF-STEM data. This result
shows that imaging of defect processes at grain boundaries can
be obtained not only on well-defined bicrystals,[28,29] but can be
extended to realistic CMOS materials.
It is important to note that for (11„1) textured HfO2, construc-

tion of the (112)|(„121) GB was only possible by applying signifi-
cant strain parallel to the grain boundary. In contrast, the con-
struction of the (100)|(101) grain boundary for (020) HfO2 re-
quires no strain most likely due to the semi-coherent nature
of this grain boundary.[30] Strain effects by lattice mismatch or

Figure 3. a) Cross-sectional high-angle annular dark-field (HAADF) scan-
ning transmission electron microscopy (STEM) images of a grain bound-
ary in (020) textured HfO2. The image was used as basis to simulate the
b) DFT relaxed atomic structure model which was then used to simulate
the HAADF-STEM image (c). Periodically occurring structural units at the
grain boundaries are indicated by pink circles. Scale bar is 1 nm. Experi-
mental HAADF-STEM images were filtered by an average background sub-
traction filter (ABSF) and a Butterworth filter to reduce image noise.[25,26]

All STEM images are colored with the GEM-16 LUT to improve visibility of
atomic columns.

dopants are being routinely used in semiconductor technology
to modify electronic properties and transistor performance.[31]

Here we show that texture transfer induced strain in coherent
grain boundaries have a strong effect on electronic properties in
memristive devices.

2.2. Grain Boundary Influence on Oxygen Segregation Energies
and Electronic Structure

Having properly modelled the grain boundary defect nanostruc-
tures of realistic memristive model devices gives us the possibil-
ity to investigate neutral oxygen vacancy (VO) interactions with
GBs by first principles calculations. Note that we are not using
a model grain boundary of higher symmetric (cubic) HfO2 but
are taking the real atomic positions of the grain boundary within

Adv. Sci. 2022, 9, 2201806 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2201806 (3 of 7)
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Figure 4. Oxygen vacancy segregation energies were calculated from the DFT relaxed atomic structure models as a function of a) distance from the grain
boundary (marked by dotted line) and b) oxygen vacancy concentration for (11„1), (purple) and (020), and (pink) textured HfO2. The density of states
(DOS) at grain boundaries for c,e) (11„1) and d,f) (020) HfO2 were calculated using the projector augmented wave (PAW) method and are shown as a
function of oxygen vacancy concentration (VO conc.).

the monoclinic phase. The variation of segregation energy Eseg
in the vicinity of the GBs (Figure 4a) shows that oxygen vacancy
segregation is more favorable at the (112)|(„121) GB (purple) than
at the (100)|(101) GB (pink). However, as the concentration of
vacancies increases beyond 2 nm–2 the average segregation en-
ergy per vacancy (Eseg/VO) for the two GBs becomes comparable
(Figure 4b). The electronic properties investigated by the den-
sity of states (DOS) projected onto the GB regions (Figure 4c)
as a function of VO concentration reveal a larger band gap for the
(112)|(„121) GB (purple) than the (100)|(101) GB (pink). The mag-
nitude of the band gaps is comparable to previous reports[32,33]

and in the presence of VO the bandgaps are significantly smaller
as compared to bulkm-HfO2.

[34,35] For low VO concentration (be-
low 2 nm-2) the DOS of both GBs show a deep and narrow gap
state associated with the vacancies.[34]

For the (112)|(„121) GB, the gap state is positioned mid-gap,
while for the (100)|(101) GB the gap state is positioned closer
to the conduction band. With increase in VO concentration the
DOS shows the formation of a conductive sub-band as suggested
in literature.[33,35] DOS for VO concentration equal to 0, 2, and
6 nm–2 are shown in Figure S5, Supporting Information.
The electronic properties investigated by the DOS from the

DFT relaxed structures of the (112)|(„121) GB and the (100)|(101)
GBwere comparable and the introduction of oxygen vacancies re-
sulted in a similar change of the intermediate bandgap states of
the DOS. The formed conductive sub-band for VO concentration
above 2 nm–2 is a percolation path for the current and deterio-
rates the insulating properties of HfO2. The oxygen vacancy con-
centration can be driven even to a state where the insulator transi-
tions to a semiconducting or evenmetallic state.[35] The presence

of preexisting oxygen vacancies is known to reduce the required
forming voltages for a conductive filament in HfO2−x.

[12] For the
here discussed samples, the stoichiometry of the HfO2 matrix
is close to the ideal 1:2. It can, therefore, be excluded that any
anisotropy in oxygen vacancy distribution inside the nanocrystals
is the reason for the difference in forming voltages. Therefore,
theVO concentration below 2 nm–2 is representative for a pristine
non-formed resistive switching device, which is insulating. Our
results show that at low vacancy concentrations the VO segrega-
tion energy in (112)|(„121) GBs (in comparison to the (100)|(101)
GBs) are more negative. The (112)|(„121) GB therefore acts as a
sink for oxygen vacancies, thereby, driving the surrounding ma-
trix closer to perfect stoichiometry by the depletion of vacancies,
while the grain boundary plane itself is enriched in vacancies.
As a consequence, this type of grain boundary is the perfect per-
colation path for electron transport initiating the formation of a
conducting filament.
Due to the monoclinic structure of the HfO2 thin films, imag-

ing a grain boundary with both grains being atomically resolved
was highly challenging.Moreover, finding a high resolved GB did
not guarantee that the construction of a DFT relaxed supercell
was possible due to the non-commensurate nature of adjacent
monoclinic grains. Therefore, only one GB of each HfO2 texture
is shown. However, the textured growth of the (11„1) and (020)
HfO2 thin films results in six allowed in-plane directions each
(Figure S6a,b, Supporting Information) limiting the possible ori-
entations and resultant GB types. According to Figure S6c,d, Sup-
porting Information, the majority of GBs in (020) textured HfO2
are therefore composed of grains terminated by low-index orien-
tations (e.g., (100)), contrary to GBs in (11„1) HfO2 which have
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high-indexed terminated grains. Construction of the GB with
high-indexed terminated grains ((112)|(„121) GB) required appli-
cation of strain. In the near future, we plan to probe local stress
fields of GBs with high- and low-indexed terminating grains to
investigate the effect on local ionic mobility.[36–41]

3. Conclusion

Our combined experimental and ab initio study reveals that an
intricate interplay of defects with different dimensionality plays
the key role in predefining the formation path of the conducting
filament. The controlled induction of a specific grain boundary
type by texture transfer is a promising way to overcome present
limitations set by the variability of forming voltages and is likely
to be favorable for improved device endurance and cycle stability.
For the sake of this study we have used MBE growth parame-
ters outside the CMOS temperature budget. However, the favor-
able combination of a (111) oriented TiN electrode with a (11-1)
oriented HfO2 functional layer can also be achieved with indus-
trial relevant methods such as atomic layer deposition. The here
suggested method of grain boundary and defect engineering is
scalable well below 10 nm as the grain size is comparable to the
thickness of the dielectric layer.

4. Experimental Section
Sample Preparation: Reactive molecular beam epitaxy (RMBE) was

used to grow TiN on c-cut sapphire followed by in situ growing
HfO2 in a custom designed ultra-high vacuum chamber (base pres-
sure ≈ 10-9 mbar).[42] For the TiN layers, the substrate was heated to
800 °C. Ti from Lesker (4.5 n purity) was evaporated at a rate of 0.3 Å
s−1 with in situ nitridation by using a radio frequency (rf)-source with an
rf-power of 350 W and a flow of 0.6 sccm nitrogen (5 n purity). Growth
of hafnia layers with defined textures were achieved by using distinct tem-
peratures and rf-powers. Hf from MaTeck (3 n purity) was evaporated at
a rate of 0.7 Å s−1 and in situ oxidized by a rf-source with a flow of 1 sccm
oxygen (5 n purity). For the (11„1) textured hafnia, the rf-source was oper-
ated at 200 W and the substrate was heated to 520 °C. The (020) textured
hafnia was grown at a substrate temperature of 460 °C with the rf-source
operating at 280 W. The film thickness and surface crystallinity were in
situ monitored by using quartz crystal microbalance (QCM) and reflection
high energy electron diffraction (RHEED), respectively. To complement the
metal–insulator–metal (MIM) structure, first a standard lithography step
was carried out to pattern the surface followed by sputtering 100 nm Pt
and 300 nm Au with a Quorum sputter cutter. The lift-off process resulted
in 30 × 30 μm2 MIM devices.

X-Ray Measurements: Before completing the MIM structure, texture
quality of the reactive molecular beam epitaxy (RMBE)-grown TiN and
HfO2 thin films were examined with X-ray diffractometry (XRD). A Rigaku
SmartLab diffractometer were used in parallel beam geometry with a cop-
per K

𝛼
X-ray source.

Electroforming: Initialization of resistive switching for a device under
test (DUT) was achieved by a DC-negative voltage sweep using a Keithley
4200 semiconductor characterization system (SCS). The top electrode of
the device under test (DUT) was biased while electrically grounding the
bottom electrode. To prevent a hard dielectric breakdown during electro-
forming, the internal current compliance (CC) of the semiconductor char-
acterization system (SCS) was limited to 10 and 100 μA.

Electron Microscopy: From the MIM devices, TEM lamellae were pre-
pared by using in situ lift-out focused ion beam (FIB) microscopy (JEOL
JIB-4600F). Aberration corrected STEM images were acquired with a con-
vergence angle of 36 mrad by using a field-emission (S)TEM (JEOL ARM-
200F) at an acceleration voltage of 200 kV. Detection angles of the HAADF

detector ranged from 90 to 370 mrad. Growth direction and zone axis of
the HfO2 thin films were identified by using the diffractGUI of CrysTBox
developed by Klinger and Jäger[43] with the FFTs of individual grains and a
reference structure from Christensen and An[44] as the material input.

Density Functional Theory Methodology: Calculations of the structure
and electronic properties of m-HfO2 GBs were performed using the pro-
jector augmented wave (PAW) method as implemented in the Vienna Ab-
initio Simulation Package (VASP).[45,46] The approach was the same as
that described in the authors’ previous paper which focused on a single
GB type observed in (111̄) textured films.[17] Here a second GB type ob-
served in (020) textured films was also considered as well as VO segrega-
tion to both GB models was considered in order to provide insight into
the origin of the difference in VF. The generalized gradient approximation
of Perdew, Burke, and Ernzerhof (PBE)[47] and standard Hf and soft oxy-
gen projector augmented wave (PAW) potentials was employed. Using a
400 eV plane wave cut-off and a Monkhorst–Pack k-point grid of 11 × 11
× 11 lattice constants for bulkm-HfO2 within 0.5% of experimental values
were obtained.

The GB in the (111̄) textured films could be formed by joining a (1̄1̄2̄)
terminatedm-HfO2 grain to a (1̄21) terminated grain. Tomake a commen-
surate supercell in this case one must apply strain to both grains parallel
to the interface (<10%). The grain boundary in the (020) textured films
could be formed by joining a (100) terminated m-HfO2 grain to a (101)
terminated grain. In this case, it was possible to form a commensurate
supercell with very little strain (<0.1%). For both GB models, a vacuum
gap of 10 Å was included to separate the two free surfaces in the periodic
supercell such that only one GB interface was present. This was necessary
in this case as the low symmetry of the GB makes it impossible to con-
struct two equivalent GB interfaces in the supercell as is usually possible
for higher symmetry GBs.[48–51] To determine the most stable configura-
tion, a gamma-surface scan of GB translation states was carried out (in
steps of ≈1 Å in both directions parallel to the grain boundary).

To assess the tendency of VO to segregate to the GBs, vacancy forma-
tion energies for all inequivalent oxygen sites in the region between the
centers of each grain were calculated. The formation energy was com-
puted relative to half the energy of an oxygen molecule. For the (020)
textured GB (which had negligible in-plane strain applied), the formation
energies in the bulk of each grain were very similar and in good agree-
ment with previous calculations of VO in bulk m-HfO2 (6.57 eV for three-
coordinated sites and 6.64 eV for four-coordinated sites). Because the
(111̄) textured grain boundary had significant strain applied, the absolute
formation energies in the bulk of each grain were modified (≈1.2 eV lower
in energy). To allow comparison and assess general trends in defect seg-
regation, a segregation energy (Eseg) is defined relative to the bulk forma-
tion energy in each GB model. In both models, vacancy segregation was
favorable both in the dilute limit and, as the concentration of vacancies
segregated to the grain boundaries, was increased. To assess the effect
this has on electronic properties, the electronic DOS both for the pristine
stoichiometric GB and the GB with increasing concentrations of VO were
computed.

Multislice Simulations: To correlate experimental high-resolution data
to the developed supercells from density functional calculations, STEM
images were simulated with the software Dr. Probe[52] using the multislice
method.[53] Within the software, the microscope parameters were set to
an acceleration voltage of 200 kV, a convergence angle of 25mrad, a source
size of 0.08 nm, and a HAADF detection range of 90 to 370 mrad with all
aberrations set to zero. Cell sizes for equidistant slice creation along zwith
applied Debye–Waller factors for the (112)|(1̄21) and the (100)|(101) GB
were 10.49 × 1.90 × 14.03 nm, 4800 pixel × 864 pixel × 80 slices, 19 200
atoms and 11.77 × 1.03 × 15.87 nm, 5400 pixel × 480 pixel × 180 slices,
13 920 atoms (x × y × z), respectively. Centered calculation windows were
set to 5.24 × 0.95 nm, 524 × 95 pixels and 5.89 × 0.52 nm, 589×52 pix-
els (x × y) with a sampling of 0.01 nm/pix for the (112)|(1̄21) and the
(100)|(101) GB, respectively. Computational time for a “Scan image” type
with a thickness of ≈10 nm (56 and 113 slices, respectively) took ≈2 h
30 min and ≈2 h for the (112)|(1̄21) and the (100)|(101) GB, respectively,
using 30 threads of an AMD Ryzen 9 3950X CPU overclocked to 4.15 GHz
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assisted by a GeForce RTX 3070 GPU (128 GB 2666 MHz RAM and 500
GB Samsung SSD 970 EVO Plus).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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ABSTRACT: Titanium nitride thin films are used as an electrode
material in superconducting (SC) applications and in oxide
electronics. By controlling the defect density in the TiN thin
film, the electrical properties of the film can achieve low resistivities
and a high critical temperature (Tc) close to bulk values. Generally,
low defect densities are achieved by stoichiometric growth and a
low grain boundary density. Due to the low lattice mismatch of
0.7%, the best performing TiN layers are grown epitaxially on MgO
substrates. Here, we report for the first time a Tc of 4.9 K for
ultrathin (23 nm), highly textured (111), and stoichiometric TiN
films grown on 8.75% lattice mismatch c-cut Al2O3 (sapphire)
substrates. We demonstrate that with the increasing nitrogen
deficiency, the (111) lattice constant increases, which is
accompanied by a decrease in Tc. For highly N deficient TiN thin films, no superconductivity could be observed. In addition, a
dissociation of grain boundaries (GBs) by the emission of stacking faults could be observed, indicating a combination of two sources
for electron scattering defects in the system: (a) volume defects created by nitrogen deficiency and (b) defects created by the
presence of GBs. For all samples, the average grain boundary distance is kept constant by a miscut of the c-cut sapphire substrate,
which allows us to distinguish the effect of nitrogen deficiency and grain boundary density. These properties and surface roughness
govern the electrical performance of the films and influence the compatibility as an electrode material in the respective application.
This study aims to provide detailed and scale-bridging insights into the structural and microstructural response to nitrogen deficiency
in the c-Al2O3/TiN system, as it is a promising candidate for applications in state-of-the-art systems such as oxide electronic thin film
stacks or SC applications.

1. INTRODUCTION

Titanium nitride (TiN) is an intensely studied electrode
material for oxide and superconducting (SC) electronics. For
example, the successful combination of TiN and dielectric
materials has been demonstrated on hafnium oxide (HfO2) in
complementary metal-oxide-semiconductor field-effect transis-
tors and next-generation Hafnia-based resistive random access
memories (RRAM).1−3 Ferroelectric RAM (FeRAM), which
requires symmetric electrodes, can also be realized with TiN as
a bottom and top electrode.4−8 In addition, TiN is a strong
candidate as an electrode material in Josephson junctions and
SC coplanar waveguides9 with bulk transition temperature (Tc)
of up to 6.0 K10−12 and exhibits low losses at microwave
frequencies.13 In the search for the highest possible Tc,
extensive research including machine learning-based growth
parameter prediction is applied.14 TiN has also gained
significant interest in plasmonic and metamaterial applications
in the visible and near-infrared wavelength range.15 The
fabrication of TiN electrodes is generally based on thin film
deposition by either physical vapor deposition techniques, such

as radio frequency (RF) sputtering, chemical vapor deposition
(CVD) techniques like inorganic CVD or metal organic CVD
(MOCVD), or by sol−gel based approaches.
These films exhibit resistivity values ranging from 14 to 1000

μΩcm for film thicknesses above 40 nm.9,16−18 Sol−gel based
approaches of depositing a TiO2 film with subsequent
nitridation achieved 40 nm TiN films with a 1510 μΩcm
resistivity.19 In most cases, these TiN thin films exhibit a
polycrystalline microstructure with a columnar grain
growth20−22 and grain boundaries (GBs) that run along the
entire thin film thickness.23 This microstructure is commonly
discussed as the source for reduced conductivity in TiN thin
films.24 The use of highly epitaxial TiN thin films would be
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advantageous for thin film electronic applications.25 Epitaxial
or single-orientation growth of TiN has been previously
reported in the literature using DC reactive sputtering,26 pulse
laser deposition (PLD),27 atomic layer deposition (ALD),28,29

and reactive molecular beam epitaxy (RMBE) methods.9,30

High-quality epitaxy leads to very smooth thin film surfaces
and low-defect densities. In the work by Krockenberger et al.,
TiN grown on MgO substrates by RMBE yields Tc of up to
5.25 K and resistivity in the range of 10−15 μΩcm at 40 nm
film thickness.9 The highest surface quality with a Tc of 5.25 K
was obtained for thin films grown at 720 °C. Superconductivity
was found to disappear at lower growth temperatures due to a
decrease in the nitrogen content of the thin films. As
demonstrated by Torgovkin et al., this can be reversed by
annealing deficient TiN1−x layers in a nitrogen atmosphere.12

Chen et al. achieved RMBE-based quasi-epitaxial growth31

TiN thin films on Si and Al2O3 substrates at elevated
temperatures, resulting in Tc as high as 5.9 K for 130 nm
thick films30 (closest to bulk TiN, Tc = 6.0 K11). At the same
time, the presence of nitrogen vacancies and GBs in TiN for
RRAM applications has been reported to be beneficial for
oxygen incorporation at the HfO2/TiN interface during
resistive switching processes.32

To our knowledge, highest surface quality TiN (001) thin
films were reported when grown on MgO (001) substrates due
to their low lattice mismatch (0.7%). However, Narayan et al.
reported the epitaxial growth of TiN (001) on Si(001)
substrates by PLD, which was suggested to occur via a domain
matching epitaxy.33 This is unexpected because Si (001) as a
substrate for TiN (001) thin films should not yield high
epitaxial growth due the high lattice mismatch of 25%. Here,
the epitaxy is induced by the common structure, which is
composed of four TiN (001) unit cells matching on three Si
(001) unit cells, resulting in a lattice mismatch of less than 4%.
Reisinger et al. identified a recombination in the Si (001)/TiN
(001) system with a “5-on-4-cube-on-cube” reconstruction
(lattice mismatch 2.4%) for lower deposition temperatures.34,35

For 100 nm thick films, Talyansky et al. reported epitaxial
growth of TiN (111) film on c-cut sapphire substrates with

resistivity as low as 13 μΩcm and surface roughness (RMS) of
0.6−1 nm.36 A high lattice misfit of 8.75% was calculated
considering a rhomb-on-rhomb growth on the c-cut sapphire
substrate.
Although quasi epitaxial growth of TiN thin films was

reported for both Silicon and c-cut sapphire substrates,31,37

there is a lack of experimental evidence to clarify the specific
nature and properties of the grown microstructures. The high
relevance of microstructural effects in TiN is underpinned by
studies reporting a total loss of SC for films thinner than 40
nm.12,16 Most studies are limited by being confined to
macroscopic characterization methods like resistivity and X-
ray diffraction (XRD) techniques, which allow for functional
assessment of the as-grown films, but provide an incomplete
picture of the deposited thin films. This study aims at
broadening the understanding of defect sources in TiN thin
films, namely, nitrogen deficiency and grain boundary density,
by combining macroscopic and microscopic investigations
down to the atomic level.

2. RESULTS AND DISCUSSION

2.1. TiN1−xNitrogen Deficiency. Figure 1a shows the
temperature-dependent resistivity measurements of the ∼25
nm thick TiN thin films. Films with increasing nitrogen
deficiency are presented in the sample series number #1 to #5.
The N deficiency was introduced by (a) lowering the substrate
temperature and (b) increasing the Ti evaporation rate; see the
Experimental Section for further details. Figure 1b shows the
low-temperature regime of Figure 1a to reveal the transition
temperature to the SC state. Only sample #5 does not show a
critical temperature (Tc) above the lowest measurement
temperature of 4.2 K. To investigate the influence of the
growth temperature in more detail, out-of-plane d-spacing
(111) values were retrieved from XRD 2θ/ω-scans, as shown
in Figure S1. The TiN thin film with the largest d-spacing
(2.451 Å, #1) shows the highest Tc value (4.9 K), as shown in
Figure 1c. Tc drops to 4.4 K at a d-spacing of 2.440 Å (#4).
The film with the lowest d-spacing (2.438 Å, #5) shows no SC.
The d-spacings found for the different deposition conditions

Figure 1. With an increase in growth temperature, the room temperature resistivity ρ(300 K) decreases (a) while Tc increases (b), which is
associated with an increase in the residual resistance ratio (RRR = ρ(300 K)/ρ(10 K)), and (c) increase in the TiN1−x (111) d-spacing (d); dashed
lines indicate literature references for N-deficient and stoichiometric TiN1−x compositions.
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can be compared to literature data of known stoichiometry,
here (111) TiN0.71

38 and TiN0.9
39 (dashed lines, Figure 1c,d),

which allows for the estimation of the nitrogen deficiency. The
most stoichiometric film yields a high Tc, whereas the most
nitrogen deficient sample shows no Tc. Changing nitrogen
deficiency directly translates to the formation of nitrogen
vacancies in the crystal lattice.11 To investigate the defect
density of the TiN thin film, the residual resistance ratio
(RRR)12 was calculated (Figure 1d). RRR is defined as the
quotient of the resistivity at room temperature (RT) and at 10
K [RRR = ρ(300 K)/ρ(10 K)]. The conductivity at 10 K is an
indirect measure of defect density because the (thermal)
phonon scattering contribution is greatly reduced at this
temperature.40 In the present system, this defect density is
primarily governed by N deficiency shown by a decrease in
RRR with smaller d-spacing.
2.2. Thin Film Microstructure. The doubling of resistivity

cannot be only explained by the volume defects introduced by
the increased nitrogen deficiency. Another source of defects
that decreases electrical conductivity in a material is the
presence of GBs. A first indication for the presence of GBs
would be the existence of more than one in-plane orientation
of the (111) oriented TiN grains. The out-of-plane texture that
was extracted from the 2θ/ω scans is TiN (111)||Al2O3 (001).
The in-plane alignment of the TiN grains can be achieved by
azimuthal or ϕ-scan. The results are depicted in Figure S1 and
show that TiN {111} peaks are separated by 60° and are offset
by ± 30° to the Al2O3 {1̅02} peaks. This indicates the presence
of two in-plane locked crystal orientations or domains, which
are 60° in-plane rotated to each other. This was also previously
reported for epitaxial TiN (111) thin films on c-cut Al2O3 and
Si substrates36,41 where the equivalent TiN (011̅) and (101̅)
crystal orientations align along Al2O3 (100). The full epitaxial
relationship can thus be summarized as follows: TiN (111)||
Al2O3 (001) out-of-plane and TiN(011̅),(101̅)||Al2O3(100) in-
plane.
With an electron mean free path (MFP) of ∼100 nm for

TiN thin films as estimated by Krockenberger et al.9 for a 40
nm TiN (001) film on MgO (001), a supposedly grain
boundary free TiN film was grown epitaxially on the low lattice
mismatch substrate. In the present samples, a grain size
distribution analysis provides insights into the contribution of
these boundaries in the resistivity.10 The contribution of these
GBs is higher if the distance between the boundaries is the
same length scale as the MFP.42 A common method to image
GBs is backscatter electron (BSE) imaging, which has been
applied to the present sample series and is displayed in Figure
2.
Figure 2a shows a model for two 60° in-plane rotated TiN

grains with GBs indicated by dashed lines. The GBs that are
formed can be understood as twins (with boundaries of the
(1̅21̅)/(2̅11)/(112̅) type). Figure 2b−f shows representative
top-view BSE images of the TiN films. BSE contrast is
susceptible to the crystal quality, grain orientation, and RMS.
With the film fully aligned in the (111) orientation, the
observed contrast should only indicate GBs and roughness.
GBs reduce the number of backscattered electrons due to the
presence of defects in the crystal lattice, thus giving a detailed
view of the thin film microstructure. For the sample with the
highest nitrogen deficiency (Figure 2f), GBs are visible as
meandering dark lines. For the samples grown at 620, 660, and
690 °C and the stoichiometric sample grown at 750 °C, no
distinct GBs can be observed. Dark spots observed for the low

growth temperature samples (Figure 2b−d) can be correlated
with the increase in RMS as indicated by the X-ray
reflectometry (XRR) results (Figure S3a) down to a RMS of
1.5 nm for the films grown at 750 °C. The meandering of the
boundaries in the sample shown in Figure 2f does not indicate
a random behavior, but it follows a set of three dominating
orientations. They correspond to the twin boundaries marked
by dashed lines shown in Figure 2a. Consequently, this
indicates the presence of a high number of twin boundaries for
the sample shown in Figure 2f.
With BSE imaging, no GBs could be observed for the

samples grown at lower temperatures. However, XRD ϕ-scans
indicate that there are two orientations of the TiN grains
present in each sample. To investigate the microstructure of all
samples, ion channeling contrast (iCC) imaging43 was
performed, as shown in Figure 3. The imaging conditions
were selected to give the strongest iCC between the two
orientations. A sample tilt of 54° from the 30 keV Ga ion beam
allowed the ions to penetrate one TiN orientation at the
prominent (001) zone axis, while the other grain orientation
would be oriented at the same time along the (1̅22) zone axis.
The discrepancy between the index of the zone axis directly
correlates with the secondary electron (SE) yield and thus the
observed contrast in the images (prominent {001} zone axis,
low SE yield; {1̅22} zone axis, high SE yield).44 With the high
contrast achieved in an otherwise featureless surface, this
method proved to be ideal to identify grain sizes and
microstructures in this system, which can also be optimized
by a ϕ/azimuth rotation series. In the iCC images, large, over
100 nm sized grains can be observed for all samples.
The anisotropy of the grain size can be attributed to a miscut

of the c-cut sapphire substrate, which was used for all samples.
Cuccureddu et al. found that even for nominally 0° miscut “c-
cut” samples, there are still surface steps present that are
homogeneously distributed on the surface.45 For a 0.15°
miscut c-Al2O3 sample, the step width was found to be 120 nm.
In addition, annealing leads to a “bunching” of the surface
steps if they are held at elevated temperatures, meaning that
each resulting step height is a multiple of c/6 = 2.2 Å of the
Al2O3 c-axis unit cell parameter (c = 13 Å). The step width and
height converge to uniformity.46 The (111) d-spacing value of
TiN is 2.439 Å, which is a ∼10% deviation of the c/6 Al2O3 =
2.2 Å (see Figure S4) lattice constant along growth direction. A

Figure 2. (a) Twin grain boundary of two 60° in-plane rotated TiN
grains (red and green). (b−e) Top view BSE maps of the SC TiN thin
films showing no visible GBs in contrast to the non-SC TiN thin film
(f). False color is applied to enhance contrast.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05505
ACS Omega 2022, 7, 2041−2048

2043

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05505/suppl_file/ao1c05505_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05505/suppl_file/ao1c05505_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05505/suppl_file/ao1c05505_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05505?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05505?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05505?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05505?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


bunched surface step of 5*c/6 Al2O3 would introduce an
overall mismatch of 56%, whereas a surface step of 9*c/6
Al2O3 would be a full TiN (111) d-spacing. Depending on the
step height, the bonding configuration for the first adatom
differ47 and might trigger the respective TiN in-plane rotation
(the out-of-plane direction fixed by the rhomb-on-rhomb
epitaxy). By this high degree of ordering, the observed
consistent alternation of in-plane orientations can be under-
stood as an effect of uniform step widths and heights on the
seeding conditions. The investigated TiN films have been
grown on the same batch of substrates, which were heated
during deposition and which will therefore yield to similar
surface steps, as indicated by the uniform grain size
distribution throughout the sample series. The four-point
electrode geometry used in the resistivity measurement was
not aligned with the observed elongation. The anisotropy,
induced by the substrate miscut, dictates one crucial source for
defects in the thin film: the grain boundary density. It is
virtually the same for all samples and thus will have the same
contribution for all samples. For the following high-resolution
scanning transmission electron microscopy (HR-STEM)
analysis, cross-sectional FIB lamellae have been cut from the
samples grown at 750 °C. Cutting was performed perpendic-
ular to the elongated grain structures (indicated in Figure 3e,f)
to ensure that the GBs are aligned along the observation
direction of the STEM.
2.3. Atomic Structure of (Dissociated) Twin GBs.

Figure 4 shows representative cross sections of GBs for the
samples grown at 750 °C. The sets of neighboring grains are all
oriented with (111) pointing upward along growth direction,
which confirms the observations of the 2θ/ω scans (Figure 1).
Both of the imaged GBs can be indexed as twin boundaries of
the {1̅21̅} type. For the sample grown at a Ti evaporation rate
of 0.2 Å/s (Figure 4a), atomic resolution high-angle annular
dark-field (HAADF)-STEM imaging shows that the defects
present at the boundary are located at the boundary itself,
where the joining of the lattices of the grains form periodic
recombination sites along the boundary. This is in stark

contrast to the boundary of the sample grown at 0.6 Å/s
(Figure 4b). Here, an extended defect structure indicated by
split atomic columns (indicated by blue arrows) can be
observed. These variations in contrast can be attributed to
stacking faults along the (111) axis for the left grain shown in
Figure 4b. Twin boundary dissociation by stacking fault
emission is observed for other systems48,49 as well as for TiN,
but up until this point, only under mechanical deformation.50

Strain induced by the lattice mismatch in the present
substrate/thin film stack in combination with the growth
conditions of the RMBE deposition process was reported as
the cause for the occurrence of stacking faults in the Si/GaAs
system.51,52 Here, the volume affected by stacking faults
extends through the full film thickness up to the surface of the
film, where it gives rise to the grain boundary contrast found in
the BSE images (Figure 2f), as they pose a sample volume of
high defect concentration, reducing the backscatter yield.
Strongly confined geometrical conditions for the micro-

structure developed during the thin film growth process have a
direct impact on the physical properties. A high fraction of
high symmetry boundaries are generally associated with
reduced resistance in conductors.41,53 This is the case in our
study because the microstructure of the TiN films contains
almost solely twin boundaries. If the average grain size is in the

Figure 3. (a) Ion channeling contrast (iCC) imaging geometry. (b−f) iCC images of the samples revealing an elongated grain structure with
comparable grain sizes for all samples. Red lines (e,f) showing the orientation of the cross sections cut in the subsequent focused ion beam lamella
preparation, perpendicular to the observed GBs.

Figure 4. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images of {1̅21̅} twin
boundaries in the (a) SC and (b) non-SC TiN thin films. The
grain boundary in (b) shows a high density of stacking faults in the
atomic resolution image, indicated by blue arrows.
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range of the MFP, the grain boundary can be considered as a
main contributor to electron scattering, increasing the
resistivity.24,54 Due to the equal average grain size in the
present sample series, the impact on resistivity should therefore
be equivalent. Nonetheless, the defects associated with the
extended GBs play a crucial role in the contribution to the
resistivity. Extended scattering regions lead to higher resistivity,
which is described as a reduction of “grain boundary
transparency” in terms of electrical conduction across a grain
boundary.55−57 This is directly evident in the increase of
conductivity (Figure 1a). There is also a higher concentration
of oxygen12 and other contaminants58 expected at the
boundaries, which could negatively affect electronic transport
properties.
In their application as bottom electrodes for valence change

memory RRAM devices, the ability of the electrodes to
incorporate oxygen plays a fundamental role in the resistive
switching process.59−63 Nitrogen-deficient TiN thin films
lower the energy necessary to incorporate oxygen ions in the
electrode material.32 As GBs form a localized high density of
defects, especially for the dissociated GBs observed in this
work, they would have the potential to locally facilitate
electroforming and switching processes.3 As the microstructure
of the TiN electrode also defines the growth conditionsor
conditions for crystallization by annealing for ALD grown
films64GBs present a predefined seeding location and thus
will have a direct influence on the microstructure observed in
subsequent layers of a thin film stack.3 This influence can be
further addressed by nanoscale orientation mapping techniques
like automated crystal orientation mapping in a plan-view
geometry.65

3. CONCLUSIONS

The impact of nitrogen deficiency on the room and low
temperature conductivity as well as on the microstructure and
type of evolving GBs was studied for the c-Al2O3/TiN system.
By combining XRD 2θ/ω, ϕ-scans, BSE, iCC imaging in a
multibeam FIB system and atomic resolution HR-STEM, the
microstructure, grain size, and type of GBs were determined.
The ∼25 nm thick TiN films exhibit a homogeneous (111)
out-of-plane texture, with a set of two in-plane rotations,
separated by 60°. This texture is defined by the quasi epitaxial
growth of (111) TiN on c-Al2O3 where the large lattice
mismatch of 8.75% is compensated by a rhomb-on-rhomb
configuration. A fixed grain size as observed for the present
sample series allowed us to separate the grain boundary
density, as one contributor to defect density, from the effect of
increasing nitrogen deficiency. The observed grain boundary
density and the anisotropy of the grain size are directly related
to the surface step density found on nominally 0° c-cut
sapphire substrates. These steps also define the initial seeding
conditions of the TiN grains and result in the alternating in-
plane rotations observed in the thin film microstructure.
Increased nitrogen deficiency has three effects on the film
properties: (a) the loss of superconductivity, (b) an increase in
resistivity, and (c) grain boundary dissociation by stacking fault
emission. Nonetheless, the same morphological quality is
achieved. Stoichiometric, ultrathin 25 nm films are achieved for
the first time with a room-temperature conductivity of 10
μΩcm and a Tc of 4.9 K with a RMS of ∼1.5 nm. The observed
properties match best in class SC epitaxially grown TiN films
on MgO substrates.

4. EXPERIMENTAL SECTION
BSE imaging was performed on a Tescan Mira3 XMH at 15
kV, 320 μs dwell time and 434 pA specimen current using a
Deben 4 quadrant detector. Ion beam channeling contrast
(iCC) imaging and cross-sectional focused ion beam (FIB)
sample preparation for scanning transmission electron
microscopy (STEM) were performed on a JEOL JIB-4600F,
and iCC imaging was conducted at 30 keV acceleration
voltage. Atomic resolution high-angle annular dark-field
(HAADF) STEM imaging was performed on a JEOL JEM-
ARM200F operated at 200 kV with a semiconvergence angle
of 25 mrad.
In this study, an electron-beam evaporation setup was used

to evaporate elemental sources of titanium (99.99%,
Chempur). Nitrogen radicals obtained using a RF plasma
source (Oxford Applied Research, HD25) were used as the
source of nitridation in our experiments. Mass flow controllers
(MFC) allowed us to control the flow rates of nitrogen
(99.995% purity) to the radical sources. The growth
temperature was increased from 620 to 750 °C with a constant
Ti evaporation rate of 0.2 Å/s, a nitrogen flow of 1.0 sccm, and
a RF power of 200 W. For a sample with higher nitrogen
deficiency, a Ti evaporation rate of 0.6 Å/s has been selected.
Initial selection of the growth parameters included aspects like
minimization of nitrogen deficiency26 stoichiometry, RMS, and
grain size.17,66

XRD and XRR were performed on a Rigaku (SmartLab) X-
ray diffractometer by using Cu Kα1 (λ = 1.54057 Å) at 45/170
kV/mA and a parallel beam geometry and on a Seifert PTS by
using Cu Kα1,2 (λ = 1.54057 Å) at 40/40 kV/mA and a parallel
beam geometry with a graphite monochromator.
A Keithley 6221 model current source and Keithley 2182A

model nanovoltmeter were used for the presented four-probe
resistivity measurements, while the temperature was measured
using a calibrated Lakeshore silicon diode sensor (model DT-
670D-SD), placed in contact with the sample stage.
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XRD 2θ scans for all samples, indicating the TiN (111)
lattice parameter change due to nitrogen deficiency;
XRD ϕ scans for all samples of TiN {111} and Al2O3
(102), showing the in-plane alignment of the film to
substrate; XRR scans for all samples, indicating RMS
and film density; and VESTA67 models of the substrate
and film, indicating the (001)/6 Al2O3 and (111) TiN
lattice spacings (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Leopoldo Molina-Luna − Advanced Electron Microscopy,
Institute of Materials Science, TU Darmstadt, 64287
Darmstadt, Germany; orcid.org/0000-0002-9412-8093;
Phone: +49 6151 16 20180; Email: leopoldo.molina-
luna@aem.tu-darmstadt.de, molina@aem.tu-darmstadt.de

Authors
Alexander Zintler − Advanced Electron Microscopy, Institute
of Materials Science, TU Darmstadt, 64287 Darmstadt,
Germany; orcid.org/0000-0002-2272-3184

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05505
ACS Omega 2022, 7, 2041−2048

2045

https://pubs.acs.org/doi/10.1021/acsomega.1c05505?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05505/suppl_file/ao1c05505_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leopoldo+Molina-Luna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9412-8093
mailto:leopoldo.molina-luna@aem.tu-darmstadt.de
mailto:leopoldo.molina-luna@aem.tu-darmstadt.de
mailto:molina@aem.tu-darmstadt.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Zintler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2272-3184
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+Eilhardt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Robert Eilhardt − Advanced Electron Microscopy, Institute of
Materials Science, TU Darmstadt, 64287 Darmstadt,
Germany

Stefan Petzold − Advanced Thin Film Technology, Institute of
Materials Science, TU Darmstadt, 64287 Darmstadt,
Germany

Sankaramangalam Ulhas Sharath − Advanced Thin Film
Technology, Institute of Materials Science, TU Darmstadt,
64287 Darmstadt, Germany

Enrico Bruder − Physical Metallurgy, Institute of Materials
Science, TU Darmstadt, 64287 Darmstadt, Germany

Nico Kaiser − Advanced Thin Film Technology, Institute of
Materials Science, TU Darmstadt, 64287 Darmstadt,
Germany; orcid.org/0000-0002-5644-890X

Lambert Alff − Advanced Thin Film Technology, Institute of
Materials Science, TU Darmstadt, 64287 Darmstadt,
Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.1c05505

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the European Research Council
(ERC) “Horizon 2020” Program under Grant no. 805359-
FOXON and the Deutsche Forschungsgemeinschaft (DFG)
under project 384682067 and was undertaken in the
framework of the WAKeMeUP and StorAIge projects, which
has received funding from the Electronic Components and
Systems for European Leadership Joint Undertaking in
collaboration with the European Union’s H2020 Framework
Programme (Grant no. H2020/2014−2020) and National
Authorities, under Grant Agreement nos. 3783176 and
101007321 as well by the Federal Ministry of Education and
Research (BMBF) under contract 16MEE0154. The authors
thank Dr. Joachim Brötz for assisting with the 2θ/ω and ϕ
XRD scans. We acknowledge support by the Deutsche
Forschungsgemeinschaft (DFG − German Research Founda-
tion) and the Open Access Publishing Fund of Technische
Universität Darmstadt.

■ REFERENCES
(1) Sharath, S. U.; Vogel, S.; Molina-Luna, L.; Hildebrandt, E.;
Wenger, C.; Kurian, J.; Duerrschnabel, M.; Niermann, T.; Niu, G.;
Calka, P.; Lehmann, M.; Kleebe, H.-J.; Schroeder, T.; Alff, L. Control
of Switching Modes and Conductance Quantization in Oxygen
Engineered HfOxbased Memristive Devices. Adv. Funct. Mater. 2017,
27, 1700432.
(2) Waser, R.; Dittmann, R.; Staikov, G.; Szot, K. Redox-Based
Resistive Switching Memories - Nanoionic Mechanisms, Prospects,
and Challenges. Adv. Mater. 2009, 21, 2632−2663.
(3) Petzold, S.; Zintler, A.; Eilhardt, R.; Piros, E.; Kaiser, N.; Sharath,
S. U.; Vogel, T.; Major, M.; McKenna, K. P.; Molina-Luna, L.; Alff, L.
Forming-Free Grain Boundary Engineered Hafnium Oxide Resistive
Random Access Memory Devices. Adv. Electron. Mater. 2019, 5,
1900484.
(4) Böscke, T. S.; Müller, J.; Bräuhaus, D.; Schröder, U.; Böttger, U.
Ferroelectricity in Hafnium Oxide Thin Films. Appl. Phys. Lett. 2011,
99, 102903.
(5) Hyuk Park, M.; Joon Kim, H.; Jin Kim, Y.; Lee, W.; Moon, T.;
Seong Hwang, C. Evolution of Phases and Ferroelectric Properties of
Thin Hf0.5Zr0.5O2 Films According to the Thickness and Annealing
Temperature. Appl. Phys. Lett. 2013, 102, 242905.

(6) Cao, R.; Wang, Y.; Zhao, S.; Yang, Y.; Zhao, X.; Wang, W.;
Zhang, X.; Lv, H.; Liu, Q.; Liu, M. Effects of Capping Electrode on
Ferroelectric Properties of Hf0.5Zr0.5O2 Thin Films. IEEE Electron
Device Lett 2018, 39, 1207.
(7) Schroeder, U.; Richter, C.; Park, M. H.; Schenk, T.; Pesǐc,́ M.;
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ABSTRACT: Transition metal oxide dielectric layers have emerged as
promising candidates for various relevant applications, such as super-
capacitors or memory applications. However, the performance and reliability
of these devices can critically depend on their microstructure, which can be
strongly influenced by thermal processing and substrate-induced strain. To
gain a more in-depth understanding of the microstructural changes, we
conducted in situ transmission electron microscopy (TEM) studies of
amorphous HfO2 dielectric layers grown on highly textured (111) substrates.
Our results indicate that the minimum required phase transition temperature
is 180 °C and that the developed crystallinity is affected by texture transfer.
Using in situ TEM and 4D-STEM can provide valuable insights into the
fundamental mechanisms underlying the microstructural evolution of dielectric layers and could pave the way for the development of
more reliable and efficient devices for future applications.
KEYWORDS: In situ transmission electron microscopy, scanning probe electron diffraction, automated crystal orientation mapping,
annealing, dielectric layers, hafnia, microstructure evolution, four-dimensional scanning transmission electron microscopy

Transition metal oxide (TMO) dielectric layers play a
crucial role in various scientific and technological

applications like field-effect transitiors,1 supercapacitors,2 and
emerging memories like resistive random access memory
(RRAM).3 The dielectric properties of TMOs, including their
permittivity and dielectric constant, are influenced by factors
like crystal structure, composition, and defects.4 Nowadays,
especially high-κ dielectrics like HfO2 are of critical importance
as they allow for thinner layers without compromising the
device’s performance or increasing leakage current.5 As shown
by our previous studies, performance metrics of RRAM devices
can be optimized by careful oxygen6−8 and grain boundary9,10

engineering of the HfO2 dielectric layer but also adjacent metal
electrodes that sandwich the dielectric layer can impact
performance.11 These optimized dielectric layers were grown
by reactive molecular beam epitaxy (RMBE) at elevated
temperatures to utilize epitaxial texture transfer for successive
grown layers. This, however, might be more challenging to
integrate in a complementary metal oxide semiconductor
(CMOS) back-end-of-line (BEOL) process.12

Commonly in the CMOS BEOL process, thermal annealing
is used to activate dopants or remove defects.13 In the case of
RRAM, the thermal processing can strongly alter the
polycrystallization of the dielectric layer.14,15 For HfO2
dielectric layers, previous reports that investigated annealing
temperatures of HfO2 thin films concluded similarly: typically,

a temperature above 300 °C is required to crystallize HfO2,
while annealing temperatures increase with decreasing film
thickness.14,16−23 For high surface-to-interface ratios, studies
have proven that crystallization can be suppressed and that at
least a 6 nm thickness is required to crystallize into the
monoclinic hafnia phase.24 This is generally suboptimal for
CMOS BEOL processes, as the goal is to fabricate the
dielectric layer, in this case the high-κ HfO2, as thin as possible
to achieve high density and low-power operation while
maintaining reliability and manufacturability.25

What is striking about these previous studies is that
amorphous hafnia films grown by atomic layer deposition
(ALD), a low-kinetic deposition technique,26 required typically
higher annealing temperatures compared to films grown by
pulsed laser deposition (PLD),27 a high-kinetic energy
technique. This suggests that the growth technique might
affect the atomic coordination of amorphous films, which in
turn might affect the annealing temperature. In a study by Luo
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and Demkov different atomic coordinated amorphous hafnia
unit cells were investigated. They estimated the crystallization
temperature for monoclinic HfO2 to be 146 °C,28 which is
lower than experimentally determined annealing temperatures
of 300 °C. In principle, this difference could be explained by
the fact that HfO2 thin films usually have a higher surface-to-
interface ratio. However, HfO2 thin films are grown on
substrates and can be part of a thin film stack. As a result, the
difference in Gibbs free energy and consequently the required
temperature for phase transition could be altered by adjacent
layers and accommodating strain.24 Moreover, the adjacent
layers might affect the crystallinity of the annealed film.
Therefore, a question arises about what the minimum

required temperature would be to get a crystalline hafnia film
with a microstructure (grain boundaries) that improves device
performance metrics and if texture transfer via a nanocrystal-
line network is achievable.
To our best knowledge, time-resolved X-ray diffractometry

(XRD) has been the primary tool for in situ investigation of
the crystallization of HfO2 thin films. However, due to the
relatively large area of investigation in comparison to the
expected grain size (a few nm), small parts that might have
already crystallized cannot be measured by XRD and thus
merge into the amorphous background. Hence, a precise
identification of the required phase transition temperature
might not be possible. In addition, the origin and dynamics of
crystallization cannot be observed. Therefore, we investigate
microstructural changes by conducting in situ transmission
electron microscopy (TEM) heating of HfO2 dielectric layers
to determine the exact crystallization temperature and origin
with nanometer resolution and correlate them to possible
texture transfer mechanisms. In addition, microscopic findings
are related to ex situ annealed macroscopic RRAM device
performances.
30 × 30 μm2 metal−insulator−metal (MIM) RRAM devices

with the structure Au/Pt/HfO2/TiN/Al2O3 were created by a
combination of reactive molecular beam epitaxy (RMBE),
optical lithography, and sputter coating. First, 50 nm TiN and
12 nm HfO2 were grown consecutively on c-cut sapphire by
using RMBE in a custom ultrahigh vacuum chamber (base
pressure 10−9 mbar). Details on the RMBE chamber can be
found elsewhere.29 The TiN substrate was heated to 800 °C,
and 4.5N pure Ti from Lesker was evaporated at 0.3 Å/s with
in situ nitridation. Amorphous HfO2 layers were grown at
room temperature. 3N pure Hf from MaTeck was evaporated
at 0.7 Å/s and in situ oxidized with 200 W RF-power. Second,
following a lithography step for surface patterning, 100 nm Pt
and 300 nm Au were sputtered. The RMBE-grown TiN and
HfO2 thin films were investigated by XRD with a Rigaku
SmartLab diffractometer in parallel beam geometry by using a
copper Kα X-ray source to verify thin film quality and
amorphousness. Resistive switching for a device under test
(DUT) was investigated with a Keithley 4200 semiconductor
characterization system (SCS) by applying DC-negative
voltage sweeps to the top electrode with the bottom electrode
grounded. During electroforming, the SCS’s internal current
compliance (CC) was restricted to 10 and 100 μA to avoid
hard dielectric breakdown. To investigate microstructural
changes at the nanoscale during in situ heating, cross-sectional
electron-transparent lamellae were fabricated. From the MIM
devices, using the in situ lift-out focus ion beam (FIB)
technique with a JEOL JIB-4600F and a Thermo Fisher
Scientific Helios 5 Hydra dual beam system, the lamellae were

transferred onto a microelectrical mechanical system (MEMS)-
based heating chip from DENSsolutions. Details on the
fabrication routine can be found elsewhere.30 Using a JEOL
ARM 200F TEM operated at 200 kV, high-resolution TEM
and scanning probe electron diffraction (SPED) images were
acquired with the Orius SC200D CCD from Gatan and the
MerlinEM direct electron detector from Quantum Detectors,
respectively. For SPED imaging, the smallest possible
condenser aperture was used (10 μm), and the microscope
was set to nanobeam electron diffraction (NBED) mode,
yielding roughly an electron beam spot size of 1 nm. The 4D-
STEM data set generated by SPED imaging was analyzed by
ASTAR from Nanomegas to generate orientation and phase
maps. Further information regarding the analysis procedure
has been provided elsewhere.31

Selected high-resolution (HR) TEM images of the complete
in situ heating experiment (summarized in the in situ heating
TEM video in Supporting Information) are shown in Figure
1a−d. To enhance the visibility of microstructural changes, the
fast Fourier transform (FFT) of the two growing grains is
shown in Figure 1a1,a2−d1,d2. In its pristine state (t = 0 min),
the investigated section of the dielectric layer is mostly
amorphous hafnia; however, the FFT of grain I already shows
nanocrystallinity. Increasing the temperature to 160 °C leads
to crystallization of the hafnia layer. In this section, two grains
grow from the corners of the image, parallel to the interfaces,
toward each other until the formation of a grain boundary. The
boundary between the crystalline and amorphous phase is
indicated by colored lines. This boundary has been
qualitatively determined by utilizing inverse FFTs obtained
through band-pass filtering of the amorphous ring, which were
subsequently overlaid on the HR TEM images depicted in
Figure S1.
To investigate crystallization of the hafnia layer in more

detail, a 2D waterfall plot, shown in Figure 2d, as a function of
time and temperature (Figure 2f) of azimuthal integrations
(AI) is retrieved from the FFT of the HR-TEM images by
using the PASAD-tools from Gammer et al.32 The FFT and
corresponding AI of the pristine and crystallized hafnia layers
of the investigated section are shown in Figure 2a,c and Figure
2b,e, respectively. Non-grayed-out parts of the FFTs visualize
the range of the AI. To provide a more thorough comparison,
azimuthal integrations are overlaid on FFTs of the pristine,
crystallized, and intermediate states (after 69 min of heating)
in Figure S2. The AI pattern for the pristine state shows a
broad peak ranging from 3 to 4 nm−1, which can be attributed
to amorphous hafnia. After 60 min of continuous heating, this
broad peak disappears, and two distinct peaks located at ∼3
and 4 nm−1 appear. The peaks at ∼4 nm−1 can be indexed as
(200) HfO2 and (111) TiN and the peak at ∼3 nm−1 as
(11−1) HfO2. Close inspection of the FFT of the annealed HR
TEM sample indicates a texture relation between the (111)
TiN and (200) HfO2 crystallinity due to the close positioning
of the diffraction spots (see also Figure S3).Though the peak at
3 nm−1 is not always visible, e.g., in the AI after 90 min of
heating, inverse FFT retrieved by band-pass filtering at 3 ± 0.3
nm−1 (Figure S2d) reveals that this feature is related to the
HfO2 layer. However, the intensity of this feature might be
affected by a loss of high resolution due to defocus as a
consequence of drift during in situ heating, as shown by the
feature at the TiN/HfO2 interface.
To gain more insight into the origin and dynamics of grain

growth, superimposed phase + phase reliability and orientation
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+index maps from a 4D-STEM data set of another in situ
annealing experiment captured by SPED imaging are shown in
Figure S4, respectively. This method provides a larger field of
view compared to TEM imaging (Figure 1) while retaining the
most important information, namely, crystallinity and grain
orientation. Figure 3 shows selected orientation+index maps
from this annealing experiment. The saturation of the Pt and
TiN layers has been decreased to focus on the HfO2 dielectric
layer. In the pristine state (Figure 3a), the majority of the HfO2
layer shows a yellow color, representing the amorphous phase.
The yellow color is not consistent in brightness and shows

some darker parts, in addition to some black pixels. The
brightness change is related to the superimposed index and
indicates how well the ASTAR software could assign or index a
pixel to a certain phase and orientation. The presence of black
pixels is a result of inadequate indexing, as the ASTAR software
may not be able to assign any orientation to a pixel. The dark
blue feature, encircled in white, is visible in the yellow
amorphous HfO2 matrix and can be attributed to a crystalline
seed. As shown in Figure 3b, after applying a temperature of at
least 180 °C, this initial seed grows (highlighted by black
arrows) in addition to the formation of new seeds (encircled in
white) that will also grow (Figure 3c) until adjoining adjacent
grains, thus forming grain boundaries (Figure 3d, white lines).
To confirm our findings from the in situ TEM experiments,

XRD patterns of the pristine and annealed memristive macro
device are shown in Figure 4a. The pristine XRD pattern
shown in orange is directly measured after RMBE thin film
growth of TiN and HfO2 before sputter coating and annealing
and shows a low-intensity broad feature between 32° and 34°
attributed to the amorphous phase. Annealing the macro
device results in similar crystallization compared to the in situ
annealing: according to the XRD pattern, the HfO2 (11−1) is
the most intense peak in addition to an unknown peak (dot)
and peaks indexed as (001) and (100) HfO2. The electro-
forming voltages (VF) of 40 devices with amorphous and
annealed HfO2 are shown by the cumulative distribution
function in Figure 4c. Exemplary I−V curves of the
electroforming of a device with annealed (pink) and
amorphous (blue) HfO2 are shown in Figure 4b. The
corresponding XRD pattern of the device with amorphous
HfO2 is shown in Figure S5. Devices with amorphous HfO2
have an average VF of −6.1 V, and annealing leads to a
reduction of VF to an average of −4.2 V. The device-to-device
variability, in terms of VF spread, increases from 0.5 V for
devices with amorphous HfO2 to 0.6 V after annealing.
With our first annealing experiment using HR-TEM, we

could determine the crystallization temperature to 160 °C,
which is lower than the previously reported lowest
crystallization temperatures of 200 °C19,33 and, for the first
time, for a HfO2 film thickness about 10 times thinner at only
12 nm. For this small observation area, the thin HfO2 layer
crystallizes into monoclinic (200) and (11−1), which could
previously be studied only at annealing temperatures above
400 °C. This might be caused by a pre-existing grain or seed
acting as a “template” for grain growth,34 as shown by the
crystalline spots next to the amorphous ring in the FFT of
grain I. However, a reduced annealing temperature to develop
the (200) texture during grain growth could also be related to
the adjacent layers:35 as shown by the FFT of the entire HR-
TEM image after annealing, the TiN (111) and grains I and II
HfO2 (200) diffraction spots are closely positioned, which can
be attributed to a texture transfer. This also aligns with the
findings from the annealing experiment utilizing 4D-STEM,
although a temperature of 180 °C was required to crystallize
amorphous HfO2. Although heating by electron beam and
current induction is negligible as shown by a study of Egerton
and Malac,36 and our previous study,37 the difference in
annealing temperatures might be related to the electron flux.
The higher electron flux used to acquire the TEM images
could facilitate bonding of the material38 and thus, reduce the
required crystallization temperature. As visible in the super-
imposed maps of orientation and index of the entire annealing
process (Figure S4), the pre-existing seed (Figure 3a) is always

Figure 1. Image sequence for high-resolution transmission electron
microscopy (HR-TEM) in situ heating. (a)−(d) Show the growth of
two HfO2 grains (orange and yellow) and (a1), (a2)−(d1), (d2) the
corresponding fast Fourier fransforms (FFTs). The scale bar for the
HR-TEM images is 5 nm and for the FFT images 5 1/nm. The
colored arrows represent the direction of grain growth and are
positioned on the crystalline HfO2 phase directly at the boundary of
the amorphous phase, which is represented by colored lines. A white
line marks the grain boundary.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c03941
Nano Lett. 2024, 24, 2998−3004

3000

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03941/suppl_file/nl3c03941_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03941/suppl_file/nl3c03941_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c03941/suppl_file/nl3c03941_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03941?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03941?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03941?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c03941?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c03941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


colored nonyellow, meaning that this grain is already
crystalline. The other newly developed seeds (Figure 3b)
appear mainly in yellow, indicating that these seeds are
amorphous. During growth, these grains will stay amorphous
(Figure 3c) until they come into contact with an adjacent layer
to receive some texture transfer, which might explain the low
crystallization temperatures.
In the macroscopic RRAM device, the HfO2 dielectric layer

also crystallizes at 180 °C, and the mixed (11−1) and (001)
monoclinic HfO2 texture improves VF, but not to standard
operational voltages as is the case for highly textured (11−1)
HfO2 with high-symmetry grain boundaries.10 Therefore,

although a (11−1) texture is present, the developed threading
grain boundaries (according to TEM and 4D-STEM) might
not have similar properties to epitaxially grown (11−1) HfO2.
Or because multiple (001) peaks are present in the XRD
pattern, the dominant texture might not be (11−1) but (001).
According to a study by Khan et al.,19 a dominant (001)
texture might be linked to an insufficient crystallization
temperature. However, a dominant (001) texture would result
in low symmetry grain boundaries with an average VF of −5.3
V, but instead the observed average VF is located in between
highly textured (001) and highly textured ((11−1) (average VF
of −1.9 V).

Figure 2. (a, b) Fast Fourier transform (FFT) of the high-resolution transmission electron microscopy (HR-TEM) (Figure 1a,d) before (pristine)
and after annealing (annealed), respectively. Parts of the FFT are grayed out to show the selected limits of the azimuthal integration for (c) pristine
and (e) annealed. The in situ annealing experiment is summarized by the 2D-waterfall plot of the azimuthal integration (d) next to the heating
profile (f). The entire HR-TEM in situ heating images are shown in the video in the Supporting Information. The scale bar is 2 1/nm.

Figure 3. Superimposed maps of orientation (z-direction, viewing direction) and index from the automated crystal orientation map (ACOM) of
the in situ 4D-STEM annealing data. (a−c) New and growing grains are encircled. (d) Grain boundaries are indicated by white lines. The scale bar
is 10 nm.
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In this study, we have investigated the microstructural
changes of HfO2 dielectric layers and how the crystallization
impacts the device performance. Our in situ TEM and 4D-
STEM experiments revealed that crystallizing amorphous
hafnia into the monoclinic phase starts at 180 °C. Although
grain growth appears nonadjacent to an interface, the growing
grains develop texture only when reaching an adjacent textured
layer. Annealing a macroscopic device confirmed the findings
by TEM and resulted in a mixed monoclinic (11−1 + 001)
texture. The microstructural changes in the dielectric layer
improved device performance by lowering the average forming
voltage from −6.1 V to −4.2 V. The results suggest that the
low crystallization temperature might be attributed to texture
transfer but also to pre-existing “templates” for grain growth.
Altering the thin film layers adjacent to the dielectric layer and
performing ab initio calculations could be crucial to further
investigating why certain crystallinities (11−1/001) develop.
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Sketch of oxygen vacancy segregation toward a specific grain boundary in a hafnia (Hf)-based memristor. The orange 

pillars correspond to the atomic positions of Hf calculated based on transmission electron microscopy imaging. The 

water symbolizes oxygen vacancies attracted (through a waterfall) to the grain boundary region (canyon), which will 

then form the speedway (autobahn) of the filamentary conductive current. 
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A HfO2-based memristive transmission electron microscope (TEM) lamella is placed on a micro-electromechanical 

systems (MEMS)-based heating chip. The amorphous HfO2 layer is in situ annealed and investigated via 4D-STEM. The 

maps show the phase transition from amorphous to crystalline monoclinic HfO2 starting at 180 °C. 


	1. Thesis Statement – Erklärung zur Dissertation
	2. Curriculum Vitae
	3. Acknowledgement
	4. Summary of Scientific Contribution
	5. List of Publications
	6. Conference Contributions (as Presenting Author) & Research Trips
	7. Index
	8. Abbreviations
	9. Introduction and Motivation
	10. Related Work
	10.1. The memristor and the memristive system
	10.2. Redox-based resistive random access memory (ReRAM)

	11. Methodology
	11.1. Reactive molecular beam epitaxy (RMBE)
	11.2.  Device fabrication and electrical characterization
	11.3. Thin film growth
	11.4. X-ray diffraction techniques
	11.5. Electron microscopy
	11.6. Electron transparent lamella preparation
	11.6.1.  Weld-free lamellae attachment for in situ biasing of two-terminal devices

	11.7.  Transmission electron microscopy
	11.7.1. Diffraction contrast
	11.7.2.  Phase contrast


	12. Cumulative Part
	12.1. Grain boundaries and resistive switching
	12.1.1. Summary and discussion
	12.1.2. Presentation of own contribution

	12.2. Grain boundaries and texture transfer
	12.2.1. Summary and discussion
	12.2.2. Presentation of own contribution

	12.3. Grain boundaries and conductivity
	12.3.1.  Summary and discussion
	12.3.2. Presentation of own contribution


	13. Conclusion
	14. Outlook
	14.1. Grain boundary density
	14.2. Impact of adjacent electrodes on microstructure evolution
	14.3. Confining conductive filament formation during in situ biasing

	15. References
	16. Figure Listing
	17. Equation Listing
	18.  Table Listing
	Leere Seite



