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Abstract

Rising global computational demand is pushing conventional CMOS technologies to-
ward their physical limits, creating an urgent need for alternative, energy-efficient
computing architectures. Consequently, neuromorphic engineering has come into focus,
seeking to replicate the brain’s co-location of memory and computation in hardware
to enable highly efficient information processing. Transition metal dichalcogenides
(TMDCs) align well with this concept, providing a material platform that is scalable
towards atomically thin layers and whose resistive switching mimics essential synap-
tic functions. Yet, achieving reproducible wafer-scale deposition of (two-dimensional)
transition metal dichalcogenides and integrating them into robust memristive de-
vices suitable for neuromorphic hardware remains the subject of ongoing intensive
research. Stable two-terminal memristive devices require reproducible film growth
and predictable electrical behavior. To probe these demands, the three representative
TMDC materials molybdenum disulfide, hafnium disulfide, and tungsten disulfide are
examined. Their selection reflects intentional contrasts in research maturity, mate-
rial stability, CMOS integration potential, and reported switching modes, enabling a
systematic evaluation of the factors governing device stability. The methodology com-
bines controlled wafer-scale deposition, systematic device fabrication, and correlative
structural—electrical characterization. Material quality and degradation pathways are
evaluated using optical and spectroscopic probes, while switching dynamics are ana-
lyzed through electrical measurements to connect processing parameters to memris-
tive performance. Experimental results indicate that atomic layer deposition provides
a scalable pathway for producing thin films suitable for memristive operation, while
encapsulation was identified as a key determinant of both structural robustness and
electrical endurance. Fabrication schemes incorporating sputtering, atomic layer depo-
sition, and chemical vapor deposition were implemented, illustrating the adaptability
of the processing approach across different material systems. The outcomes underscore
the feasibility of wafer-scale TMDC processing for memristive applications and empha-
size encapsulation as a central requirement for device reliability. The introduced fabri-
cation schemes, including advanced structuring and memtransistor concepts, broaden
the design space for TMDC-based devices. These contributions open pathways for
further process refinement, materials exploration, and the realization of increasingly

complex neuromorphic systems.






Kurzfassung

Der weltweit steigende Rechenbedarf bringt herkémmliche CMOS-Technologien an
ihre physikalischen Grenzen, sodass energieeffiziente alternative Rechnerarchitekturen
erforderlich werden. Damit riickt das neuromorphe Engineering in den Fokus, das
fir eine effiziente Informationsverarbeitung die Ko-Lokalisierung von Speicher und
Verarbeitung im Gehirn hardwareseitig nachbildet. Ubergangsmetalldichalcogenide
(TMDCs) eignen sich hierfiir besonders, da sie sich zu atomar diinnen Schichten
skalieren lassen und ihr resistiver Schaltmechanismus zentrale synaptische Funktio-
nen nachahmt. Die Abscheidung solcher (zweidimensionalen) TMDCs auf Wafer-
Level und die Bauelementintegration sind jedoch weiterhin Gegenstand intensiver
Forschung. Stabile memristive Bauelemente erfordern eine reproduzierbare Schichtab-
scheidung und ein vorhersagbares elektrisches Verhalten. Um diese Anforderungen
zu untersuchen, werden die drei reprasentativen TMDCs Molybdéndisulfid, Hafni-
umdisulfid und Wolframdisulfid betrachtet. Thre Auswahl erfolgte aufgrund ihrer Un-
terschiedlichkeit im Forschungsstand, in der Materialstabilitét, im CMOS-Integrations-
potenzial und in den dokumentierten Schaltmechanismen, sodass eine systematische
Bewertung der Bauelementstabilitdt moglich wird. Die Methodik umfasst kontrol-
lierte Abscheidungsverfahren, eine systematische Bauelementfertigung sowie korrel-
ative strukturelle und elektrische Charakterisierung. Die Materialqualitat wird mit
optischen und spektroskopischen Methoden bewertet, wahrend elektrische Messungen
die Schaltdynamik aufklaren und den Zusammenhang zwischen Prozessparametern und
memristiven Figenschaften sichtbar machen. Die experimentellen Ergebnisse zeigen,
dass die Atomlagenabscheidung einen skalierbaren Ansatz zur Herstellung memris-
tiver Schichten bietet. Gleichzeitig erweist sich die Verkapselung als zentraler Faktor
fiir die strukturelle Stabilitdt und die elektrische Lebensdauer der Bauelemente. Insge-
samt zeigt der Vergleich der mittels Sputtern, Atomlagenabscheidung und chemischer
Gasphasenabscheidung hergestellten Schichten die hohe Flexibilitat der entwickelten
Integrationsstrategien iiber unterschiedliche Materialsysteme hinweg. Die Ergebnisse
belegen die Realisierbarkeit einer Wafer-Scale-TMDC-Prozessierung fiir memristive
Anwendungen und heben die Verkapselung als Schliisselkriterium fiir deren Zuver-
lassigkeit hervor. Die vorgestellten Prozesse, einschliellich fortgeschrittener Struk-
turierungsstrategien und Memtransistor-Konzepte, erweitern die Nutzbarkeit der Ma-
terialien und eroffnen Wege zur weiteren Prozessoptimierung, zur Materialvariation

und zur Umsetzung zunehmend komplexer neuromorpher Systeme.
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Introduction 1

Introduction

With the advent of transistors in the twentieth century, silicon technology has shaped
our world like few other technologies and has an in uence on almost all areas of our
lives, be it communication and information technology, supply and storage of energy, or
healthcare, among many others [1]. Already since the middle of the 1960s, the progress
was marked by Moore's law [2], which served as a road map for silicon technology
over the decades. One of the main factors behind this continuous progress was the
advancement of process technologies that enabled ever smaller device dimensions and
the reliable integration of semiconductors into large-scale circuits [3].

As this scaling-driven development now reaches its physical and economic limits [4,
5], further improvements increasingly rely on new device concepts [6] and advanced
electronic materials [7]. At the same time, the separation of memory and processing
units in the traditional von Neumann architecture [8] has emerged as a fundamental
limitation for data-intensive computation tasks, since the constant transfer of infor-
mation leads to high power consumption [9]. To address these issues, neuromorphic
engineering o ers an alternative computing concept that aims to emulate the parallel
and energy-e cient information processing of the human brain by combining storage
and computation in the same element [10, 11]. Realizing such systems requires novel
electronic materials and device concepts capable of reproducing synaptic functionali-
ties directly in hardware [12, 13].

Among the di erent device concepts proposed for neuromorphic computing, memristive
devices have attracted particular attention because they naturally combine non-volatile
data storage with resistive switching that can emulate synaptic behavior [14]. A wide
range of material systems has been explored, including metal oxides [15], phase-change
materials [16], and two-dimensional compounds [17]. Within this context, transition-
metal dichalcogenides (TMDCs) have emerged as especially promising candidates for
dense integration and low-power operation in neuromorphic systems due to their atom-
ically thin structure and versatile electrical properties [18].
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2 Introduction

Although TMDCs show considerable potential as active materials for memristive de-
vices, their integration into silicon-based fabrication technologies remains challenging,
as reliable and reproducible processes compatible with semiconductor manufacturing
are still under active investigation and have not yet reached full technological matu-
rity [19, 20]. Achieving such compatibility is crucial for translating TMDC memristive
devices from laboratory-scale demonstrations to scalable architectures that could ulti-
mately interface with CMOS technologies [21].

At the same time, the physical mechanisms underlying resistive switching in TMDC
devices are not yet fully understood. Vacancy-induced lamentary mechanisms and
trap-mediated e ects are believed to dominate the switching behavior [22, 23], but
their interplay and stability under realistic device conditions have not yet been fully
explored [24 26].

The challenge is to develop robust integration strategies for TMDC-based memris-
tive devices within silicon technology, alongside an incomplete understanding of their
switching mechanisms, both of which are critical for the development of reliable, scal-
able, and energy-e cient neuromorphic systems.

Building on the challenges outlined above, this thesis aims to contribute to the techno-
logical development of TMDC-based memiristive devices for neuromorphic applications.
The main objective is to establish processing routes that allow the integration of the
three representative TMDC materials molybdenum disul de (Mo$), hafnium disul de
(HfS,), and tungsten disul de (WSy,) into silicon technology and to clarify the mech-
anisms that determine their resistive switching behavior. To advance the integration
and understanding of these TMDC materials, which were selected for their dier-
ing research maturity, stability, compatibility with CMOS processing, and reported
switching modes, the thesis focuses on three central research questions:

1. How can wafer-scale, CMOS-compatible deposition processes for TMDCs be devel-
oped and optimized with respect to quality and scalability?

2. How stable are the investigated TMDC materials under ambient and processing
conditions, and what determines their degradation behavior?

3. Which TMDC-process combinations enable reproducible resistive switching, and
what mechanisms govern their electrical behavior?

Together, these questions guide the experimental and analytical e orts of the research,
combining experimental work on material synthesis and device fabrication with struc-
tural, chemical, and electrical characterization. Scalable TMDC thin Im deposition
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Introduction 3

processes compatible with silicon substrates are developed and optimized through sys-
tematic variation of process parameters to study their e ect on Im quality and device
performance. The material stability is assessed under di erent environmental and
thermal conditions to identify degradation mechanisms and to de ne suitable process
windows.

To study resistive switching, fabricated devices are electrically tested to determine
reproducibility and characteristic switching behavior. Structural and spectroscopic
analyses are used to correlate the observed electrical properties with material features
and interface characteristics. This combined approach allows a stepwise understanding
of how material choice, deposition, and processing a ect the functionality of TMDC-
based memristive devices.

This thesis is structured as follows: In Chapter 1, the fundamentals of memristive
devices and neuromorphic applications are described, while Chapter 2 and Chapter 3
introduce the techniques of thin Im technology and analyses used throughout this
work. A signi cant aspect of this research focuses on the use of TMDC materials in
the reliable production of devices. This topic is covered in Chapter 4. In Chapter 5,
the electrical responses executed for assessment of memristive behavior of the devices
are discussed, before the work is summarized and an outlook is given in Chapter 6.
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1 Fundamentals

This chapter introduces the basic principles of memristive devices, explaining why
they are promising for mimicking neural functions. It also reviews their key electrical
characteristics, important performance parameters, and the material factors that in-
uence their behavior. Firstly, the terms memristor and memristive device are de ned,
before Section 1.2 introduces the materials used. Section 1.3 looks at applications in
neuromorphic engineering, while Section 1.4 highlights the most relevant performance
parameters. The chapter wraps up by summarizing the main ideas to set the founda-
tion for the fabrication techniques in Chapter 2, the methods in Chapter 3, and the
experimental studies discussed in Chapters 4 and 5.

1.1 The Concept of Memristor and Memristive Devices

The term memristor was coined in the early 1970s by Leon Chua as a combination
of memory and resistor. Chua postulated this missing circuit element alongside
the resistor, capacitor, and inductor as a fundamental relation between charge g and
magnetic ux . In this context, however, the term ux was generalized to describe
the time integral of voltage, rather than strictly magnetic ux, allowing a broader
theoretical foundation independent of magnetic e ects [27].

This broader interpretation, while widely adopted, remains theoretically debated [28,
29]. The originally proposed g symmetry is more of a mathematical convenience
than a physically necessary condition, unlike the well-established variable pairs of re-
sistor (voltage-current), capacitor (charge-voltage), and inductor (ux-current) [30].
Nevertheless, the generalized relation ts experimental devices that show memristive
e ects like ionic migration, redox reactions, or other mechanisms unrelated to mag-
netism, as discussed in Section 1.2.

The rst practical devices explicitly claimed as memristors were reported by a team
at Hewlett-Packard (HP) Labs in 2008 [31]. They fabricated a nanoscale thin Im
device based on titanium dioxide (TiQ), consisting of a bilayer: an oxygen-de cient
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6 1 Fundamentals

Figure 1.1: Simpli ed and idealized sketch of a pinched hysteresis loop. Colors and arrows
indicate SET and RESET. The current is limited by the current compliance | cc for device
protection. a) Unipolar resistive switching within one polarity. The switching is only de-
pendent on the voltage magnitude. b) Bipolar resistive switching. The di erent polarity is
needed to switch back from LRS to HRS. Here, SET is in positive, and RESET is in negative
voltage polarity.

TiO,, layer and a stoichiometric TiG; layer, sandwiched between platinum electrodes.
The key nding was that the device's resistance could be continuously and reversibly
tuned by applied voltage, producing a characteristic pinched hysteresis loop in the
current-voltage (1 V) response a feature predicted for memristors [32]. This re-
sistance modulation is attributed to the drift of positively charged oxygen vacancies
under an electric eld, which shifts the boundary between the oxygen-de cient and
stoichiometric layers. Such ionic migration alters the local doping pro le, enabling
non-volatile and history-dependent resistance states. Strukov et al. interpreted their
ndings with Chua's memristor theory, since the device resistance is dependent on the
cumulative charge ow [33]. This pioneering work connected memristive behavior to
nanoscale ionic transport and sparked a high research interest for memristive devices
and their use as non-volatile memory and neuromorphic computing applications [34].

Despite ongoing debate about the fundamental existence and de nition of the memris-
tor as originally formulated, the realization of memory functionality in passive devices
remains extremely promising [35]. To address some terminological controversies, Chua
expanded the concept in 1976 to memristive devices and systems [36], describing de-
vices exhibiting resistive switching without strictly requiring the original memristor
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1.2 Resistive Switching Materials 7

de nition. Resistive switching means that the resistance depends on both the applied
voltage and the prior device state. Throughout this work, the terms memristive de-
vices and memristive systems are used accordingly.

Mathematically, resistive switching behavior can be expressed as:
v(t) = R(X;i;t) i(t) (Ohm's law)

x=f(x;i;t) [36],

where x is a material-dependent state variable [36, 37].

The corresponding |V characteristic is a pinched hysteresis loop exhibiting multiple
resistive states at the same voltage, as illustrated in Figure 1.1. There are two types of
switching: bipolar switching, which is polarity-dependent (see Fig. 1.1a), and unipolar
switching, which is polarity-independent and relies on the voltage magnitude (see Fig.
1.1b) [38]. Without applied voltage, the device ideally preserves its resistance state,
making it suitable for non-volatile memory [27, 31].

1.2 Resistive Switching Materials

Several classes of materials are currently intensively studied for use in resistive switch-
ing devices, each o ering distinct switching mechanisms and potential applications
in non-volatile memory and neuromorphic computing. Research has focused partic-
ularly on transition metal oxides [39], perovskite oxides [40], chalcogenides [41, 42],
organic [43] and polymer-based materials [44], ferroelectric compounds [45, 46], and
two-dimensional (2D) materials [47]. Additional material systems, such as nitrides
[48], carbides [49], and hybrid composites [50], among others, are also being explored,
re ecting the diversity of approaches in this rapidly evolving eld. Among the emerg-
ing options, transition metal dichalcogenides (TMDCSs) represent a prominent subclass
of 2D materials [51], and their properties and role in resistive switching are discussed
in detail in Chapter 4.

The ability of a material to show resistive switching is intrinsically linked to its phys-
ical and chemical properties [52]. Several switching mechanisms have been identi ed,
each associated with di erent classes of materials [16]. These include electrochemical
metallization (ECM), where metallic laments form and dissolve due to redox reac-
tions and cation migration [53], valence-change mechanisms (VCM), based on oxygen
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8 1 Fundamentals

Figure 1.2: Selection of mechanisms leading to resistive switching. The shown mechanisms
all rely on atomic con guration, while electrostatic and magnetic e ects are also exploited
for devices (e.g., mem ash and magnetoresistive random-access memory (MRAM)).

vacancy migration and changes in the oxidation state [22], and thermochemical mech-
anisms (TCM), driven by local Joule heating that alters material composition. These
are compared in Figure 1.2 [54]. Phase-change materials switch between amorphous
and crystalline states, resulting in a large resistivity contrast due to transformations in
the crystal structure [16]. Spintronic-based mechanisms utilize spin-polarized tunnel-
ing, as found in magnetic tunnel junctions, where resistance depends on the relative
magnetization of ferromagnetic layers [55]. Ferroelectric resistive switching involves
polarization reversal that modulates tunneling barriers or interface conductivity [56].
Additional mechanisms include interfacial (Schottky-type) switching, which relies on
the modulation of energy barriers at material interfaces, e.g. between metals and
semiconductors [57], dielectrics [58], or layered materials [59], where changes in charge
distribution or ionic migration can signi cantly alter carrier injection and transport
properties.

In 2D materials like hexagonal boron nitride or TMDCs, resistive switching arises from

a complex interplay of mechanisms that are closely tied to their atomically thin nature
[60]. Among the most prominent mechanisms is trap-assisted charge transport, where
defects such as vacancies [22, 61], grain boundaries [60, 62], or interface states [63, 64]
serve as localized trap sites. These trap states can capture and release charge carriers,
and by this local conductivity modulation, enable non-volatile switching behavior [23].
Filamentary switching can also be observed in layered materials, typically involving
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the migration of ions like oxygen or sulfur [65]. This transport, often facilitated by
the weak van-der-Waals bonding between layers [66], can lead to the formation and
dissolution of nanoscale conductive laments [51]. Furthermore, reversible phase tran-
sitions between semiconducting and semimetallic polytypes [67] may contribute to the
switching process in certain TMDCs [68]. Interfacial e ects, including Schottky-type
barrier modulation at metal 2D material junctions, can also play a signi cant role in
tuning the device resistance [57, 69]. The combination of these mechanisms, in u-
enced by material composition, defect landscape, and device structure, underlines the
versatility of 2D materials in memristive and neuromorphic device applications.

Many devices do not initially switch, but need to undergo an electroforming process
rst [70]. This can be attributed to the formation of electrical pathways in many cases
[71, 72], which can then be cycled between two (or more) stable states. A limitation
in the form of current compliance k¢ is often applied to protect the device from
initial damage resulting from too high currents, especially during electroforming [73].
It is important to note that some materials only form a functioning memristive device

in combination with other materials, e.g., as layered materials [31, 74, 75], or with
active electrodes [76, 77]. The variety of the mechanisms re ects the complexity of
the physical phenomena involved and emphasizes the broad material landscape for
resistive switching devices.

1.3 Neuromorphic Applications

With neuromorphic computing, researchers aim to overcome the limitations of con-
ventional computing architectures by emulating the parallel and adaptive nature of
biological information processing [78]. The eld was pioneered by Carver Mead in
the late 1980s, who proposed building electronic systems inspired by the brain's or-
ganizational principles, like analog signal propagation and event-driven computation
[10]. A key limitation in conventional systems is the von Neumann bottleneck, caused
by the physical separation of processing and memory units. This results in ine cient
data transfer, especially for tasks requiring high parallelism and real-time adaptability,
such as image or speech recognition [8, 11, 13]. In neuromorphic hardware, this issue is
addressed by integrating computation and memory in a distributed architecture, mir-
roring the structure of biological neural networks, and enabling energy-e cient and
fault-tolerant processing [79, 80].

Neurons are the basic computational elements of the nervous system. They are respon-
sible for transmitting and processing electrical signals [81], as illustrated in Figure 1.3a.
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Communication between neurons occurs at synapses specialized chemical junctions
where an action potential in the presynaptic neuron leads to the release of neurotrans-
mitters into the synaptic cleft [82]. These chemical messengers bind to receptors on
one or more postsynaptic neurons, initiating new electrical signals [83]. The strength
of the synaptic connections can adapt over time in response to activity, a phenomenon
known as synaptic plasticity [84]. This activity-dependent modulation, manifesting as
long-term potentiation (LTP) or long-term depression (LTD), is widely regarded as
the foundation of learning and memory [12].

Memristive devices can be seen as an electronic analog to this plasticity, as shown
in Figure 1.3b. Their history-dependent and non-volatile switching behavior closely
resembles the adaptive modulation of biological synapses [85]. The devices can there-
fore serve as synaptic weights in arti cial neural networks, evolving in response to
stimuli to implement hardware-based learning [34]. By arranging memristive devices
into crossbar arrays in combination with selector transistors to mitigate sneak-path
currents, a dense, parallel architecture is formed that inherently performs in-memory
processing [12]. This structure allows data storage and computation to take place in
the same physical location, substantially reducing energy consumption compared to
traditional architectures [86].

Ongoing research is focusing on materials and devices as well as on the architectural
and system level. 2D materials like the TMDCs [87], as discussed in this work, MXenes
(a class of transition metal carbides and nitrides), and van-der-Waals heterostructures
realized by stacking di erent 2D materials [88] are especially interesting to enhance
memristive device performance. Innovations in device architecture and system inte-
gration have been central to advances in reservoir computing [89], edge learning chips
[90] and multimodal perception for sophisticated human-machine interfaces [91].

Remaining challenges are the reliability of neuromorphic systems based on memristive
devices, their scalability in integrating large-scale device arrays while maintaining per-
formance and energy e ciency [92], and a standardization in fabrication processes and
evaluation metrics for a future widespread adoption of the technology [93]. Therefore,
a strong focus is on addressing these challenges through material optimization, device
engineering, and the development of robust system architectures.

The introduction of such alternative hardware architectures is of particular relevance
in times of the emergence of energy-consuming arti cial intelligence and the increasing
scarcity of resources. Experts warn that already in this century, the energy needed
for computing could consume the world's annual energy production [94, 95]. Even
more importantly, despite e orts to establish sustainable methods, energy production
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Figure 1.3: Analogy of a synapse connecting two neurons and a memristive device in terms
of synaptic plasticity. The signal sent out from the presynaptic neuron can be received by
the postsynaptic neuron with a higher e cacy after a learning process has strengthened their
connection.

fuels the worldwide climate crisis, a ecting the Global South the hardest. This in-
creases socioeconomic injustice and directly impacts people in areas such as health
and education [96 99].

1.4 Performance Parameters

Important for the control of the devices and assessing their usability for applications
are, among others, the operating voltages, their on-to-o -ratio, and their switching and
retention times, as well as their cycle-to-cycle and device-to-device variation [93]. On
a technological level, scalability along with the device footprint and complexity are of
central importance, since every step in the production stage can in uence the resulting
characteristics (e.g. deposition temperatures, exposure to air, etc.) [51, 100]. While the
prerequisites for fabrication technology are discussed in Chapter 2, in this section, some
of the most important features of the electronic behavior of resistive switching devices
are introduced. The signi cance of the parameters di ers when used for neuromorphic
computing or as a memory approach [101], as illustrated in Figure 1.4a. Table 1.1
presents a comparison between typical target values for the discussed performance
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Figure 1.4: Requirements for memristive devices in neuromorphic and memory applications.
a) Qualitative requirements compared for resistive switching memory and neuromorphic
applications. Adapted with modi cations from [101]. b) Device-to-device and cycle-to-cycle
variability requirements. Ideal devices show no variations in high resistance (HRS) and low
resistance states (LRS). However, uctuations are acceptable within the boundaries of states
that remain distinguishable. Adapted from [93].

parameters and reported values from existing memristive devices based on transition
metal dichalcogenide (TMDC) materials, which are the focus of this thesis.

Current-Voltage Characteristics

Number of states is an important measure, especially for neuromorphic applications,
because as the number of distinguishable states increases, the possible computational
complexity increases [102].

Variability is a measure of the uniformity of successive I-V-cycles (cycle-to-cycle,
C2C) or compared among devices (device-to-device, D2D). On a technological level,
the latter is strongly connected with reproducibility. In Figure 1.4b, C2C and D2D
variability are illustrated. Ideally, there is no variation from cycle to cycle over many
iterations and from device to device, with a well-de ned gap between the maximal
low resistance state (LRS) and the minimal high resistance state (HRS). For realis-
tic devices, resistance values will uctuate in either a distinguishable (and therefore
acceptable) or indistinguishable (unacceptable) way [93].
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Table 1.1: Benchmark parameters for memristive devices with examples for parameters
achieved with TMDC-systems.

Typical target

Parameter TMDC example Importance
On/O Ratio 102 104 state distinguishability
e.g. Au/MoS,/Au 102 [105]
Switching Voltage <3V energy e ciency,
e.g. Au/MoS,/Cu 250 mV [65] CMOS compatibility
Switching Time ns s speed
e.g. Au/MoTe,/Au 5 - 10 ns [106]
Write Energy < 1 pJ/event low power consumption
e.g. Au/MoS,/Au 30 fJ [107]
Endurance 10 10 8 cycles reliability
e.g. GRP/Mo0S;.,,O,/GRP 107 [59]
Retention > 10 years (memory); data stability

> 1 h (short-term)
e.g. Ag/PVP/SnS,/Au 3 104 s [108]

Variability low predictable performance
e.g. Ti/HfSe,/Au C2C 2.42 % [109]

On/O Ratio is the ratio of on- and o -currents (I on =lorr) Or conductivities
(Gon=Gorr = Rorr=Ron = HRS=LRS). This parameter is crucial for the distin-
guishability of the states and is therefore ideally high [103].

Endurance refers to the number of times a device can reliably switch between its
HRS and LRS before exhibiting degradation or failure. High endurance is crucial
for non-volatile memory, as it ensures the device can maintain data integrity over its
lifespan. However, characterizing and ensuring high endurance in RS devices can be
challenging due to variability and the need for extensive testing [104].

Switching Voltage is the voltage required to switch from HRS to LRS (set voltage
Vser) and from LRS to HRS (reset voltage Meser ). Due to energy e ciency and
CMOS compatibility considerations, the desired range is low [110].
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Timescales

Retention time is the time, before a previously written state is lost, when there is
no external electrical stress applied. For non-volatile memories, a data retention of ten
years at elevated temperature is required for a reliable use [111], while for neuromor-
phic applications, much shorter retention times are su cient [112].

Operation Speed or switching speed, is the measure of the time needed for a switch-
ing process. To be compatible with state-of-the-art memory devices, this needs to be
high in case of resistive switching memory [113], while it can be slow for neuromorphic
applications [114].

Power Consumption

The power consumption of a device should be low so as not to negate the positive e ects
of a more e cient architecture. This also translates into low operating voltages and
operating currents. The dimension of power consumption also in uences the possible
geometries of devices distributed on a physical substrate, since thermal power losses
can in uence neighboring devices [115].

Of course, when talking about power consumption, the energy and emissions required
to manufacture the devices should also be taken into account, as this is particularly
relevant for more short-lived devices [116].

Summary

This chapter has explored the fundamental principles and current developments in
memristive devices and resistive switching materials. In summary, the key mecha-
nisms enabling memristive behavior have been reviewed, along with their relevance to
neuromorphic computing.

Memristive devices o er a compelling route toward energy-e cient and scalable hard-
ware for next-generation memory and neuromorphic computing systems. Their ability
to emulate synaptic behavior through non-volatile and analog switching mechanisms
makes them particularly suited for brain-inspired architectures.

Recent advances in material science ranging from transition metal oxides to emerg-
ing 2D materials have signi cantly improved key performance parameters such as
switching speed, retention, and endurance. Nevertheless, challenges such as device
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variability and integration with existing CMOS technology remain critical barriers to
commercialization.

Continued interdisciplinary e orts in material and device engineering are essential to
fully explore the potential of memristive technologies for future computing platforms.

Building on this foundation, the following chapter examines the fabrication technology
in detail, highlighting its crucial role in ensuring the reliable integration of memristive
devices. While this work focuses on TMDC materials, all material classes used for
memristive devices or systems can bene t from this technology.
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2 Thin Film Technology

Thin Im technology refers to the fabrication of layered materials and forms the basis
of manufacturing device architectures for electronic and optoelectronic applications.
[117].

This chapter provides an overview of key thin Im fabrication techniques, focusing on
methods for material deposition and their patterning. Firstly, structuring techniques
like photolithography, etching, and lift-o [118] are introduced. They are used to de ne
the lateral dimensions of thin Im structures with high precision. Then, the deposition
methods classi ed as physical and chemical vapor deposition [119] are discussed with
emphasis on their suitability for di erent material systems and limitations. Finally, the
chapter addresses considerations for ensuring compatibility with complementary metal-
oxide-semiconductor (CMOS) processes. Together, these topics form a foundation
for understanding how thin Ims are engineered and implemented in scalable, high-
performance electronic devices.

2.1 Structuring Techniques

2.1.1 Photolithography

Photolithography is probably the most fundamental process in microfabrication (Greek:
photo-light, litho-stone, graphy-writing). It enables the precise patterning of materi-
als on a substrate, making it a cornerstone technology in the semiconductor industry
[121]. The technique combines principles of optics, chemistry, and materials science
[122]. Light is used to transfer geometric patterns from a photomask onto a photosen-
sitive resist layer, which leads, depending on the used polymer, to either strengthening
or weakening of the polymer bonds. When the resist layer comes in contact with a
developer chemical, the weaker parts get dissolved, resulting in a structured mask with
stable resist directly on the substrate. The wavelength of the used light plays a key role
in the resolution limit, so that photolithography has evolved through innovations such
as deep ultraviolet and extreme ultraviolet lithography to meet the demands of smaller
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Figure 2.1: Use of photolithography techniques for etching and lift-o. a) Resist (red)
protects parts of the layer from being etched. Insets show i) isotropic and ii) anisotropic
etching. In the case of isotropic etching, this has to be considered in mask design. b) Resist
(blue) is utilized to remove unwanted parts of the material. The inset indicates that the
resist must have an appropriate thickness relative to the deposited material. Additionally,
for optimal access of the solvent chemicals, an undercut (ii) is preferable to a vertical (i) side
ank. [120].

integrated circuits [123, 124]. A key distinction in photolithographic techniques lies
between mask-based exposure and maskless direct writing. Mask-based systems use a
physical photomask to expose an entire pattern in a single step ( ood-exposure with a
single light source through a mask), o ering high throughput and consistency, which

is ideal for large-scale manufacturing [118]. In contrast, direct writing techniques such
as laser or electron-beam lithography (targeted light source), eliminate the need for
masks by writing patterns point by point, providing greater exibility and resolution

at the cost of speed [125]. This trade-o between e ciency and adaptability plays a
crucial role in selecting the appropriate lithographic method for research, prototyping,

or high-volume production [126].

In mask-based photolithography, the patterns to be transferred onto the substrate are
rst designed using computer-aided design (CAD) software, which allows precise and
exible layout creation for the masks. In direct-write photolithography, although a
physical mask is not required, CAD layouts still guide the patterning system to expose
the desired structures accurately, facilitating rapid design iterations[127].

Dissertation Anna Janine Linkenheil



18 2 Thin Film Technology

2.1.2 Etching

Etching is a fundamental structuring technique in thin Im fabrication used to remove
material from de ned areas of a substrate selectively. It is usually conducted after
creating an etch mask using photolithography, which provides the necessary spatial se-
lectivity for transferring patterns. The process begins with a photolithography step to
produce a temporary etch mask. This mask protects speci ¢ regions of the underlying
Im while exposing others to the etching environment (demonstrated in Figure 2.1a).
Etching methods can be categorized into two main types: wet etching and dry etching.
Wet etching uses liquid chemicals that dissolve materials and is often isotropic (the
etching proceeds uniformly in all directions). Isotropy often causes undercuts beneath
the resist mask (Fig. 2.l1a inset i), which is undesirable for high-resolution features.
In contrast, dry etching techniques like reactive ion etching (RIE), plasma etching,
and atomic layer etching (ALE) utilize ionized gases or cyclic surface reactions to
remove material with greater precision. These methods are typically anisotropic (Fig.
2.1a inset ii), meaning the etch rate di ers along di erent directions often favoring
vertical over lateral etching which enables the creation of well-de ned, high-aspect-
ratio structures [118]. Anisotropic etching is especially critical in advanced micro- and
nanofabrication, where tight control over sidewall pro les and minimal lateral etch are
essential [128]. ALE, in particular, enables highly controlled, layer-by-layer removal of
material [129]. The selection of an etching method depends on the material properties,
required pattern delity, and targeted etch pro le.

Once the etching step is complete, the photoresist is stripped away, revealing the
patterned thin Im beneath. Etching is particularly suited for structuring layers that
are deposited uniformly across the surface or that require high aspect ratio features.
As a subtractive process, it is often used before additive methods like lift-o , primarily
when the material to be patterned cannot be easily structured through deposition
alone.

2.1.3 Lift-o

Lift-o is a widely used structuring method in thin Im fabrication that enables the
creation of patterned metal or dielectric features without the need for etching. Unlike
subtractive processes that remove material from unwanted regions, lift-o is an additive
process in which material is deposited only in the desired areas by rst patterning a
sacri cial resist layer and then removing it to "lift o " the overlying Im. This technique
is especially valuable for de ning ne features in materials that are di cult to etch or
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sensitive to harsh chemical environments [130].

The lift-0 process typically begins with the application of a photoresist layer onto the
substrate, followed by photolithographic patterning to create openings where material
deposition is desired. A common approach to improve the lift-o pro le is to engineer
an undercut resist pro le during development, which can be achieved using specially
formulated resists or tailored processing conditions. This undercut prevents the con-
tinuous coating of material across the resist sidewalls and substrate, ensuring a clean
separation during the lift-0 step (see Fig. 2.1b inset ii) [131].

After resist patterning, the target material is deposited over the entire surface. Cru-

cially, the deposition must be as directional as possible (typically achieved with line-of-
sight evaporation) to minimize coverage of the resist sidewalls. It is also important to

ensure that the deposition process does not exceed the thermal stability limits of the
photoresist, since elevated temperatures can result in re ow, deformation, or degrada-
tion of the resist pro le. Finally, the sample is immersed in a solvent, such as acetone
or a dedicated resist remover, which dissolves the underlying resist and lifts away the
unwanted material, leaving behind the patterned features [130].

Lift-o o ers several advantages, including compatibility with a wide range of materi-
als, simplicity in processing, and the ability to produce high-resolution features when
combined with electron-beam lithography. However, it also has limitations, such as
challenges in achieving good edge de nition for thick Ims and the risk of redeposition
or residual resist contamination. Careful optimization of resist pro les, deposition pa-
rameters, and lift-o conditions is essential to achieve clean and reproducible results
[132].

2.2 Material Deposition

Material deposition techniques are broadly categorized due to their underlying physical
and chemical processes. Physical vapor deposition (PVD), like thermal evaporation
and sputtering, involves the physical transfer of material in vacuum conditions without
chemical reactions at the substrate. In contrast, chemical vapor deposition (CVD) is
based on chemical reactions of gaseous precursors to form solid Ims on the substrate
surface. Beyond PVD and CVD, other deposition methods exist, e.g., liquid-phase
exfoliation for 2D materials, dip coating for polymer Ims, and molecular beam epi-
taxy (MBE) [119]. The material properties, desired Im thickness, uniformity, and
application requirements in uence the choice of deposition method.
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2.2.1 Thermal Evaporation

Thermal evaporation is a widely used PVD technique for fabricating thin Ims by
heating a source material (mostly pure metals) in a high-vacuum environment until it
transitions into the vapor phase and subsequently condenses onto a cooler substrate
[130]. The method is advantageous due to the simple equipment and high deposition
rates. It allows for good thickness control and is suitable for high-purity Ims from
materials with low melting points. However, it often lacks stoichiometric control and
may result in poor step coverage over complex topographies due to its line-of-sight
nature. Furthermore, the thermal stress on both source and substrate materials can
be a concern [133].

2.2.2 Magnetron Sputtering

RF magnetron sputtering is a second commonly used PVD technique for depositing
thin Ims, especially on insulating or semiconductor substrates. It operates by gen-
erating a radio frequency (RF) plasma to ionize an inert gas such as argon. The
plasma ions are accelerated toward a target material mounted on a magnetron cath-
ode causing atoms to be ejected or sputtered from the target surface. The magnetron
uses a magnetic eld to trap electrons close to the target, enhancing plasma density
and sputtering e ciency while reducing substrate heating. RF power opens up the pos-
sibility of sputtering insulating materials that would otherwise accumulate charge and
suppress continuous sputtering in direct current (DC) systems. This method provides
reasonable control over Im thickness, uniformity, and composition, making it suitable
for depositing metals, oxides, nitrides, and compound materials [121]. In particular,
RF magnetron sputtering can be applied to transition metal dichalcogenide (TMDC)
targets such as Mog enabling the direct deposition of complex layered materials.
However, Ims deposited by RF magnetron sputtering often have limited crystallinity
unless substrate heating or post-deposition annealing is applied [134], as the low energy
of arriving atoms restricts adatom mobility during growth [118].

2.2.3 Chemical Vapor Deposition

Chemical Vapor Deposition (CVD) is a way to coat surfaces with thin Ims by using
chemical reactions in the gas phase. In this process, precursors (volatile compounds
that carry the elements needed for the Im) are introduced into a heated reaction
chamber. When they reach the heated surface of the substrate, the precursors either
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decompose or react with other gases and form a solid layer while releasing byproducts
into the gas phase. These byproducts are removed by the gas ow. CVD o ers sev-
eral advantages, including the ability to produce high-purity conformal coatings over
complex geometries with good uniformity. As a drawback, the involved precursors
are often hazardous and require high processing temperatures, which can limit their
compatibility with speci ¢ substrates. Variants such as low-pressure CVD (LPCVD),
plasma-enhanced CVD (PECVD), and atomic layer deposition (ALD) have been de-
veloped to address limitations and expand the range of applications [119].

2.2.4 Atomic Layer Deposition

Atomic Layer Deposition (ALD) is a special case of chemical vapor deposition (CVD)
characterized by its sequential, self-limiting surface reactions that allow deposition
of one atomic layer at a time. This precise layer-by-layer growth makes it espe-
cially useful for coating complex, high aspect ratio, and three-dimensional structures
with nanometer-scale thin Ims. A variant of this technique, Plasma-Enhanced ALD
(PEALD), utilizes plasma to generate highly reactive species at lower substrate tem-
peratures, expanding the method's applicability to temperature-sensitive materials.
ALD is increasingly important for the synthesis and integration of two-dimensional
materials such as transition metal dichalcogenides (TMDCs), where atomic-scale con-
trol over thickness and composition is crucial to achieve the desired electronic and
optical properties. As the semiconductor roadmap nears its limits due to material
constraints, ALD's atomic-scale precision and excellent conformality make it a key en-
abler for future electronic device architectures. However, ALD is generally slower than
other deposition methods and, just like CVD, requires complex precursor chemistry,
which can limit throughput and increase process costs. Nonetheless, its unparalleled
control and versatility ensure ALD will remain central to next-generation material
synthesis and device fabrication [135].

2.3 CMOS Compatibility

CMOS compatibility is a critical consideration in thin Im fabrication, particularly for
processes integrated into semiconductor manufacturing. One of the primary concerns
is temperature: standard CMOS circuits can be damaged or experience performance
degradation if exposed to temperatures exceeding approximately 400 °C, which limits
the use of high-temperature deposition or annealing processes. A second point is mate-
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rials compatibility. Certain metals or compounds, like gold, copper, and alkali metals,
can di use into silicon or oxide layers and cause contamination and electrical failure.
Additionally, materials used in thin Im deposition must not interfere with existing
structures or introduce new defects, and the deposition techniques used also need to
avoid leaving residues or byproducts that could compromise the following processing
steps. To ensure integration compatibility, a good fabrication design needs to include
thermal budgets and contamination control, which often requires the use of alternative
materials or modi ed process conditions [136, 137].

Summary

In this chapter, the key structuring and deposition techniques for the fabrication of thin
Ims and microstructures were introduced, providing a foundation for the methodolo-
gies employed in this work. These techniques are selected not only based on material
requirements and process capabilities, but also with careful attention to the device con-
straints outlined in Chapter 1 and those related to CMOS compatibility. Temperature
limitations, contamination risks, and integration challenges all impose critical bound-
aries on the process ow. Therefore, the successful realization of devices for advanced
technological applications depends on a deliberate and informed selection of methods
along the entire design and fabrication chain. After the methods of experiments and
analysis are presented in Chapter 3, the process sequences developed during this work
are discussed in more detail in Chapters 4 and 5.
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3 Characterization Methods

Characterization techniques are vital for understanding and optimizing the proper-
ties and performance of thin Im materials and devices [138]. This chapter provides
an overview of the experimental approaches used to investigate memristive materials
and devices, divided into two main categories: material analysis, which explores the
physical and chemical nature of the device components [139], and electrical characteri-
zation, which evaluates their functional behavior [93]. Together, these complementary
techniques enable a holistic understanding of device operation and support the devel-
opment of reliable memristive technologies.

3.1 Material Analysis

The careful selection of material analysis methods plays a crucial role in the accurate
evaluation of memristive devices, especially when integrating 2D materials. The struc-

tural and electronic properties of these materials have a signi cant impact on device

performance. The research conducted in this work employs a combination of comple-
mentary methods, as presented in Figure 3.1.

Scanning electron microscopy (SEM) and scanning transmission electron microscopy
(STEM) provide high-resolution imaging of surface and cross-sectional morphologies;
however, they require demanding and destructive sample preparation. Energy-dispersive
X-ray spectroscopy (EDS) and electron energy loss spectroscopy (EELS) can be com-
bined with STEM and enable nanoscale elemental mapping, but are generally limited
to accessible layers and local regions [139].

The X-ray-based methods X-ray photoelectron spectroscopy (XPS), X-ray di raction
(XRD), and X-ray re ectivity (XRR) can provide information about the chemical
composition and structural characteristics of materials. However, the small lateral di-
mensions of the devices studied present challenges for the practical application of these
techniques. Speci cally, XPS requires larger sampling areas, and similarly, XRD and
XRR typically average over larger areas that exceed the size of the devices. XPS can
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Figure 3.1: Thin Im characterization methods utilized in this work. a) A classi cation of

the methods in morphological, structural, chemical, and optical analyses was implemented,
although many methods provide information about the material that can be assigned to more
than one category (as color-coded). b) Material analysis methods classi ed by their lateral
resolution and information depth. Too low lateral resolution hinders the measurement of
fabricated devices, since the device size is smaller than, e.g. spot size. The minimal feature
size for devices fabricated in this work is indicated. For very high lateral resolution or
information depth, destructive methods might be needed.

be employed together with sputter depth pro ling. However, this method is inherently
destructive and may lead to compositional inaccuracies due to preferential sputtering
[140].

Atomic force microscopy (AFM) [141], along with pro lometry [142], provides fast,
non-destructive, and high-resolution measurements of Im thickness, surface rough-
ness, and morphology, suitable for small-scale devices.

Raman spectroscopy and photoluminescence (PL) techniques can provide non-destructive
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and spatially resolved information about lattice quality and defect states. However, it

is essential to note that these methods provide only indirect insights into structures
that are buried beneath the surface [143, 144].

Special care needs to be taken in the characterization of vertically stacked memristive
architectures incorporating 2D materials, as these are often encapsulated to preserve
their functional properties [26]. This accessibility limitation restricts the reach of
surface-sensitive techniques, which, although valuable for probing accessible layers,
provide only partial insight into the internal structure and material interfaces crucial

to device operation. A comprehensive understanding thus relies on a variety of com-
plementary methods each contributing a unique perspective, as illustrated in Figure
3.1b. Surface, cross-sectional, and depth-resolved analyses collectively help build a
comprehensive picture of the device, encompassing layer uniformity, interface qual-
ity, crystallinity, and chemical composition. This integrative approach is essential for
correlating structural and chemical features with electrical performance, ultimately
enabling the rational design and optimization of memristive stacks.

3.1.1 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a widely used technique for imaging the sur-
face morphology and topography of materials at high resolution. In SEM, a focused
electron beam scans the sample surface, causing the emission of secondary electrons,
backscattered electrons, and characteristic X-rays. The detection of these signals gen-
erates detailed images that reveal surface texture, grain structure, and composition
contrast. SEM typically achieves spatial resolutions in the order of a few nanometers
and is valued for its ease of use and versatility across various materials and sample
types. While SEM provides rich surface information, it cannot probe internal struc-
tures or atomic-scale details, which motivates the use of complementary techniques,
such as scanning transmission electron microscopy, for subsurface and atomic-level
characterization [139].

The SEM setup primarily used in this work is a Hitachi S-4800.

3.1.2 Scanning Transmission Electron Microscopy

Scanning Transmission Electron Microscopy (STEM) is an advanced imaging technique
that combines the principles of SEM and transmission electron microscopy (TEM). In
STEM, a nely focused electron probe (typically 0.1 1 nm in diameter) is scanned
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across a thin specimen, and the transmitted electrons are collected to form images.

Unlike conventional TEM, which uses a broad electron beam, STEM provides high spa-
tial resolution and the ability to obtain various types of signals simultaneously, such as
bright- eld, dark- eld, and elemental maps via Energy Dispersive X-ray Spectroscopy

(EDS) or Electron Energy Loss Spectroscopy (EELS).

STEM is especially powerful for characterizing nanoscale features in materials, in-
cluding atomic structure, defects, interfaces, and compaosition with sub-nanometer res-
olution. It is widely used in materials science, nanotechnology, and semiconductor
research to study 2D materials, heterostructures, and complex nanostructures [145].

A FEI Helios Nanolab has been used for focused ion beam (FIB) milling and preparing
cross-sectional slices for TEM analysis. STEM with probe-correction, energy-dispersive
X-ray spectroscopy (EDS), and electron energy loss spectroscopy (EELS) have been
performed at a Jeol JEM-ARM200F and a FEI Tecnai F30. Milled regions could be
evaluated with the FEI SEM and Oxford INCA EDS.

3.1.3 Energy Dispersive X-Ray Spectroscopy

Energy-Dispersive X-ray Spectroscopy (EDS), often coupled with scanning or trans-
mission electron microscopy (SEM/TEM), is a widely used technique for elemental
analysis and chemical characterization at the micro- to nanoscale. When a high-energy
electron beam interacts with a sample, it can eject inner-shell electrons, leading to the
emission of characteristic X-rays as outer-shell electrons |l the vacancies. These X-
rays are detected and analyzed to determine the elemental composition of the sample.
EDS o ers rapid, qualitative, and semi-quantitative analysis, with the ability to map
elemental distributions across a region of interest. Although it is limited in sensi-
tivity for light elements and has lower energy resolution compared to techniques like
EELS, EDS remains indispensable for routine compositional analysis due to its ease of
use, compatibility with electron microscopes, and ability to probe bulk and thin Im
materials. Its application is particularly valuable in materials science for detecting
impurities, assessing stoichiometry, and verifying uniformity in complex layered struc-
tures [145, 146].
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3.1.4 Electron Energy Loss Spectroscopy

Electron energy loss spectroscopy (EELS) serves as a powerful analytical technique for
examining the chemical composition, electronic structure, and bonding environment
of materials at the nanometer scale. By measuring the energy lost by high-energy
electrons as they pass through a thin specimen, EELS captures both low-loss and core-
loss regions. This capability enables the identi cation of elemental distributions and
electronic excitations, including plasmons and interband transitions. When combined
with scanning transmission electron microscopy (STEM), EELS enables simultaneous
imaging and spectroscopy, making it an essential tool for correlating structural and
compositional information on an atomic scale. This technique proves particularly use-
ful for exploring complex thin Ims, heterostructures, and low-dimensional materials,
where slight variations in chemical states can signi cantly impact device performance
[147].

3.1.5 X-Ray Photoelectron Spectroscopy

Photoelectron spectroscopy methods rely fundamentally on the photoelectric e ect,
wherein photons incident on a material excite and eject electrons from its surface.
In X-ray photoelectron spectroscopy (XPS), the material surface is irradiated with
monochromatic X-rays, typically from Al K or Mg K sources, which induce the
emission of core-level electrons. By precisely measuring the kinetic energy of these
emitted electrons, one can determine their binding energies, which are highly sensi-
tive to the chemical environment and oxidation state of each element present. The
measured signals enable not only qualitative and quantitative elemental analysis but
also detailed insights into chemical states, bonding con gurations, and surface con-
tamination. Due to its inherent surface sensitivity (probing depths typically limited

to 1 10 nm), XPS is particularly valuable for characterizing thin Ims, interfaces, and
surface modi cations. The method can be combined with depth pro ling (e.g., using
ion sputtering) to measure compositional information as a function of depth. This
makes XPS a versatile tool for analyzing complex multilayer structures [148].

A major concern in this approach is preferential sputtering, where lighter elements (e.qg.,
oxygen or sulfur) are sputtered more e ciently than heavier ones. This can lead to sig-
ni cant distortions in the measured composition, resulting in inaccurate depth pro les
and potentially misleading interpretations of layered or graded materials. Additionally,
ion bombardment can induce chemical reduction or damage to the remaining material,
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further complicating the analysis. Therefore, careful calibration, use of appropriate
sputtering conditions, and complementary characterization methods are often neces-
sary to mitigate these issues and validate the depth pro le data obtained by XPS [149].

XPS measurements were performed using a SPECS SAGE 150 system equipped with a
1D-Delayline detector and monochromatic Al K radiation (1486.7 €V). The analysis
area had a diameter of 1 mm. For depth pro ling, argon sputtering was carried out at

a removal rate of 1.5 nm per step. The information depth was estimated to be 5 + 2
nm, and element concentrations were determined with an accuracy of £1 at.%.

3.1.6 X-Ray Re ectometry

X-ray re ectometry (XRR) is a remarkable non-destructive technique that provides a
detailed look into thin Ims, enabling analysis of their thickness, density, and surface
roughness at the interfaces. During the XRR process, the intensity of X-rays re ected
from the surface of a sample is measured at shallow angles beneath the critical angle
for total re ection. This measurement generates interference patterns known as Kies-
sig fringes, where the spacing of these fringes relates directly to the Im's thickness.
Additionally, the amplitude and decay of the fringes o er valuable insights into the
roughness of the interfaces as well as the density contrast [150].

However, there are some limitations to consider when using XRR. The method relies on
model tting to interpret structural parameters, which can lead to ambiguous results

in certain situations. For very thin or low-density Ims, a highly re ective substrate
can overshadow the signal from the Im itself. Moreover, XRR generally assumes that
the sample is laterally homogeneous, and the resulting averaged readings might not
accurately depict conditions, especially when there are areas with non-uniform coverage
or defects present. It is also important to note that XRR o ers limited insights into
in-plane crystallinity, which is why it is commonly used alongside other diraction
techniques such as X-ray di raction.

3.1.7 X-Ray Diraction

X-ray diraction (XRD) is a non-destructive characterization technique employed to

analyze the crystallographic structure, orientation, strain, and phase composition of
materials. When X-rays interact with a crystal, they are scattered by the electrons
surrounding the atoms. Constructive interference occurs when the path di erence
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between waves scattered from adjacent planes satis es Bragg's law:
2d sin()=n : (3.2)

is the wavelength of the incident X-rays, d is the spacing between crystal planes,

is the angle of incidence, and n is an integer denoting the diraction order. The
di raction pattern recorded over a range of 2 is like the unique ngerprint of the
crystal structure, allowing for the identi cation of lattice constants, phase composition,
and orientation.

In the context of thin Ims and epitaxial layers, XRD provides critical insights into
crystal quality and epitaxial relationships with the substrate. Standard 2 -! scans
primarily assess out-of-plane lattice parameters and phase identi cation, con rming
crystallographic orientation and layer stacking [151]. The measurement geometry plays
an important role in the type of information obtained:

The Bragg-Brentano (BB) geometry is the most commonly used re ection mode in
X-ray diraction (XRD). In this con guration, the incident and di racted beams are
symmetric with respect to the sample surface, making it ideal for analyzing bulk sam-
ples or thick Ims. This setup provides high-resolution data on lattice spacing and
phase composition, facilitating detailed material analysis. On the other hand, Grazing
Incidence XRD (GI-XRD) is speci cally designed for thin Ims and surface-sensitive
studies. It operates by xing the incident angle at a small value, typically between
0.5° and 5°. By minimizing the contributions from the substrate, GI-XRD enhances
the signal from the near-surface region, making it particularly valuable when studying
materials where surface characteristics are crucial.

Beyond standard 2 -! scans, which primarily assess the out-of-plane lattice parame-
ters and identify phases, more advanced XRD techniques such as rocking curve (RC)
analysis and reciprocal space mapping (RSM) provide additional structural informa-
tion.

The rocking curve, or !-scan, measures the full width at half maximum (FWHM) of
the di raction peak as the sample is rotated (rocked) about the ! axis, while keeping
the detector xed. This measurement is susceptible to crystal tilt, mosaic spread, and
overall crystalline quality. A narrower RC indicates a more uniform orientation of
crystallites and fewer structural defects such as dislocations or grain boundaries. It is
especially valuable in evaluating the epitaxial alignment and strain relaxation in thin
Ims [152].

Reciprocal space mapping (RSM) is an even more comprehensive tool, enabling the
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investigation of both in-plane and out-of-plane lattice parameters simultaneously. By
scanning a range of incident and detection angles, RSM constructs a two-dimensional
map in reciprocal space, from which strain, relaxation, and lattice mismatch can be
quantitatively extracted. This is particularly useful for heteroepitaxial systems, where
lattice strain between Im and substrate plays a role in determining electronic and
mechanical properties. RSM also allows distinguishing between pseudomorphic and
relaxed growth regimes, making it indispensable for the study of strained-layer epitaxy
[153].

Together, the discussed scanning regimes form a complementary suite of techniques for
deep insights into the structural integrity and epitaxial quality of crystalline materials,
particularly in layered and thin Im systems.

In case of sputtered Mog X-ray diraction (XRD) patterns were recorded using

a Siemens D5000 Theta-Theta di ractometer equipped with Cu-K radiation ( =
0.1541 nm). The measurements were performed in grazing incidence mode, with an
incident angle of = 3°. The X-ray tube was operated at 40 kv and 40 mA. Data
were collected with a step size of 2 = 0.02° and an integration time of 1 second.

For the investigations on Hf$, a Rigaku SmartLab di ractometer employing similar
Cu-K radiation was used, operating the X-Ray tube at 45 kV and 200 mA and varying
step sizes and integration times during measurements.

3.1.8 Raman Spectroscopy and Photoluminescence

When illuminating a transparent material with a monochromatic light beam (wavenum-
ber »), some of the light is de ected from its original propagation direction, while most
of it is transmitted without changing trajectory. In addition to Rayleigh Scattering,
where scattered light does not undergo a change of the wavenumber, the transitions
between rotational or vibrational energy levels of molecular systems result in new lines
ordered symmetrically around the Rayleigh line (% ¥ v ). This e ect, named the
Raman e ect after its discoverer, therefore describes a shift originating from the con-
version of laser energy into molecular vibrations in the sample. It has to be noted,
that the signals, commonly referred to as Stokes {¥v ) and anti-Stokes (% + ¥y )
lines, are always accompanied by Rayleigh scattering, which exceeds the Raman signal
in 3-5 orders of magnitude intensity-wise [154].

For two-dimensional materials such as TMDCs, bandgap-related properties can be
probed indirectly using Raman spectroscopy with varying excitation wavelengths.
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When the photon energy of the laser approaches the bandgap of the material, res-
onance Raman scattering enhances speci ¢ vibrational modes due to increased elec-
tron phonon coupling. By employing lasers of di erent wavelengths, it is possible to
observe wavelength-dependent intensity variations, providing qualitative insight into
electronic transitions and excitonic e ects [155]. This approach o ers a non-destructive
means to explore thickness-dependent or strain-induced bandgap changes in TMDCs.
Especially when examining thin Ims, a contribution of the substrate material to the
spectrum needs to be expected and subtracted. Laser light can also cause photolumi-
nescence (PL), comprising both uorescence and phosphorescence, which, in contrast
to Raman (vibrations), represent absorption or emission processes between electronic
energy levels and can be many times stronger [156]. Therefore, samples with a pho-
toluminescent response may have their Raman lines superimposed or even concealed
entirely. Occasionally, cosmic rays become visible in the detected spectra. These ap-
pear randomly and can be eliminated through multiple measurements. The spatial
resolution of the method is limited by the Abbe di raction limit, which depends on the
microscope objective used and the laser wavelength [157].

The used setup is a WiTec confocal Raman microscope alpha 300 apyron with lasers
providing the incident wavelengths 355, 488, 532, and 785 nm for excitation.

3.1.9 Pro lometry

Stylus pro lometry is a popular technique for assessing the surface characteristics
of materials, especially useful in studying thin Ims and patterned structures. This
method involves the use of a sharp diamond-tipped stylus that moves mechanically
across the surface of the sample while applying a controlled force. As the stylus
moves, it detects vertical changes in height due to surface variations, allowing for the
construction of a detailed surface pro le with remarkable precision often down to
sub-nanometer resolution. One of the key advantages of stylus pro lometry is its e ec-
tiveness in measuring Im thickness after deposition or etching, along with evaluating
step coverage and edge pro les in microfabricated designs. The technique is fairly
straightforward and provides direct contact with the surface. This makes it an indis-
pensable tool in the elds of thin Im and microfabrication research. Despite being a
contact method, careful control over measurement conditions ensures that the process
can be carried out without substantially altering the surface characteristics [138].
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For the pro lometry scans in this work, a Dektak 150 (Veeco) and an Alpha-Step
D-600 Stylus Pro ler (KLA) were utilized.

3.1.10 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a high-resolution method for characterizing the
topography and nanoscale morphology of thin Ims in memristive devices. It operates
by scanning a sharp tip attached to a exible cantilever across the sample surface,
detecting de ections caused by interatomic forces between the tip and the sample.
Three-dimensional surface maps with nanometer lateral resolution and sub-nanometer
vertical sensitivity can be generated, providing valuable information on surface rough-
ness, grain size, and Im uniformity parameters that are measured with higher reso-
lution compared to pro lometry [141].

A Bruker AFM setup with a silicon cantilever featuring a 10 nm tip radius and an
aluminum backside coating.

3.1.11 Peak Fitting and Data Normalization

Peak tting in Raman and XRD analysis was performed using the Pseudo-Voigt (Ps-
dVoigt) function, a linear combination of Gaussian and Lorentzian pro les. This ap-
proach yields a exible and accurate representation of peak shapes, accommodating
both instrumental broadening (typically Gaussian) and sample-related e ects such as
crystallite size or strain (typically Lorentzian). The PsdVoigt tting enables precise
determination of peak positions, full width at half maximum (FWHM), and intensi-
ties, which are critical for subsequent structural and microstructural analysis [158].
All ttings were carried out using Origin software, ensuring consistency across the
datasets.

In the case of Raman spectroscopy, spectra were pre-processed when applicable to re-
move cosmic ray spikes and subtract baseline contributions, ensuring that only physi-
cally meaningful features were analyzed.

When needed, normalization was applied to enable quantitative comparison of Raman
spectra collected under varying conditions. The normalization procedure comprised
two key steps:

1. Power and time correction: Raw intensities were divided by the product of
incident laser power (P) and integration time (t) to account for di erences in
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illumination and acquisition conditions:

oo ()= 22 32)

2. Wavelength-dependent correction: The Raman scattering intensity strongly
depends on the excitation frequency, with the di erential scattering cross-section
scaling as 4. Considering additional geometrical factors such as focal volume
and collection solid angle, the overall dependence is typically modeled a% .
The corrected intensity was therefore calculated as:

's
leorr (5 ) =1 norm : (3.3)

ref

This normalization ensures that variations due to experimental parameters are mini-
mized for a meaningful comparison of Raman peak intensities across di erent excitation
wavelengths and measurement sessions [159].

3.2 Electrical Characterization

Electrical characterization is essential for evaluating device performance, stability, and

functional reliability. For memristive devices, this involves precise measurements of
electrical parameters such as current-voltage (I V) behavior, switching dynamics, en-

durance, and data retention. These electrical tests not only quantify device function-

ality but also help correlate physical material properties with operational mechanisms.

Additionally, statistical analysis of measurement results plays a crucial role in assessing
device variability and consistency. This section provides an overview of the key elec-
trical characterization methods for memristive systems, emphasizing their importance
for device optimization and understanding underlying switching phenomena.

3.2.1 Characterization Techniques for Memristive Devices

To evaluate the fundamental electrical characteristics of memristive devices, both cur-
rent voltage (I V) characterization and pulse-based measurements are commonly em-
ployed, as sketched in Figure 3.2. 1V sweeps are the primary method for probing the
device's resistive switching behavior, typically through a quasi-static voltage sweep in
a triangular form. This test yields the characteristic pinched hysteresis loop, which
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con rms memristive behavior and allows extraction of key parameters such as the
ON/OFF resistance ratio and switching thresholds.

To prevent permanent dielectric breakdown during the SET process (when the device
switches from a high-resistance state (HRS) to a low-resistance state (LRS)), a current
compliance is typically applied as a protective limit, ensuring that the current does not
exceed a critical threshold that could lead to irreversible damage or hard breakdown.
The specic value of the current compliance depends on the material system and
device geometry, and its careful selection is crucial for achieving stable and repeatable
switching characteristics.

To assess the dynamic performance and switching kinetics of memristive devices, pulse-
based techniques are applied. In this method, voltage pulses trigger SET and RESET
transitions, while separate, low-amplitude read pulses monitor the resistance state.
This approach enables the evaluation of switching time, device endurance over repeated
cycles, and retention characteristics. Together, | V and pulse measurements provide a
comprehensive understanding of both the static and dynamic properties of memristive
devices, which is critical for their optimization in memory and neuromorphic computing
applications.

3.2.2 Measurement Setup

The electronic characterization of the devices was carried out using current-voltage
measurements. A Keysight B2901A source measurement unit (SMU) was used for |-V -
and pulse measurements. During measurement, the bottom electrode was grounded,
and a voltage was applied to the device's top electrode while the current was simul-
taneously measured. Dierent sweep and pulsing routines were applied to measure
hystereses, endurance, and retention, as indicated at the top of Figure 3.2. A half-
automatic wafer prober, as shown at the bottom of Figure 3.2, was utilized, allowing
a systematic measurement of multiple devices by moving the programmable stage in
steps as little as 1 m. The automatic touchdown of the probing needles with the
height-adjustable platform requires high uniformity of the contact pads.

3.2.3 Data Analysis

Beyond the acquisition of raw electrical data, thorough data analysis is crucial for ex-
tracting meaningful insights into the switching behavior and reliability of memristive
devices. Due to the inherent variability and nonlinear dynamics typical of resistive
switching, systematic evaluation of parameters such as threshold voltages, resistance
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Figure 3.2: Measurement setup for electrical device characterization. Depending on the
intended measurement (I-V-sweep, endurance, retention), input signals are transferred from
a computer and applied by the SMU to the contacted device. With the movable stage
and the height-adjustable platform holding the micromanipulators with probes, automated

measurements are possible.

states, switching times, and cycle-to-cycle variation is substantial. Analytical routines
were implemented to Iter, align, and normalize the measured data, enabling consistent
comparison across di erent devices and test conditions. Statistical tools were applied
to quantify distributions and evaluate correlations between key metrics. This anal-
ysis forms the basis for understanding device performance and optimizing operation
conditions for practical applications.
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3.2.3.1 Visualization

E ectively interpreting and communicating the electrical performance of memristive
devices relies heavily on proper visualization of measurement data. A range of plotting
techniques was applied using MATLAB and Origin to highlight key trends and behav-
iors of the devices. Scatterplots proved useful for illustrating device-to-device vari-
ability in important parameters ON/OFF resistance ratios and cycle endurance. This
approach o ered valuable insights into statistical distributions and helped identify po-
tential outliers. Time-resolved switching dynamics and pulse response measurements
were depicted through line graphs, which allowed for a clear identi cation of SET
and RESET transitions, as well as an understanding of temporal stability. Moreover,
heatmaps were employed to represent spatial uniformity across wafers and to visualize
how parameters drifted over repeated cycles. These visualization techniques not only
enhanced qualitative assessments but also supported quantitative analysis, alongside
the statistical tools discussed below. This combination permits a more comprehensive
understanding of the underlying switching mechanisms and reliability metrics.

3.2.3.2 Statistical Tools

Histograms, cumulative distribution functions (CDFs), and boxplots are fundamental
tools for visualizing and analyzing the distribution of numerical data.

A histogram represents the frequency distribution of a dataset by dividing the data
range into discrete bins and showing the number of observations falling into each bin,
thus providing an intuitive overview of the data's shape, central tendency, and spread.
In the context of memristive device characterization, histograms are frequently used
to display the distributions of switching voltages (SET/RESET), ON- and OFF-state
resistances, or pulse-induced resistance changes across multiple cycles or devices. This
enables the identi cation of multimodality or the presence of outliers key indicators

of process variability or unstable switching behavior.

In contrast, the cumulative distribution function o ers a complementary perspective by
depicting the cumulative probability that a variable takes on a value less than or equal
to a given threshold, allowing for easy interpretation of percentiles and quantiles [160].
For memristive devices, CDFs are particularly useful in reliability assessments, such as
guantifying the percentage of devices that switch below a target voltage, or evaluating
the likelihood of achieving a minimum ON/OFF resistance ratio. They also support
endurance analysis by illustrating degradation trends across repeated switching cycles,
providing insight into device wear-out mechanisms.
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Meanwhile, the boxplot (or box-and-whisker plot) summarizes a dataset using ve
key statistics: minimum, rst quartile (Q1), median (Q2), third quartile (Q3), and
maximum. It highlights the interquartile range and potential outliers, making it espe-
cially useful for comparing distributions across multiple groups [161]. In memristive
applications, boxplots can be employed to compare switching behavior across di erent
material stacks or fabrication runs. For instance, they can reveal whether a certain
electrode material results in tighter switching distributions or if a speci ¢ annealing
treatment reduces variability.

Together, these graphical methods provide a comprehensive toolkit for exploring data
distributions, detecting asymmetries, and assessing variability in a concise and vi-
sually accessible manner. Their application to memristive device analysis not only
facilitates a deeper understanding of switching characteristics, but also supports pro-
cess optimization, material screening, and reliability benchmarking critical steps in
the development of robust memory and neuromorphic systems.

Summary

In this chapter, the fundamental characterization techniques used to evaluate the struc-
tural, morphological, and electrical properties of memristive devices were presented.
The selected methods provide complementary insights into material quality and device
behavior at both the microscopic and macroscopic scales. Material analyses utilizing
electron microscopy, light matter interactions, X-ray-based techniques, and surface
morphology analysis enable a precise evaluation of thin Im uniformity, crystallinity,
interface quality, and topographical features. Subsequently, electrical measurements,
ranging from quasi-static 1V sweeps to pulse-based switching tests, o er critical
information on device performance and reliability. These tools form the analytical
foundation of this work and are essential for establishing process structure function
relationships. The methodologies introduced here are applied throughout the experi-
mental chapters that follow, particularly in the evaluation of integration and switching
behavior in Chapters 4 and 5.
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4 Thin Film Technology for Transition
Metal Dichalcogenides

Scaling transition metal dichalcogenide (TMDC) based devices from proof-of-concept
demonstrations to practical systems requires the ability to fabricate thin Ims with con-
trolled thickness, stoichiometry, and uniformity across large substrates [162]. While
single-crystal akes obtained by mechanical exfoliation have enabled fundamental in-
sights, they lack scalability and process compatibility with silicon technology [163].
Thin Im deposition techniques, such as magnetron sputtering, chemical vapor depo-
sition (CVD), and atomic layer deposition (ALD), o er pathways toward wafer-scale
integration, but each approach involves trade-o s in crystallinity, defect density, growth
control, and process limitations [66, 164, 165].

This chapter examines thin Im fabrication strategies for selected semiconducting
TMDCs relevant to memristive applications. It begins with an overview of the material
class studied (Section 4.1), followed by a general outline of the TMDC fabrication work-
ow in Section 4.2. Aiming to elaborate on how synthesis conditions a ect Im quality,
the integration and material analyses of sputtered Mo$ ALD-HfS,, and CVD-WS,
are presented in Sections 4.3, 4.4, and 4.5. The found characteristics, in turn, in u-
ence device behavior, thereby laying the foundation for the electrical characterization
presented in Chapter 5.

4.1 Transition Metal Dichalcogenides

TMDCs are layered materials with the general formula M) where M denotes a tran-
sition metal and X a chalcogen such as sulfur, selenium, or tellurium [167]. In their
two-dimensional (2D) form, TMDCs combine semiconducting behavior with thickness-
dependent band structures, and the possibility of creating active layers or channels just
a few atoms thick [20, 166].

Within the broader class of 2D materials, as outlined in Figure 4.1, TMDCs represent
one of the most versatile and intensively studied material families. 2D materials cover
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Figure 4.1: Overview of emerging 2D materials, classi ed by material families, conductivity,
and application. Adapted from [166].
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a wide range of electronic and chemical characteristics, spanning from metallic and
semimetallic to semiconducting and insulating systems. In this landscape, TMDCs
bridge the gap between purely metallic systems such as MXenes and covalent semi-
conductors such as graphene. Their tunable band gap and chemical diversity make
them attractive for diverse applications, including transistors, sensors, and memristive
devices.

The atomic thickness and large surface-to-volume ratio of 2D-TMDCs make their elec-
trical properties highly sensitive to defects and interfaces. This sensitivity enables
various resistive switching mechanisms, including charge trapping, interface e ects,
and lament formation [22]. These defect structures can be both disadvantageous and
bene cial: they are undesirable for transistors, but for memristive devices, a de ned

defect structure is required. For memristive applications, these phenomena can be
engineered through the controlled incorporation of defects and the creation of het-
erointerfaces.

The members of the TMDC family investigated in this work are molybdenum disul de
(Mo0S,), hafnium disul de (HfS,), and tungsten disul de (WS,). While they will be
introduced in more detail in the material-speci ¢ Sections 4.3, 4.4, and 4.5, an overview
is provided in Table 4.1. The choice of these three TMDCs is motivated by their
complementary characteristics and by the opportunity to explore distinct advantages
and challenges across di erent material systems.

As summarized in Table 4.1, Mogand WS, share the semiconducting 2H phase with
layered A B A stacking and indirect band gaps of 1.2 1.4 eV in bulk form, transition-
ing to direct gaps in the 1.52.1 eV in the monolayer limit. In contrast, Hf$ crys-
tallizes in the 1T phase, a structure characterized by octahedral coordination of the
metal atoms and intrinsically more metallic bonding, which contributes to its indirect
band gap of approximately 1.1 2.7 eV depending on Im thickness. These structural
and electronic distinctions are directly relevant to their switching mechanisms: while
MoS, and WS;-based devices typically exhibit vacancy-assisted lamentary switching,
HfS, often shows interface-controlled or ion-migration-dominated behavior, consistent
with its higher ionic mobility and the presence of native HfQ@ at the interface.

The integration maturity and CMOS compatibility listed in Table 4.1 further highlight
their technological contrast. HfS o ers a clear advantage in terms of process compat-
ibility with silicon-based fabrication due to its hafnium chemistry and natural oxide
formation, making it particularly attractive for hybrid device stacks. By comparison,
MoS, and WS, are more established research platforms with moderate integration
maturity.
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Table 4.1: Comparison of key properties of MoS,, HfS,, and WS, for memristive appli-
cations. Band gaps are indicated as direct (D) or indirect (I). Some values are not directly
comparable due to large deviations between experimental and computational approaches
("). Reported band gaps strongly depend on factors such as strain, crystallinity, gate
voltages, and ambient conditions; the values listed here are provided for general compar-

ison only.

Property

MoS ,

HfS ,

WS,

Crystal structure

Band gap (bulk)

Band gap
(monolayer)

Switching
mechanism

Integration
maturity

CMOS
compatibility

2H (semicond.)

1.2-1.3 eV (IP
1.5-1.9 eV (DY

vacancy-assisted
lament "

moderate

moderate

1T (semicond.)

1.1-2.7 eV* (I)?

1.1-1.9 eV ()9

interface-
controlled + ion
migration?

low

high

2H (semicond.)

1.3-1.4 eV (IP
1.54-2.1 eV (D)®

vacancy-assisted
lament M

moderate

moderate

) Refs. [168, 169]” Refs. [170, 171]9Refs. [168, 169, 172, 173|Refs. [172,
174 178]; 9Refs. [168, 169, 172, 179|Refs. [22, 51]9Ref. [180];" Ref. [181]
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Collectively, these materials form a representative set spanning di erent crystal struc-
tures (2H vs. 1T), band-gap energies, and switching behaviors. Their comparison
establishes a comprehensive framework to study how structural, electronic, and chemi-
cal variations within the TMDC family a ect memristive performance and integration
potential.

A critical challenge lies in synthesizing TMDCs with properties tailored for device
operation. While mechanical exfoliation provides defect-free monolayers for funda-
mental studies [182], it lacks scalability [183]. Scalable deposition techniques such
as magnetron sputtering, chemical vapor deposition (CVD), and atomic layer de-
position (ALD) enable wafer-level integration but often introduce grain boundaries,
non-stoichiometry, or higher defect densities, all of which in uence switching behavior
[184]. The selected TMDCs Mo§ HfS,, and WS, were deposited using di erent tech-
niques (magnetron sputtering, ALD, and CVD, respectively), which further broadens
the comparative scope of this work.

Essentially, both the choice of TMDC and the synthesis route critically determine
device performance, stability, and integration potential for non-volatile memory and
neuromorphic computing. In the following sections, the general TMDC-speci c fab-
rication work ow is rst outlined, followed by a discussion of the material-dependent
integration approaches.

4.2 Fabrication Work ow

The fabrication of TMDC thin Im devices relies on careful material selection, mask
design, and process planning to ensure reproducibility and compatibility with standard
thin Im techniques. Mask layouts de ne device geometry and enable systematic
studies of size- and architecture-dependent e ects, while material choices in uence
both stability and integration. Key challenges such as contamination control, interface
quality, and thermal load must be addressed throughout the work ow [185]. This
section outlines the general fabrication strategy that guided the experiments presented
in the following sections.

4.2.1 Substrate Preparation

For the deposition of TMDC thin Im devices, the primary substrates used were 4-
inch p-type silicon wafers coated with approximately 1 m of thermally grown silicon
dioxide (SiO,) to provide electrical insulation. Sapphire substrates were occasionally
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employed to compare growth behavior on di erent lattice-mismatched surfaces and
to facilitate elemental analysis. Both Si/SiQ and sapphire (AbO3) substrates are
standard materials in semiconductor fabrication [118, 186], ensuring compatibility with
conventional processing and device integration. Prior to Im growth, the substrates
were cleaned using standard solvents and plasma cleaning procedures to remove organic
residues and surface contaminants [187], promoting uniform nucleation and adhesion
of the device layers. The use of sapphire avoids potential overlap in energy-dispersive
X-ray spectroscopy (EDX) signals [188], for example, between Hf in Hf3ms and Si

from the substrate, allowing more accurate compositional characterization.

4.2.2 Mask Layout

The 4-inch mask layouts used in this work were rst developed at Kiel University [189],
and adapted by Seongae Park [190]. The set consists of four layouts, as displayed in
Figure 4.2a.

To decouple devices from each other, an alternative design has been developed together
with Alexander Shkurmanov. This design is demonstrated in Figure 4.2b and has
individual bottom electrode pads. Further improvements are the test elds for all
layers and the more conservative etching of device material and encapsulation, ensuring
a better longevity for the 22,272 devices in four di erent sizes.

4.2.3 Selection of Peripheral Materials

Materials being integrated around the active TMDC layers play an important role in
both fabrication and device functionality. On the most basic level, materials must
adhere to each other in order not to compromise the layer stack.

For the rst structure, a conductor serves as the bottom electrode. For sputtering
trilayer stacks with MoS,, this was chosen to be thermally evaporated gold (Au), since
it is a good conductor and complies with the sputtered Au layer. Au can be easily
etched wet-chemically, however, as an adhesion promoter to the Si/Si®ubstrate, a

2 nm chromium (Cr) layer is needed. In cases of changed electrode materials (section
4.3.4), one try was given to an aluminum BE structure, which is, although much
cheaper, highly reactive. Therefore, the choice for later CVD and ALD fabrication
runs was sputtered titanium nitride (TiN), since it is advantageous over Au in terms
of CMOS compatibility, higher thermal stability, and cost.

Thick high-quality CVD SiO, was used for the encapsulation of the devices, since it
0 ers good protection against ambient degradation, additional to a high thermal sta-

Dissertation Anna Janine Linkenheil



44 4 Thin Film Technology for Transition Metal Dichalcogenides

Figure 4.2: CAD layouts for devices on 4-inch wafers. a) Design with shared bottom
electrode (BE), with a total of 32,016 devices. i) shows one of the 232 squares with 23x6
devices of di erent sizes, as displayed in ii). b) Design adapted to separate BE pads for each
device, yielding 22,272 devices in four di erent sizes. i) and ii) show closer views. A major
improvement towards the previous version is the extended areas of both device material and
encapsulation, minimizing ambient in uences even further.
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bility, good mechanical coverage, and compatibility. The process is especially bene cial
for the overall work ow, since it has a high deposition rate and can therefore be done
without much delay to cover sensitive layers. The wiring windows can then be etched
wet-chemically with high precision.

Aluminum is a practical choice for a top layer in device fabrication when working with
underlying electrodes such as Au or TiN, particularly due to its compatibility with
selective wet chemical etching. Phosphoric acid-based aluminum etchants e ectively
remove aluminum without attacking Au or TiNs. This enables clean patterning of
aluminum features such as contact structures without risking damage to previously

de ned electrode layers. Moreover, aluminum is low-cost and easy to deposit.

4.2.4 Challenges

The fabrication of TMDC thin Ims involves several challenges that must be addressed

to ensure reproducibility and functionality of the resulting devices. A key issue is the
sensitivity of the TMDC layers to ambient conditions, particularly when exposed to

air or moisture after deposition [191]. This can lead to oxidation, contamination, or
degradation of the material properties if handling outside of a vacuum is not minimized

or carefully controlled [192, 193]. Furthermore, integrating characterization techniques
after processing requires specially designed sample layouts and open access to active
regions. Lastly, structuring methods such as etching remain limited and complex for
some TMDCs [194, 195]. These limitations necessitate material-speci ¢ adaptations
in the fabrication process, which are addressed in the following sections.

4.3 Sputtered Molybdenum Disul de (MoS »)

Parts of this section are adapted from my previously published article in the Journal of
Materials Science, 2025 [196]. Theresa Scheler developed the Mwoifayer sputtering
process and performed the XRD measurements. Andrea Knauer carried out the XPS
measurements. Bernd Hahnlein was responsible for the Raman spectroscopy and pho-
toluminescence studies and their interpretation. Ole Gronenberg and Hendrik Groy
conducted all STEM, STEM-EDS, and STEM-EELS measurements and their inter-
pretation. Jonas Schneegay supported all cleanroom processing steps.

MoS; is one of the most extensively studied transition metal dichalcogenides, primar-
ily due to its semiconducting nature, environmental stability, and broad applicability
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in electronics [197] and optoelectronics [198]. It crystallizes predominantly in the 2H
phase, which exhibits semiconducting behavior [199], although metallic 1T and dis-
torted 1T' phases can be induced via chemical treatment or electrostatic doping [200].
MoS, exhibits a thickness-dependent band gap, transitioning from an indirect band gap
of approximately 1.2 eV in bulk to a direct band gap of about 1.8 eV at the monolayer
limit [173]. This property makes Mo$ highly attractive for eld-e ect transistors,
photodetectors, and memristive devices where strong electrostatic control and e cient
light absorption are desirable.

For memristive applications, sulfur vacancies and defect sites within Mg®otentially
play a critical role in forming conductive laments or enabling charge trapping, thereby
governing resistive switching behavior [22, 201]. In this work, sputtered Mp$ ex-
plored. Compared to W$ and HfS;, MoS, devices often exhibit lower forming voltages
and higher ON/OFF ratios, but the electrode interface and defect distribution strongly
in uence their stability and endurance. While MoS provides a well-characterized
baseline for TMDC-based memristive devices, its switching uniformity under high en-
durance cycles remains an active research topic.

4.3.1 Wafer-Scale Integration of MoS »

The development of wafer-scale integration processes for TMDCs such as M@S
essential for enabling large-area device fabrication and ensuring compatibility with
established semiconductor technologies. In this work, a fabrication sequence for ver-
tical two-terminal MoS,-based devices was implemented and optimized, as illustrated
in Figure 4.3. The overall process consists of 13 steps, structured into four lithog-
raphy stages (Figure 4.3a). The detailed owchart can be found in Appendix A.l.
This modular approach was chosen to achieve a full device encapsulation for improved
stability.

The fabrication begins with 4-inch p-type silicon wafers coated with 1 um of thermally
grown silicon dioxide (SiQ), providing an electrically insulating substrate suitable
for device isolation. The rst step involves forming the bottom electrode (BE) by
depositing a 30 nm gold (Au) layer on top of a 2 nm chromium (Cr) adhesion layer.
This combination ensures both strong adhesion to the SjQurface and a low-resistance
contact interface. Deposition was carried out by thermal evaporation, followed by a
lift-o process to achieve the desired electrode geometry (cf. Figure 4.3a, step 1).

In the second stage, lithography was used to de ne the active device areas, which
range from 10 um to 50 um in lateral dimensions. An in situ sputtering process was
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Figure 4.3: 4-inch wafer technology. 2 nm Cr between SiO, substrate and Au bottom
electrode left out for display reasons. a) Building up a device on a Si/SiQ@ substrate in
four major structuring steps (shown in cross-sectional view): (1) Thermally evaporated Au
bottom electrode lift-o, (2) sputtered Au/MoS »/Au stack lift-o, (3) encapsulating CVD-
SiO; etching process, and (4) Al contact pads and wiring lift-o. b) Readily fabricated
4-inch wafer with over 32,000 devices. Inset with top view of the devices in six di erent sizes
ranging from (10 pm)? to (50 um)2. The illustration shows the cross-sectional, not-to-scale
schematic of a device and the respective materials. c) Cross-sectional view of simpli ed
device stack without encapsulation realized by combining steps 1 and 4. Adapted from [196],
licensed under CC BY 4.0.
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then employed to deposit the functional device stack, consisting of a 10 nm MoS
layer sandwiched between two 30 nm Au electrodes. The in situ approach was critical
for preserving the integrity of the MoS interfaces, as breaking the vacuum could
lead to contamination and degraded electrical performance. Following deposition of
the active stack, encapsulation was implemented to ensure long-term device stability.
For this purpose, a 120 nm Si@layer was deposited using chemical vapor deposition
(CVD), providing both mechanical protection and environmental passivation. Contact
windows were then patterned through lithography and opened by wet chemical etching
of the SiO, (step 3). Finally, the top contact layer was deposited: 300 nm of aluminum
(Al thermally evaporated and patterned via lift-0 to establish external connectivity
(step 4).

The resulting device structure is shown in top- and cross-sectional views in Fig-
ure 4.3b. While this fully encapsulated architecture o ers improved robustness against
environmental degradation, a variant of the process was also explored in which step
3 the SIO , encapsulation was omitted. This alternative approach resulted in non-
encapsulated devices, illustrated in Figure 4.3c, and allowed for a comparative study
of the role of encapsulation in device stability and performance.

The MoS; thin Ims used in this fabrication process were deposited by magnetron
sputtering at room temperature from a Mo$ (2N) target [202]. Among the various
deposition methods available for TMDCs, sputtering was selected for its scalability and
capability to produce uniform Ims across wafer-sized substrates. However, it is well
established that sputtered Mo$ typically exhibits lower crystallinity compared to lay-
ers synthesized via chemical vapor deposition (CVD) or obtained through mechanical
exfoliation [184, 203, 204]. Despite this limitation, sputtering o ers a distinct advan-
tage in process integration and contamination control when combined with sequential
in situ metal deposition steps.

To minimize interfacial contamination, the Au/MoS,/Au stack was deposited in a
single sputtering cycle without breaking the vacuum. The bottom Au electrode was
deposited using DC sputtering at 100 W, followed by MaSdeposition via RF sput-
tering at 50 W. The process was carried out at a base pressure in the’1Gmbar
range, with an argon ow of 80 sccm resulting in a working pressure of approximately
102 mbar. The stack was completed by sputtering the top Au electrode under the
same conditions. The choice of Au as the contact material was motivated by its chem-
ical inertness, which minimizes interfacial reactions with MgSand helps maintain
the stoichiometry of the active layer. It should be emphasized that the sputtering
process was performed entirely at room temperature and did not include any post-
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sulfurization step, which is sometimes employed to enhance the stoichiometric quality
of MoS, Ims [204, 205].

4.3.2 Material Properties

To assess the crystallinity and stoichiometry of the magnetron-sputtered MegS3ay-
ers, structural and chemical analyses were performed using grazing-incidence X-ray
di raction (GIXRD) and X-ray photoelectron spectroscopy (XPS). These techniques
were chosen as complementary methods: GIXRD provides surface-sensitive informa-
tion on the crystal structure and orientation, whereas XPS enables the determination
of elemental composition and chemical states.

GIXRD measurements were conducted on two representative Mo3Ims with thick-
nesses of 650 nm and 15 nm. The corresponding di ractograms are presented in
Figure 4.4a. For the 650 nm thick layer (orange curve), distinct diraction peaks
can be observed, which correspond to the (002) planes of 2H-Mdf&ference pattern:
PDF 37-1492). This indicates the formation of layered MagScrystallites with a pre-
ferred orientation along the c-axis. In contrast, the 15 nm Im (yellow curve) exhibits

a signi cantly broader and slightly shifted (002) re ection toward lower 2 values.
The peak broadening and shift are indicative of reduced crystallite size and increased
interplanar spacing, e ects that are commonly associated with nanoscale grains. Com-
paring these observations with previous studies on amorphous MoRO06], it can be
concluded that the sputtered Ims in this work exhibit a nanocrystalline structure.
The crystallite size is estimated to be on the order of several tens of nanometers,
which is typical for room-temperature sputtering processes. In contrast, methods such
as high-temperature CVD growth or post-deposition annealing are known to produce
signi cantly larger grains, often in the range of hundreds of nanometers to several mi-
crometers [204, 207]. These ndings con rm that while sputtering ensures wafer-scale
uniformity, it inherently limits the degree of crystallinity without additional thermal
processing.

The chemical composition and stoichiometry of the MaSIms were further analyzed
using XPS in combination with argon ion sputter-etching for depth pro ling. This
approach enables di erentiation between surface contamination e ects and the intrin-
sic composition of the Im interior. Measurements were performed on a 650 nm thick
uncoated Mo$ layer, and the results are shown in Figure 4.4b. However, the inter-
pretation of XPS data for sputtered TMDC Ims requires caution. Sulfur sublimation
during measurement and preferential sputtering during argon-ion etching signi cantly
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Figure 4.4: Material analysis of sputtered MoS ,. a) X-ray di ractogram comparison of
sputtered material. The 650 nm thick sputtered material shows a (002)-re ection of 2H-
MoS,, which is also vaguely visible for the thinner sample. However, the sputtered 15 nm
sample does not exclusively exhibit the characteristic hump of amorphous material. There-
fore, it is concluded that the sputtered material has a nanocrystalline structure. b) Depth
XPS analysis of as-sputtered Mo$%. Near the sample surface, adsorptions are a major factor.
The sulfur-to-molybdenum (S/Mo) ratio was tted to an exponential decay function to com-
pensate preferential sputtering of sulfur and estimate the original stoichiometry. c) Depth
XPS analysis with atomic concentrations of relevant components. In regions near the sur-
face of as-grown Mo$ (depth < 5 nm), the oxygen and carbon contents are comparatively
high, resulting from exposure to air and therefore adsorption of humidity and hydrocarbons.
Adapted from [196], licensed under CC BY 4.0.
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a ect the detected S/Mo ratio. Additionally, the uppermost 5 nm of the sample ex-
hibits a high carbon signal, attributed to adventitious hydrocarbons adsorbed during
ambient exposure (Figure 4.4c). For this reason, the near-surface region was excluded
from the quantitative evaluation, as indicated by the gray area in the plot.

To estimate the intrinsic S/Mo ratio, the measured values beyond 6 nm depth were
tted with an exponential decay function according to:

y(d 6nm)=A ; exp o)l(l +Yo; (4.1)
where y represents the S/Mo ratio as a function of depth x. The t parameters
were determined as A = 0:74298 0:08592, d, = 7:72566 0:85495 nm, and y =
0:89503 0:00727. The corresponding t curve is shown as the blue line in Figure 4.4b.
By extrapolating the t toward the surface region (d < 6 nm), the initial S/Mo ratio
is estimated as y(d =0) 1:64 0:09, as indicated by the blue dashed line.

It should be emphasized that this estimation provides only a reference value rather
than an absolute stoichiometric determination. Several factors contribute to this un-
certainty: (i) the inability to clearly resolve binding states in the near-surface re-
gion, which likely contains a complex mixture of Mo§ MoOs, sulfur oxides, hydroxyl
groups, hydrocarbons, and adsorbed water; (ii) preferential sputtering during depth
pro ling; and (iii) the presence of a small but non-negligible oxygen content originating
from the sputter target itself, even after prolonged pre-cleaning (cf. Figure 4.4c). Con-
sidering these limitations, the magnetron-sputtered MosSlayers in this work can be
classi ed as sub-stoichiometric. In the following discussion, these layers will therefore
be denoted as Mog Since the electrical resistivity of Mo$ is highly sensitive to de-
viations from ideal stoichiometry, with sulfur de ciency generally leading to increased
carrier concentration and reduced resistivity [208], the observed electrical behavior of
the Ims is interpreted accordingly in Section 5.1.

4.3.3 Inuence of Encapsulation

To investigate the structural and compositional properties of MoSin the encapsu-
lated device stack after the multiple fabrication steps, scanning transmission electron
microscopy (STEM) was performed. The results are presented in Figure 4.5. First, the
STEM analysis con rms that the MoS; layer thickness closely matches the intended
target of 10 nm. Furthermore, the layer appears highly uniform across the device
area. In the inset of Figure 4.5a, weakly resolved lattice fringes roughly parallel to
the MoS, plane are observed, indicating the presence of nanocrystals with a periodic-
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Figure 4.5: STEM EDS evaluation of directly encapsulated Au/MoS /Au device.

a) Scanning transmission electron microscopy (STEM) image with marked areas of top and
bottom electrodes and Mo$§ used for EDS in b). The inset shows a magni ed region with
increased brightness and contrast with faint nanocrystalline features roughly parallel in the
MoSy layer.

b) The MoSy spectrum (red) shows only a minor signal of oxygen (O K). In the top electrode
area (orange-solid), a signal from the above aluminum-wiring can be observed compared to
the bottom electrode area spectrum (orange-dashed). All spectra are normalized to the
intensity of carbon-peak (C K).

¢) Elemental maps from EDS. Colors indicate the occurrence of respective elements (black:
no occurrence), O, Cr, Au, Mo, and Al. The area of Mo& layer is clear from other elements,
especially the gold electrode material and oxygen. Additionally, the alpha and beta lines
of the S K and the Mo L peaks are marked in the spectrum. The shifted peak maximum
and the shoulder of the overlapping Mo L and S K peaks at 2.5 keV indicate the presence of
sulfur in the MoSy layer. Adapted from [196], licensed under CC BY 4.0.
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ity of approximately 6.8 A. This spacing is consistent with the (002) planes of M@S
slightly enlarged due to small crystal sizes, as also suggested by the XRD pattern in
Figure 4.4a.

In addition, energy-dispersive X-ray spectroscopy (EDS) was employed to examine
the material composition of the sputtered Au/MoS/Au device stack. The recorded
spectra are shown in Figure 4.5b, while the corresponding intensity maps are presented
in Figure 4.5c. Although the peak positions of molybdenum (Mo L, Mo L ;) and
sulfur (S K , S K ) partially overlap near 2.3 keV, precluding precise stoichiometry
determination, the spectra still indicate the presence of sulfur through a peak shift
towards S K and a broad shoulder towards S K

The combined STEM and EDS data reveal a clear separation between the layers and a
consistently low oxygen content in the Moglayer. This conclusion is further corrobo-
rated by electron energy loss spectroscopy (EELS), which shows the absence of an O-K
edge (Figure 4.7d). Because EELS is particularly sensitive to low-Z elements and less
a ected by surrounding signals, this result strongly con rms the high quality of the
MoS, layer even after several processing steps. These ndings highlight the critical
importance of the in situ deposition approach for the Au/Mo%/Au device stack to
preserve material integrity.

To gain a deeper understanding of possible contamination mechanisms and the e ects
of post-deposition processing, a series of controlled experiments was conducted. Unlike
the uncontrolled interactions of non-encapsulated edges with ambient air, these experi-
ments allowed systematic modi cation of the Mog layer immediately after sputtering.
The sputtering process was adjusted so that the M@Swas not capped with gold.
Immediately after removal from vacuum, the layer was analyzed using Raman spec-
troscopy and photoluminescence (PL). Samples then underwent di erent treatments
before re-evaluation by Raman and PL, and eventual encapsulation for STEM analysis.
Three treatment paths were investigated: one sample was stored in cleanroom air for
14 days, one was annealed at 100 °C for 24 hours, and a third was exposed to deion-
ized (DI) water for 24 hours. The resulting data are shown in Figure 4.6. Figure 4.6a
presents the Raman spectra obtained using a 488 nm excitation laser. The charac-
teristic Raman modes remained stable across all experiments, though the intensities
increased for the DI water- and annealing-treated samples. This intensity increase
can be interpreted as electronic decoupling relative to bulk material or the forma-
tion of larger nanocrystals [209]. The as-grown Raman modes at 378 tnfE4) and
407.5 cm' (A4q) are slightly red-shifted compared to bulk Mo$ [209, 210], likely due

to mechanical strains introduced during sputtering or by lattice imperfections such as
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Figure 4.6: Comparison of Raman shift and photoluminescence (PL) for as-grown MoS and
exposed surface to air for 2, 7, and 14 days, one day in deionized (DI) water, and one day
annealing at 100 °C temperature and STEM analysis for the two latter. a) The measured
Raman intensity is visibly higher in the samples HbO 1d (cyan spectrum) and annealed
1d (green spectrum), and can be interpreted as an electronic decoupling. b) Additionally,
a speci ¢ photoluminescence behavior of the aged and annealed layers could be observed.
The position of A-excitons/trions remains una ected, whereas the visible blue shift of the
B-exciton in the annealed layer aligns with the blue shift in smaller crystallites observed in
[209]. ¢) STEM measurement of the sample treated with DI water reveals a Mog layer
that is signi cantly thinner than 10 nm and shows constrictions in the material. d) STEM
measurement of the sample annealed at 100 °C. In comparison to the DI water-treated layer,
the thickness is rather preserved, but distinguishable layers become visible. This matches
the electronic decoupling postulated from the results obtained with Raman spectroscopy.
Reproduced from [196], licensed under CC BY 4.0.
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vacancies, oxygen substitutions, or grain boundaries. The distance between thg E
and A;g modes, which can indicate Mo-rich versus S-rich strain, remained constant,
suggesting bulk-like nanocrystals.

Photoluminescence measurements using 532 nm excitation are shown in Figure 4.6b.
The annealed sample exhibits a slight blue shift of the B-exciton, indicating smaller
crystallites [211], while the water-treated sample shows a red shift, potentially indica-
tive of oxygen substitution [212]. No distinct Mo O modes were observed, but the
results highlight the strong in uence of oxygen on Mogaging under humid conditions
[213].

To further investigate structural changes, representative DI water- and annealing-
treated devices were examined by STEM. The DI water-treated sample shows a MoS
thickness signi cantly below the targeted 10 nm (Figures 4.6¢ and 4.7a), with promi-
nent pinching in some regions, suggesting partial layer loss. This behavior can be
attributed to mild water etching of MoS, via the reaction:

2M0S, + 90, + 6H,0 | 2MoO 3 +4S0; +12H":

A mildly annealed device (Figures 4.6d and 4.7b) shows no pronounced pinching, but
the MoS; layer is thinner and more inhomogeneous than the target thickness. This
reduction may result from mild etching, densi cation, or sulfur evaporation. Addi-
tionally, small periodic features ( 6.8 A) are observed, consistent with enlarged (002)
MoS, planes, corroborating the electronic decoupling inferred from the Raman inten-
sity changes. EDS indicates only minor oxygen incorporation, while EELS con rms the
absence of an O K edge for both the encapsulated and water-treated samples. Taken
together, these results suggest that mild water etching is the dominant mechanism
altering MoS, layers during DI water exposure, while annealing may lead to partial
material loss combined with localized crystallization. This insight complements the
earlier STEM characterization of the pristine encapsulated stack and provides a com-
prehensive view of the material's robustness during device processing.
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