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Zusammenfassung 
 
Die Jahre seit der Erfindung des Transistors sind gekennzeichnet durch ein stetiges 

Wachstum der Komplexität und Bedeutung von digitalen Rechnern, angefeuert unter 

anderem durch fortschreitende Miniaturisierung. Neue Algorithmen, wie beispielsweise 

„Deep Learning“, erweitern stetig die Funktionalitäten, unter anderem im Bereich 

Bilderkennung. Neuronale Netze, wie beispielsweise das Gehirn, können derartige komplexe 

Aufgabenstellungen mit erstaunlicher Effizienz abarbeiten. Die zugrunde liegende 

Architektur mit über Synapsen hochvernetzten Neuronen steht in deutlichem Kontrast zur 

von-Neumann-Architektur siliziumbasierter Rechensysteme. Im Zuge der Suche nach 

neuartigen, energieeffizienten, biologisch motivierten Rechnerarchitekturen wird 

Memristoren eine besondere Beachtung zuteil. Seit der Verknüpfung von memristiven 

Bauelementen mit dem resistiven Schalten von TiO2-basierten Dünnfilmen im Jahr 2008 

wurden diverse Konzepte zur Herstellung memristiver Bauteile verfolgt und die zugrunde 

liegenden Schaltungsmechanismen untersucht. Aus der Vielzahl der Konzepte stechen 

besonders metallionen-basierte Bauteile heraus, in denen die feldgetriebene Bewegung 

mobiler Metallionen (wie beispielsweise Silber-Ionen) zur reversiblen Ausbildung leitfähiger 

Pfade führt und somit der elektrische Widerstand des Bauteils kontrolliert geschaltet werden 

kann. Memristive Bauelemente werden unter dem Gesichtspunkt einer Anwendung als 

potentielle neuartige Speichermedien untersucht und zudem in den Kontext effizienter, 

biologisch motivierter Rechenkonzepte gestellt. Neben den großen Fortschritten in der 

Anwendung von memristiven Bauteilen, beispielsweise im Bereich „In-Memory Computing“ 
oder zur Nachbildung der Änderung der synaptischen Kopplung zweier Neuronen, blieb ein 

Aspekt neuronaler Systeme bislang größtenteils unbeachtet: Die Verbindung zwischen der 

Detektion von Umweltsignalen und der direkten Auswertung dieser Signale. Die enge 

Kopplung dieser Prozesse in biologischen neuronalen Netzwerken, beispielsweise durch 

Adaption, ist ein essentieller Baustein für die hohe Effizienz. In diesem Kontext erscheinen 

Memsensoren, also Bauteile, die memristive und sensitive Eigenschaften vereinen, als 

verheißungsvoller neuer Forschungsbereich.  

Im Rahmen dieser Arbeit wurden Konzepte für Memsensoren erarbeitet, in denen sowohl 

memristives Schalten als auch eine Änderung des Widerstands in Abhängigkeit eines 

externen Stimulus genutzt werden, um biologisch motivierte Funktionen und Eigenschaften 

neuronaler Netze nachzustellen. Mithilfe einer numerischen Simulation konnte gezeigt 

werden, dass Memsensoren Adaption gegenüber externen Stimuli aufweisen können. In 

ZnO-basierten Bauelementen wurde memristives Schalten nachgewiesen, das durch das 

Anlegen eines externen Stimulus in Form von UV-Licht moduliert werden kann. Für die 

Umsetzung der entwickelten Memsensor-Konzepte wurden im Rahmen dieser Arbeit 

memristive Bauelemente hergestellt und charakterisiert sowie nanostrukturierte Sensoren 

für die Detektion von UV-Licht und Gasmolekülen untersucht.  
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Die Grundlage der nanostrukturierten Sensoren bildeten halbleitende Metall-Oxid-

Dünnschichten. In diesem Zusammenhang wurde die vakuumbasierte Methode der 

Kathodenzerstäubung (in Anwesenheit von reaktivem Sauerstoff) zur Abscheidung von 

Titandioxid und Kupferoxid angewandt. Durch eine gezielte Wahl des Sauerstoff-Anteils 

während des Depositionsprozesses sowie eine anschließende Temperaturbehandlung 

konnten säulenartige Nanostrukturen mit definierten Rissen zwischen einzelnen Säulen 

erzielt werden. Ein hoher Sauerstoff-Anteil erwies sich dabei als vorteilhaft, um 

beispielsweise separierte CuO-Säulen-Strukturen mit einem Durchmesser von etwa 20 nm 

zu erzielen. Die so erhaltenen Nanostrukturen erwiesen sich als sensitiv gegenüber 

organischen Gas-Spezies (beispielsweise Butanol). Um eine weitere Steigerung der 

Sensitivität und Selektivität der untersuchten Gas-Sensoren zu erzielen, wurden die 

nanostrukturierten Dünnfilme zudem mit metallischen Nanopartikeln beschichtet.   

Als Ansatz für die Herstellung und Untersuchung memristiver Bauelemente wurde die 

feldgetriebene Bewegung von Metallkationen in einer dielektrischen Matrix gewählt. 

Aufbauend auf diesem Konzept wurden in dieser Thesis nanopartikelbasierte memristive 

Bauelemente entwickelt, bei denen einzelne silberhaltige Nanopartikel in eine isolierende 

SiO2-Matrix eingebunden wurden. Gegenüber herkömmlichen memristiven Bauelementen 

mit planaren Elektroden bietet die Einbeziehung von Nanopartikeln den Vorteil, dass die 

Abstände zwischen den einzelnen Partikeln frei einstellbar sind und sich durch die lokale 

Feldverstärkung zwischen den Nanopartikeln definierte Pfade vorgeben lassen, wodurch die 

Notwendigkeit eines Formier-Prozesses potentiell vermieden werden kann. Der Übergang 

zu Legierungspartikeln des Systems AgAu und AgPt eröffnet hierbei weitere Möglichkeiten: 

Zum einen kann deren Gold- oder Platin-Komponente als stabiler Anker in der Matrix 

dienen. Zum anderen bietet eine gezielte Wahl der Nanopartikel-Zusammensetzung die 

Möglichkeit, die Verfügbarkeit mobiler Silber-Ionen zu steuern. Für die Herstellung der 

Legierungspartikel wurde das Verfahren der „Gas Aggregation Source“ um eine neuartige 

Target-Geometrie erweitert. Mit dieser Änderung war es möglich, Legierungspartikel des 

Systems AgAu mit einstellbaren Zusammensetzungen und einem Durchmesser von etwa 

10 nm zu erzeugen. Memristive Dünnschichtbauelemente auf der Basis dieser Legierungs-

partikel wurden mikroskopisch mittels Rasterkraftmikroskopie mit leitfähiger Spitze und 

makroskopisch mittels Zwei-Punkt-Messungen elektrisch charakterisiert. Die nanopartikel-

basierten memristiven Bauelemente zeigen über viele Zyklen hinweg diffuses memristives 

Schaltverhalten mit zwei definierten Widerstands-Zuständen, die abhängig von der 

Schichtfolge und den verwendeten Nanopartikeln eingestellt werden konnten. Die 

statistische Analyse der Setz- und Rücksetzspannungen ergab ein klares Arbeitsfenster, in 

dem ein Schalten zwischen beiden Zuständen möglich ist.     

Die Untersuchungen zum Konzept von Memsensoren sowie zu experimentell realisierten 

Sensoren und memristiven Bauelementen als mögliche Memsensor-Komponenten haben 

gezeigt, dass Memsensoren das Potential haben, Signaldetektion und Signalverarbeitung eng 

zu verknüpfen und somit einen interessanten Ansatz zur Entwicklung fortschrittlicher, 

effizienter Schaltungskonzepte darstellen.   
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Summary 
 
Since the discovery of the transistor, digital computing architectures have steadily gained 

complexity and impact on society, with the unprecedented progress in transistor-based 

computing being mainly driven by miniaturization. Modern computational techniques like 

deep learning are constantly expanding the application purposes, for example in the field of 

pattern separation and completion. In the biological context, neural networks are capable of 

accomplishing such complex tasks with outstanding efficiency. The underlying architecture 

is based on a complex network of neurons, highly connected by synapses. This paradigm is 

in strong contrast to the von-Neumann architecture of modern silicon-based systems. 

Alongside the exploration of novel, biologically motivated computing architectures with 

high efficiency, memristive devices have gained considerable attention. Since the postulation 

of the experimental realization of memristive devices in 2008, a broad variety of concepts for 

the fabrication of memristive devices has been pursued and the underlying switching 

mechanisms have been studied in detail. Special interest is paid to memristive devices relying 

on the reversible formation of a conductive path upon field-driven motion of mobile metal 

cations (e.g. silver cations) between two electrodes. Despite their potential application as 

novel memory devices, the high research interest in memristive devices is also driven by their 

applicability in the context of efficient, biologically motivated computing architectures. 

Although in the past decade there have been extensive studies, e.g. regarding in-memory 

computing or mimicking synaptic plasticity, one particular aspect of complex neural systems 

remains rather disregarded: The connection between sensing (detecting environmental 

signals) and data processing (e.g. by memristive switching). In biological neural networks, 

however the incoming data are processed already at the location of data detection (e.g. by 

adaptation), which is an essential contribution to the high efficiency of neural networks. In 

this context, memsensors as devices combining memristive and sensitive functionalities 

emerge as a promising research field.  

In the framework of this thesis, concepts for memsensors were developed with a focus on 

enabling advanced neuromorphic functionalities by merging memristive switching and 

stimulus dependent resistivity. Applying a numerical simulation, it could be demonstrated 

that memsensors are capable of showing adaptation behaviour towards the external 

stimulus. In ZnO based devices, the extent of memristive switching was observed to depend 

on the applied external stimulus (UV light). In order to pave the way towards an 

experimental realization of the memsensor concepts developed in this thesis, on the one 

hand memristive devices were fabricated and thoroughly characterised and on the other 

hand sensing of UV-light and gas molecules was studied in nanostructured thin films. 

Thin films of semiconducting metal oxides (e.g. TiO2, CuO) were studied in the context of 

their applicability as sensors for UV-light and gas molecules. To that end, the vacuum-based 

deposition method of magnetron sputtering in the presence of reactive O2 gas was employed 

in order to deposit thin films with tailored morphologies. Nanostructured thin films with 

well-defined crack networks between individual metal oxide columns were obtained by 

tuning the composition of the oxygen/argon mixture during the deposition process and 
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performing a post deposition heat treatment step. A high oxygen content in the reactive gas 

atmosphere turned out to be advantageous, e.g. for the formation of well separated CuO 

columns with a diameter of 20 nm. The nanostructured CuO thin films prepared using this 

approach exhibited a high sensitivity towards volatile organic compounds such as butanol. 

For a further enhancement of the sensor’s sensitivity and selectivity, the interplay between 

nanostructured thin films and metallic nanoparticles was investigated at the example of 

noble metal nanoparticles such as Ag, Au, AgAu and AgPt.    

In the framework of this thesis, the investigation of memristive devices was based on the 

concept of the field driven migration of mobile metal cations through a dielectric matrix. A 

memristive device was developed, in which nanoparticles act as the source of mobile silver 

cations and are embedded in a dielectric SiO2 matrix with nanometer thickness. The 

incorporation of nanoparticles yields several advantages compared to conventional 

memristive devices with planar electrodes: The inter-particle distances can be tailored and 

the local field enhancement in between the nanoparticles results in predefined pathways for 

memristive switching. By this approach, the common necessity of an electroforming step can 

be potentially avoided. The transition towards alloy nanoparticles of the systems AgAu or 

AgPt offers further advantages: On the one hand, the noble Au- or Pt- component may act 

as a stable anchor in the dielectric matrix. On the other hand, the amount of mobile species 

can be controlled deliberately by using alloy nanoparticles with a tailored composition. For 

this purpose, the gas phase synthesis of nanoparticles via magnetron sputtering was 

extended by a novel segmented target geometry for the deposition of alloy nanoparticles 

with well-defined diameter (about 10 nm) and adjustable composition.  

Nanoparticle-based memristive devices were characterised regarding their memristive 

switching properties. Applying conductive atomic force microscopy on individual 

nanoparticles as well as two probe measurements with macroscopic tips on multiple stacks 

of nanoparticles revealed binary diffusive switching (also known as threshold switching) 

characteristics. Reproducible memristive switching with well-defined high- and low-

resistance states was observed for multiple switching cycles. The choice of the nanoparticle 

composition as well as the separation by the dielectric matrix allows for tailoring of the 

resistance states. The statistical evaluation of the voltages associated with the set and reset 

process revealed a clear operational window, which allows stable switching between the two 

individual resistance states.   

The fundamental investigations concerning the general concept of memsensors as well as 

the experimental studies on sensors and memristive devices as potential memsensor building 

blocks accentuate the high application potential of memsensors in the context of closing the 

gap between signal detection and processing. Therefore, memsensors constitute a highly 

interesting approach to be included in the development of biologically motivated, efficient 

computing architectures.  
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1. Introduction 
 
As we are writing the year 2019, in modern information society the usage of computation-

based technologies is ubiquitous. Conventional silicon-based architectures have reached an 

unprecedented complexity, mainly driven by the miniaturization of transistors as their 

fundamental building units. Modern computing units excel at a high availability at low costs, 

a high clock speed and a high computing power, especially when it comes to sequential 

mathematical operations. Despite their steady improvements, the general underlying 

concept of contemporary computing architectures still relies on transistors arranged in a 

typical von-Neumann architecture, i.e. with a distinct separation of processing and memory 

functionalities. This is in strong contrast to the biological approach on computing: Neuronal 

networks such as the neuron assembly the reader is using right now are characterised by 

running at low power and at low clock speeds. The neurons as fundamental building blocks 

are arranged in three dimensions with a complex network of highly parallel synapses. In such 

networks, memory and computing are not separated. These neuronal networks are well 

suited for complex tasks such as pattern separation and completion at outstanding energy 

efficiency. Contemporary algorithms like deep learning networks adopt certain aspects of 

biological neural networks onto the platform of conventional silicon-based processing units, 

which allows for trainable networks to perform similar tasks. However, as the underlying 

hardware realization is still relying on conventional von-Neumann architectures, the energy 

efficiency is nowhere close to that of highly parallel and interconnected neuronal networks. 

Considering the inevitable energy consumption alongside the growing demand on 

computing power, the necessity of developing new, more efficient computational concepts 

becomes obvious. In this context, learning from biological concepts, optimised by millennia 

of evolution, attracts a high research interest.     

In the past decade, since the postulation of the experimental realization of a memristor by 

Strukov et al. in 2008, memristive devices with their key features pinched IV hysteresis and 

reconfigurable resistance state (as depicted in Figure 1) attracted a high research interest for 

their potential application as emerging memory technology or to enable novel computing 

paradigms.[1–4] A broad variety of memristive devices (typically fabricated as metal-

insulator-metal structures) relying on various memristive switching mechanisms has been 

reported since.[3,5,6] Among the multitude of concepts for reconfigurable memristive 

switching, a special interest lies on devices based on field-driven migration of mobile charge 

carriers, such as oxygen vacancies or metal cations. In the latter case, the oxidation, 

migration and reduction of the metallic species leads to the formation of metallic filaments, 

bridging the electrodes and significantly reducing the device’s resistivity. At reverse polarity 
the filament dissolution is typically attributed to Joule heating and electromigration. In 

addition to the use of planar electrodes, recently nanostructured electrodes and nanoparticle 

assemblies have attracted high research interest in the context of memristive switching.[7–
11]  
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Figure 1: The electrical characteristics of idealised devices: A memristive device exhibits a pinched 
hysteresis loop and its resistance can be switched between different resistance states. A sensor device 
responds in a certain measurable quantity (e.g. resistance) to an applied stimulus (e.g. light). The 
response and recovery typically involve time constants resulting in a delay. A memsensor device unifies 
properties of a memristive device and a sensor device. As such, the memsensor device can exhibit a 
stimulus dependent memristive switching.       

The unique electronic properties of memristive devices inspire applications that go beyond 

conventional electronics, such as using memristive devices as programmable interconnects, 

to realise logics for in array computing or in neuromorphic engineering. In this context, a 

broad variety of neural and synaptic properties has already been realised on the basis of 

memristive elements, including spike time dependent plasticity and spike frequency 

adaptation as well as coupling of oscillators by memristive junctions.[12–15] In order to make 

use of the scaling potential, two-terminal memristive devices are commonly arranged as 

crossbar arrays. Using arrays of memristive devices, complex tasks such as learning and 

recognition of artificial inputs, e.g. the MNIST database of handwritten digits, or in memory 

computing have already been successfully realised.[16,17] 

For learning to be possible, any neural network, irrespective of its biological or artificial 

origin, needs to be subjected to a meaningful input. In the biological context, this can either 

be electrical inputs (signal transmission from neuron to neuron) or environmental signals, 

that are being converted (such as visual signals converted by our visual system). The latter 

case relates to the general concept of a sensor, which exhibits a certain measurable property 

(response) that is altered upon application of an external stimulus (as depicted in Figure 1). 

For a technical realization, a vast amount of materials and methods to design sensor 

structures for the detection of different stimuli is known, including semiconducting metal 

oxide thin film structures, whose resistance is altered upon applying adequate photons (UV 

light) or gas molecules.[18,19]  

One key aspect concerning the efficiency of biological neural networks is the close 

connection between the detection of environmental signals and the data processing. In this 

light, the junction between sensing and memristive devices recently attracted increasing 

research interest. The reports on the realization of memsensors, combining memristive 

switching and sensing properties, range from a light sensitive Si/Al2O3 stack[20] over single 

Si-nanowires with bio-sensing capabilities[21] and mechanically stimulated 

CuO-nanowires[22] towards crossbar memristive devices with nanostructured top electrodes 

for oxygen sensing[23]. Using photons as stimulus, optically modulated memristive 
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switching[24] as well as an optical synapse[25] have been realised. On the background of the 

novelty of memsensors and the vast choice of sensitive and memristive devices, a consistent 

theoretical framework on this matter is not fully developed yet.  

This work evolves around the concept of memsensors, which unifies the characteristic 

features of memristive devices and sensor devices. In the following sections, memsensors are 

explored by modelling simple memsensor circuits and developing and characterizing 

different memristive and sensitive devices. In this context, the motivation behind this work 

can be summarised by the following key questions:  

How can memristive switching and sensing be combined in memsensors in order to 

achieve emerging properties? 

How do these properties relate to properties observed in biological neuron assemblies? 

Which memristive and sensitive devices are suitable as building blocks for the design of 

memsensor devices?  

In order to attain a thorough treatment of memsensors as well as sensors and memristive 

devices as the respective components of a memsensor, this thesis is structured as follows:  

Section 4.1 is devoted to the development, fabrication and characterization of a nanoparticle-

based memristive device with diffusive memristive switching characteristics. In this device 

the reversible change in the resistance state is attributed to the migration of silver cations in 

an electrical field. The novelty of the nanoparticle-based memristive devices compared to 

similar electrochemical metallization devices is to be found in the application of noble metal 

alloy nanoparticles as well-defined source of the mobile silver species. Applying sequential 

deposition, alloy nanoparticles relying on the components AgAu or AgPt are embedded into 

a dielectric SiO2 matrix. In this context, a novel, facile approach for the deposition of alloy 

nanoparticles from gas phase synthesis was developed, which utilises a segmented bimetallic 

target with concentrically embedded wires to fabricate alloy nanoparticles with tailorable 

composition and narrow size distribution. A detailed characterisation of the memristive 

switching properties on the level of individual nanoparticles as well as for larger multistack 

assemblies revealed diffusive memristive switching with a distinct separation of the 

switching events.  

In section 4.2, semiconducting metal oxide thin films are studied in the context of sensing of 

UV-photons and gas molecules. Two routes are explored in order to tailor the sensing 

properties: On the one hand the impact of attaching noble metal nanoparticles to the thin 

film sensor surface is examined. In this context, a drastic increase in gas response at the 

example of ZnO thin films is observed, which is related to a change in electron depletion 

layer in the surrounding of a nanoparticle. On the other hand, reactive DC magnetron 

sputtering was studied with respect to the deposition of CuO and TiO2 thin films with 

controllable morphologies. A special attention is paid to the role of the availability of oxygen 

during the deposition process and a deliberate variation of the oxygen flow allowed for the 

preparation of nanocolumnar CuO thin films and TiO2 thin films with pronounced 
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nanocrack morphology. Ultimately, both approaches are combined at the example of 

nanocolumnar, nanoparticle-decorated CuO thin film sensors. In the latter case, the 

presence of AgAu nanoparticles results in a change in selectivity towards certain volatile 

organic compounds.  

Finally, the topic of memsensors as the junction of memristive devices and sensors is covered 

in section 4.3. In a numerical simulation, memsensor circuits relying on individual sensitive 

and memristive components are investigated with respect to their electrical response 

towards the application and withdrawal of stimuli. On the one hand, the memristive and 

sensitive devices prepared in this work are modelled and incorporated into the numerical 

simulation. On the other hand, the simulation is extended to an abstract model of idealised 

memristive devices with analog, multilevel switching behaviour. In the framework of these 

numerical simulations, emerging properties such as stimulus dependent hysteresis (as 

depicted in Figure 1), suppression of response to subthreshold signals and amplitude 

adaptation to subsequent stimulus pulses are discussed in terms of the applied memsensor 

models.  In particular, these features show striking similarities to certain properties of 

biological neuron assemblies such as spike-frequency adaptation, which renders 

memsensors a very interesting research topic in the field of neuromorphic engineering. As 

an outlook, a rational design for two-terminal memsensor devices, involving a thin film stack 

and lateral contacts, is motivated and the applicability of the nanoparticle-based memristive 

devices and semiconducting metal oxide sensors, which have been investigated in this work, 

is discussed.   
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2. Theoretical Background 
 
Research on the matter of memsensors involves insights on memristive switching and 

sensing as well as the relation to neuromorphic engineering. Due to the highly 

interdisciplinary character of this topic, reaching into the fields of material science, biology 

and electrical engineering, this section serves to give a brief introduction into the theoretical 

background on electronic devices with memristive and sensitive properties as well as their 

potential applications and common fabrication methods.  

For this purpose, in section 2.1 the underlying principles of electrical conduction with respect 

to specific materials (e.g. semiconductors), across interfaces (e.g. metal-semiconductor 

interfaces) and in heterostructures (e.g. metal-insulator-metal structures) are summarised.  

Section 2.2 covers the topic of memristive switching. Starting with a thorough discussion of 

the term “memristive switching”, the most common memristive device classes are 

summarised based on their switching characteristics or the underlying switching mechanism 

(cf. section 2.2.1). Within the framework of this thesis, especially metal cation based 

memristive devices were investigated. Accordingly, section 2.2.2 specifically focusses on the 

detailed description of memristive switching in metal cation-based devices. Furthermore, in 

section 2.2.3, a general overview on modelling of memristive devices is given, which closes 

the link to the memsensor model that was elaborated in the framework of this thesis. Finally, 

the application of memristive devices in conventional electronics and beyond is motivated 

in section 2.2.4. In particular, the necessity of selector devices in crossbar structures is 

discussed with respect to the potential application of nanoparticle-based memristive devices 

with diffusive characteristics.  

A brief introduction into the field of neuromorphic engineering with a focus on the 

application potential of memristive devices and memsensor devices within this field is given 

in section 2.3.   

Section 2.4 covers the topic of sensor devices with a special focus on metal oxide 

semiconductor nanostructures for sensing of photons and gas molecules, relating to the 

sensing devices presented in this thesis. Additionally, the enhancement of sensing properties 

by nanoparticle decoration and the junction between memristive switching and sensing in 

the context of memsensors are discussed.  

Within the framework of this thesis, devices with memristive and sensitive functionalities 

are prepared using different thin film and nanostructure deposition methods. Accordingly, 

a comprehensive introduction into the main deposition methods (section 2.5) will be given 

and the particular focus lies on physical vapour deposition methods like magnetron 

sputtering for thin films and the gas aggregation source for nanoparticle deposition.    
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2.1 Electrical Conductivity in Solids 

The electrical conductivity in solids strongly depends on the respective material and its band 

structure. The majority of the memristive devices, sensors and memsensors discussed in the 

context of this thesis rely on metal oxide thin films or nanostructures, which are contacted 

by metal contacts. Thus, these devices often exhibit a so-called metal-insulator-metal (MIM) 

or metal-semiconductor-metal (MSM) structure. Depending on the oxide material, the band 

gap corresponds either to an insulator (e.g. in case of SiO2 or Al2O3) or a wide band gap 

semiconductor (TiO2, ZnO). Essential for the application of a device as a sensor or 

memristive device is its capability to change its resistance state. While memristive devices 

are discussed in detail in section 2.2 and sensor devices are introduced in section 2.4, in this 

section the underlying concepts of electronic conduction in MIM or MSM heterostructures 

will be motivated. The fundamental concepts of the density of states, band structure and 

Fermi-Energy will not be discussed here. More details on that matter can be found in 

introductory text books on solid state physics, such as the book of H. Ibach and H. Lüth.[26] 

Idealised band diagrams for a metal, a semiconductor and an insulator are depicted in Figure 

2. The characteristic feature of a metal is the presence of unoccupied states in the conduction 

band, which allows for the possibility of electron transport and results in a low resistivity. 

Considering the vacuum energy level, the energy which is necessary to release an individual 

electron from the conduction band to the vacuum is given by the work function EW. In case 

of a semiconductor at low temperatures, the valence band is fully occupied. As there are no 

free charge carriers available, the resistivity of a semiconductor in this state is high. The 

energy difference between the valence band (with EV) and the conduction band (with EC) is 

the band gap (with EG). The occupation of the valence and conduction band is described by 

the Fermi distribution. Due to thermal excitation, electrons from the valence band can be 

ejected into the conduction band. As a consequence, an unoccupied state in the valence band 

remains, which is called hole. In case of an undoped semiconductor, the Fermi energy EF (i.e. 

the energy for which the Fermi distribution has the value of 0.5) is centred between the 

conduction band and the valence band. Due to the presence of electrons in the conduction 

band at non-zero temperatures, the resistivity of a semiconductor decreases for increasing 

temperatures. The conductivity of semiconductors can also be tailored by doping. In a doped 

semiconductor, a small fraction of atoms from the host lattice is replaced by different atom 

species or (e.g. in case of metal oxide semiconductors) oxygen vacancies. These can either 

act as donors or acceptors, resulting in n-doping and p-doping respectively. In case of n-

doping, the dopant introduces a state close to the conduction band. Thus, an electron is 

ejected (i.e. “donated”) to the conduction band, while there remains a hole at the dopant 
state. Consequently, the Fermi energy of the doped semiconductor is in between the 

conduction band and the energy level of the dopant state. In case of p-doping, the dopant 

state is introduced close to the valence band and occupied by an electron from the valence 

band (i.e. it accepts an electron). In this case, the Fermi energy is centred between the 

valence band and the energy level of the donor state. The resistivity of a semiconductor at a 

given temperature can be tailored to a broad range upon the introduction of free charge 

carriers (electrons or holes) by doping. Materials with a very high band gap are typically 
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highly insulating and show a high resistivity even at elevated temperatures. Thus, such 

materials are termed insulators.  

 
Figure 2: Idealised band diagrams illustrating the occupation of states in case of metals (left, green 
background), semiconductors (middle, yellow background) and insulators (right, red background).    

2.1.1 Electrical Conductivity at Interfaces 

In a MIM or MSM heterostructure, the interfaces towards the metal contacts strongly affect 

the overall resistance of the device. In general, two main types of contacts are distinguished: 

Ohmic contacts with a linear IV characteristics and nonlinear (rectifying) IV characteristics 

such as observed in Schottky contacts. The formation of Schottky barriers in metal-

semiconductor contacts is a common observation. A detailed treatise of this matter is 

covered for example in the book “Electronic Thin Film Science” by K-N. Tu, J. W. Mayer and 

L. C. Feldmann.[27] The essential mechanism of Schottky barrier formation at a metal-

semiconductor interface can be reasoned from the idealised band diagram as depicted in 

Figure 3 (a). In this example, a metal with work function EW is brought in contact with a n-

doped semiconductor with an electron affinity EA. The electron affinity corresponds to the 

energy difference between the conduction band (at EC) of the semiconductor and the vacuum 

level (at E0). At the interface, the Fermi levels line up and an energy barrier EB is formed, 

which corresponds to the difference between the work function of the metal and the electron 

affinity of the semiconductor.  

 
Figure 3: (a) Idealised band diagram for the formation of a Schottky barrier at a metal-semiconductor 
interface; (b) Idealised band diagram for a metal-insulator-metal (MIM) structure at an applied voltage V.    

Applying a negative (or positive) potential to the semiconductor, the position of the 

conduction band is raised (or lowered). In the first case, the so-called forward bias, the 

barrier for electrons being transported from the semiconductor to the metal is decreased, 

allowing for a higher current. In the latter case, the so-called reverse bias, the current of 

electrons from metal to semiconductor is determined by the energy barrier EB. The current 
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density j can be described by Eq. 2.1, with A being the Richardson’s constant, kB being the 

Boltzmann constant and T being the temperature: [27] 

(2.1) 2 exp exp 1B

B B

E e V
j A T

k T k T

    − 
=    −         

    

In section 2.2.1, the most common types of memristive devices are introduced. Commonly, 

most of these devices resemble a thin film heterostructure with metal contacts to both 

interfaces of semiconductor or insulator layer (with thickness d) as depicted in Figure 3 (b). 

Accordingly, the choice of adequate contact materials (e.g. metals with a suitable work 

function) is very important: For example, in case at both interfaces Schottky barriers with 

high energy barriers are present, independent of the polarity of the applied voltage one 

interface will be under reverse bias condition, which results in a very high device resistance. 

However, the contact material can impact the characteristics of a memristive device even 

beyond the modulation of the resistivity upon formation of Schottky barriers. The impact of 

metal contacts on electrochemical reactions in memristive devices will be discussed in 

section 2.2.2. 

2.1.2 Electrical Conductivity in MIM or MSM Devices 

The resistance of a MIM or MSM device is determined on the one hand by the respective 

interfaces to the metal contacts and on the other and by the conductivity through the 

insulating or semiconducting layer itself. The most relevant conduction mechanisms in the 

framework of memristive devices are thoroughly discussed in the work of E. Lim and R. 

Ismail.[28] In the following section, these mechanisms and the dependence of the current 

density related to these mechanisms are introduced shortly. The respective equations (Eq.2.2 

to Eq.2.11) are reduced to show the dependence of the current density j on the applied voltage 

V as well the temperature T. Further components in the equations are summarised for a 

better readability as constants C  or C individually for each equation (i.e. C in Eq.2.2 does 

not match C in Eq.2.3 etc.).    

The idealised band diagrams, indicating the transport of a single electron (blue dot) are 

depicted for selected conductivity mechanisms in Figure 4.  

 
Figure 4: Schematic depiction of typical conductivity mechanisms in memristive devices, including 
Schottky Emission, Direct Tunneling, Fowler-Nordheim Tunneling, Poole-Frenkel-Emission, Fixed Range 
Hopping and Variable Range Hopping.[28]     
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Schottky Emission 

In case of Schottky emission, the conductivity is determined by thermally activated 

electrons, which are injected over the energy barrier into the conduction band. The 

corresponding current density dependence is given in Eq.2.2: [28] 

(2.2) 2 exp
V

j T C C
T

 
   −  

 
    

Tunnelling 

For thin insulating layers with a thickness in the low nanometer regime, tunnelling may 

occur as an additional conductivity mechanism. In this context, tunnelling is a consequence 

of a finite barrier height, which leads to a non-zero probability density for electrons on both 

sides of the insulator. In case of direct tunnelling, the electron overcomes the whole barrier 

(with thickness d corresponding to the thickness of the insulating layer). Accordingly, as 

described by Eq.2.3, the current density due to direct tunnelling is neither a function of the 

applied voltage nor the temperature.[28] In contrast, in Fowler-Nordheim tunnelling, an 

applied voltage of appropriate polarity results in a band bending, which effectively lowers 

the barrier width and allows electrons to pass through the barrier into the conduction band. 

The corresponding current density as described by Eq.2.4 is a function of the applied voltage, 

but not the temperature.[28] 

(2.3) ( )expj C d −      

    

(2.4) 2 exp
C

j V
V

   − 
 

    

Poole-Frenkel Emission 

While Schottky emission and tunnelling mainly considered the interfacial barrier, in case of 

Poole-Frenkel emission and electron hopping, potential wells and trapping states within the 

bulk of the insulating layer are to be considered respectively. Such trapping states typically 

are located below the conduction band. The origin of such traps in metal oxide thin films is 

commonly attributed to the presence of defects such as oxygen vacancies.  

For Poole-Frenkel emission, the conductivity is a result of electrons being thermally excited 

from individual potential wells and successively being transported through the insulating 

layer in the presence of an applied potential. The corresponding current density is given by 

Eq.2.5: [28] 

(2.5) exp
V

j V C C
T

 
   −  
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Electron Hopping 

Electron hopping is typically distinguished between fixed range hopping (also termed 

nearest neighbour hopping) and variable range hopping. The respective expressions for the 

current densities are given in Eq.2.6 and Eq.2.7.[28] 

In electron hopping, electrons occupy trap states within the bulk of the insulating layer and 

are transported via subsequent tunnelling events from one trap state to another. The main 

difference between fixed range and variable range hopping is the position of the trapping 

states, to which the electron migrates (cf. Figure 4). In case of fixed range hopping, the 

electron hops to the neighbouring trap state, although this state may exhibit a higher energy. 

In order to occupy a higher energy state, the interaction of the respective electron with a 

phonon is necessary, which essentially adds a temperature dependence to the equation for 

the current density. In case of variable range hopping, the electron hops into a trap state, 

which exhibits a lower energy difference (resulting in a less significant temperature 

dependence), although this might involve the necessity of overcoming a greater distance 

(which relates according to Eq.2.3 for direct tunnelling in a lower tunnelling current).  

(2.6) exp
C

j V
T

−    
 

    

(2.7) 

1

4

exp
C

j V
T

−    
 

    

Ohmic conduction 

Despite the considerable band gap, thermal excitation at non-zero temperatures may lead to 

the presence of electrons in the conduction band. The current density related to Ohmic 

conduction is given by Eq.2.8, where the constant C essentially describes the band gap.[28]  

(2.8) 
3

2 exp
C

j V T
T

−     
 

    

Space-Charge-Limited conduction 

The description of space-charge-limited conduction is based on the assumption of charge 

carriers being injected from the metal contacts into the dielectric layer upon the application 

of a strong electrical field across the dielectric layer. The injected charge carriers are treated 

as a space-charge (i.e. the charge is distributed continuously within a certain spatial region). 

In the picture of SCLC, in case the transit time of the respective charge carrier is smaller than 

the characteristic relaxation time, the subsequent drift of charge carriers towards the 

opposite electrode can efficiently result in a current contribution.[29] The current density 

follows the square of the voltage (Mott-Guerney law):[28]   

(2.9) 2
j V     
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Ionic conduction 

The conductivity mechanisms so far focussed on the transport of electrons as charge carriers. 

However, in memristive devices the transport of further charge carriers, such as metal 

cations or oxygen vacancies, is a common phenomenon. Accordingly, in case the insulating 

layer exhibits a sufficiently high ion conductivity, also the contribution of the ion current 

has to be considered. In case of low (high) electrical fields, the current density approximately 

follows the relation described in Eq.2.10 (Eq.2.11): [28] 

(2.10) exp
V C

j
T T

−    
 

    

(2.11) exp
V C

j
T

−   
 

    

In a real device, a variety of the conduction mechanisms mentioned in this section can be 

present simultaneously and a particular mechanism can become dominant at certain 

temperature or voltage regimes. In the framework of this thesis, a memristive device based 

on metal cation migration in a metal oxide matrix was developed and sensor devices based 

on different metal oxide materials were investigated. For a rational design of any electronic 

device such as the devices prepared in this thesis, the knowledge of the respective 

conductivity mechanisms present in the specific device is a necessity. The dependencies of 

the current density on temperature and applied voltage (cf. Eq.2.2 – Eq.2.11) related to the 

respective conduction mechanism can be used to identify the dominating conductivity 

mechanism in a device. For this purpose, C. Acha proposed a power exponent (dln(j)/dln(V)) 

vs. V½ plot and applied it to determine the conductivity mechanisms in memristive 

devices.[30] In principle, additional insights on the switching mechanism can be obtained 

using a similar dln(j)/dln(T) vs. T plot. However, experimentally the variation of the applied 

voltage is easier than the variation of the temperature. The idealised graphs for the 

temperature and voltage dependencies are depicted in Figure 5. This scheme for evaluating 

memristive switching phenomena regarding the dominant conductivity mechanisms is also 

applied to the nanoparticle-based memristive devices in section 4.1.4.  

 
Figure 5: Schematic depiction the voltage dependency (left) and the temperature dependency (right) of 
the power exponent for Poole-Frenkel emission, Schottky emission, Space-Charge-limited conduction, 
Fowler-Nordheim tunnelling and Ohmic conduction.[30]     
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2.1.3 Additional Considerations for Thin Film Devices 

In most cases, the active material in a memristive device or a sensor device is used as a thin 

film or nanostructure. The conductivity of thin films and nanostructures may deviate 

strongly from the behaviour observed in the bulk counterparts of the identical material. The 

simple band structure considerations presented for metals, semiconductors and insulators 

typical rely on the assumption of periodic boundary conditions, which relates to infinite size 

of material. For bulk materials this approximation is at hand, the unit cell of the material is 

orders of magnitude smaller than the dimensions of the conductor. However, in thin films 

the dimension of the material approaches in at least one dimension the size of the unit cell. 

At the surface, the bonding states are different from those in the bulk. Another layer of 

complexity is added by the fact that some metal oxides tend to form oxygen vacancies, e.g. 

in contact to air or reactive metals. For example, in TiO2 the impact of oxygen vacancies is 

widely studied and results in a n-doping of the TiO2 and hence strongly impacts its 

resistance.[31] Such deviations in electronic behaviour in nanoscale materials will not be 

discussed in detail here. However, the importance of oxygen vacancies in metal oxide thin 

films will be discussed in section 2.2.1 in relation to memristive switching devices and surface 

effects will be discussed in section 2.4 with respect to sensing.  
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2.2 Memristive Switching 

This section gives a comprehensive introduction to the broad field of memristive switching. 

First, the term memristive switching as used within the context of this thesis will be 

thoroughly defined based on a short overview on memristive switching milestones.  Section 

2.2.1 serves as a comprehensive introduction on the variety of classes of memristive devices 

with an emphasis on the underlying switching mechanisms and IV characteristics. In section 

2.2.2 the class of cation movement based memristive devices (which includes the 

nanoparticle-based devices investigated within this thesis) is thoroughly discussed. The 

main concepts of memristive device modelling are summarised in section 2.2.3. Finally, a 

short introduction into application scenarios for memristive devices is given in section 2.2.4.  

In 1971 Leon O. Chua introduced the “Memristor” as the fourth basic two-terminal circuit 

element[32]. Based on symmetry arguments and the classical Maxwell equations, Chua 

predicted the memristor as a passive circuit element linking magnetic flux φ and electrical 

charge q. Much like the three other passive basic circuit elements, namely a resistor (with 

resistance R), an inductor (with inductance L) and a capacitor (with capacity C), the 

memristor exhibits an intrinsic property. This is the memristance M, which is defined as: [32] 

(2.12) ( ) ( )q
M q

q


=


    

In this early work, apart from theoretical considerations also circuit realizations with active 

elements were presented. A physical passive memristor device however was not described at 

that time. Five years later, in 1976, Chua generalised the initial theory from the ideal charge-

flux memristor to the broader class of memristive devices, exhibiting the so-called pinched 

IV hysteresis as a key characteristic.[33]  

Almost four decades later, in 2008, Strukov et al. linked bipolar resistive switching in an 

oxygen deficient TiO2 thin film device to the concept of a memristor in their paper “The 
missing memristor found”.[2] In their device, changes in the resistance are attributed to 

oxygen vacancy drift in an applied electrical field. However, comparable reports on devices 

with binary or multiple resistivity states can be found earlier.[34–38] The real novelty of this 

work was the link drawn towards the memristor and the modelling of the memristance in a 

current-based model closely related to Chua’s generalised model on memristive devices.[33]  

The proposal of the discovery of the missing memristor spiked a scientific controversy, which 

is mainly driven by the fact that in the model by Strukov and the TiO2 device representation 

the link between magnetic flux φ and electrical charge q is unapparent.[39,40] However, the 

strong attention on this discourse stimulated further research in the field of resistance 

switching phenomena and coined the term “memristor” in the research on resistive 
switching.  

Over the past years, the research on memristive devices was motivated by broad application 

promises: On the one hand memristive devices are envisioned to complement FLASH and 

DRAM as novel storage media.[3,38,40] On the other hand there are many concepts for 
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applications in advanced computation, such as brain-inspired (neuromorphic) beyond von-

Neumann computing.[41–44] Accordingly, research on memristive devices became an 

interdisciplinary field with contributions from electrical engineering, material science, 

physics and chemistry as well as close links to biology and neuroscience. This heterogeneity 

also reflects in the occurrence of synonyms: memristive switching, resistive switching or 

resistive random access memory (RRAM). Within the framework of this thesis the term 

memristive switching will be used to describe any switching between two or more resistance 

states and every device that shows memristive switching is described as memristive device.  

2.2.1 Categorization of Memristive Switching 

In 2008 Burr et al. wrote in their review on emerging technologies for non-volatile memory 

(NVM): [38] 

“Over the past 50 years, a large number of materials have been explored for use as a resistive 

NVM. Although most of these materials can be switched between two distinct resistance states 

using suitable voltages, the switching mechanism is believed to vary from material to material 

and is poorly understood.”  

With the increased interest in memristive devices in the following years, also the number of 

reports on various devices with memristive switching behaviour and the underlying physics 

of their respective switching mechanisms increased drastically. Especially the underlying 

switching mechanisms have been investigated in close detail for many devices relying on 

different materials and material combinations. This diverse landscape of memristive devices 

is typically categorised by two main ways:  

• Categorization by the switching characteristics in their IV hysteresis curve  

• Categorization by the underlying switching mechanism  

Categorization by the switching characteristics in their IV hysteresis curve 

First, the classification of memristive switching based on the generalised shape of the IV 

curve is discussed. The memristive device in its pristine state exhibits typically a high 

resistance, i.e. it is in its high resistance state (HRS). By applying a certain voltage, the 

resistance of the device decreases and the device is set to its low resistance state (LRS). The 

corresponding voltage is commonly called set voltage (SET). Depending on the type of 

switching, the device exhibits one low resistance state (binary switching) or a multitude of 

intermediate resistance states (IRS, analog switching). In case the device shows a limited 

number of low resistance states, it is also termed quasi-analog or multilevel switching. For 

analog and quasi-analog devices, each IRS corresponds to an individual SET voltage, i.e. for 

higher applied SET voltages the device switches to a lower resistance state. After the device 

is SET, the resistance state of the memristive device is conserved (with a finite retention 

time) until the device is subjected to a certain reset voltage (RESET). At this voltage, the 

device switches back into its HRS. Idealised IV curves with the main characteristics for these 

three switching scenarios are shown in Figure 6.  
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Figure 6: Idealised IV hysteresis loops for memristive devices with two distinct resistance states (binary, 
left), a limited number of resistance states (multilevel, middle) and a multitude of resistance states 
(analog, right).   

The three idealised IV hysteresis loops depicted in Figure 6 are examples of bipolar 

memristive switching. In bipolar memristive devices the SET and RESET occur at opposite 

polarities. Thus, the device is initially in its HRS, the voltage is ramped up and at a given SET 

voltage, the device switches to the LRS. Subsequently, the voltage is ramped down and the 

LRS is conserved upon crossing zero voltage. At a certain RESET voltage at negative polarity, 

the device switches back to its HRS. Complementary to this bipolar switching behaviour, 

also unipolar and diffusive switching is commonly reported. Idealised IV hysteresis loops for 

bipolar, unipolar and diffusive switching are shown in Figure 7.     

 
Figure 7: Idealised IV hysteresis loops for memristive devices with bipolar (left), unipolar (middle) and 
diffusive (right) switching behaviour. 

In contrast to bipolar switching, in unipolar switching, the RESET and SET processes occur 

at the same polarity. The device initially starts in its HRS. The voltage is ramped up to the 

SET voltage and the device switches to its LRS. The current is limited to a compliance current 

in order to secure the device from hard breakdown. Subsequently, the voltage is ramped 

down to zero voltage and the LRS is conserved. In the following ramping step, the current 

compliance is no longer present. As the voltage reaches the RESET voltage, the device 

switches back to its initial HRS.  
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In diffusive memristive switching, similar to unipolar switching, the SET and RESET voltage 

also occur at the same polarity. The device is initially in its HRS and switches abruptly to its 

LRS upon ramping of the voltage to the SET voltage. When the voltage is ramped down, the 

device switches back to its HRS as soon as the RESET voltage is reached. Accordingly, for a 

diffusive memristive device, the resistance state is not conserved for a full cycle in the 

hysteresis loop. The device always exhibits its HRS at zero voltage. Accordingly, a diffusive 

memristive device in itself is not suitable for operation as a long-term low power memory 

device, because the conservation of the resistance state is only possible by constantly 

applying a voltage.    

In order to reach a stable operation regime, where the device can be repeatedly be switched 

between LRS and HRS, some devices have to be conditioned by a so-called electro-forming 

step. This step typically involves the application of a higher voltage than for the later SET 

step. Commonly, a current compliance limits the current, so that a hard breakdown of the 

device is avoided. For application purposes, memristive devices that don’t need any 
electroforming step after fabrication (i.e. forming-free memristive devices) are typically 

preferred, because high voltages and the necessity of limiting the current complicate circuit 

design.   

Categorization by the underlying switching mechanism 

Apart from the categorization based on the shape and characteristic features of the IV curve, 

memristive devices are also commonly described based on the underlying physical 

phenomena that lead to the change in resistivity. This section will give an overview on the 

most common memristive device classes that bear a certain relevance for the work presented 

in this thesis. In this context, the following three mechanisms for memristive switching will 

be discussed:  

• Electrochemical metallization (ECM) based memristive switching 

• Valence change mechanism (VCM) based memristive switching 

• Interface based memristive switching 

These three mechanisms for memristive switching are schematically illustrated in Figure 8 

by depicting idealised cross sections of typical devices.  

Due to the broad diversity of memristive devices that have been reported, a detailed 

discussion of all devices and all underlying physical mechanisms would go beyond the scope 

of this section. For detailed information on other memristive switching phenomena, ranging 

from an all-carbon-memristive device[12] or a carbon-nanotube-array based switching[45] 

over the growing field of organic memristive devices[6,46,47] and phase change material 

based memristive switching (PCM)[5] to spin-torque transfer magnetic memories (STT-

MRAM)[48,49], the reader is encouraged to look directly into the referenced literature.  
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Figure 8: Idealised cross sections through typical ECM, VCM and Interface memristive switching devices. 
The electrodes are connected to a DC voltage source and the resulting charge carrier migration is 
indicated by black arrows.      

Electrochemical metallization (ECM) based memristive switching  

ECM based memristive switching relies on the oxidation, migration and reduction of metal 

atoms and ions respectively. A typical ECM memristive device is a metal-insulator-metal 

(MIM) structure, in which an insulating layer is sandwiched between an active and an inert 

electrode. In its pristine state, the insulating layer contains a negligible concentration of 

metal cations and the memristive device is in its HRS. As soon as the active electrode is put 

on a positive potential and the inert electrode is put on a negative potential, atoms from the 

active electrode can get ionised, which is an oxidation reaction. In Eq.2.13 this reaction is 

shown at the example of the oxidation of a silver atom.  

(2.13) Ag Ag e+ −→ +     

The potential drop over the insulating layer results in an electrical field acting between both 

electrodes. Within this electrical field the positively charged metal cations experience a net 

transport towards the inert electrode. Subsequently, the mobile cations are reduced, which 

is shown at the example of a positively charged silver cation in Eq.2.14. 

(2.14) Ag e Ag+ −+ →     

As this whole process of oxidation, transport and reduction occurs for a multitude of metal 

atoms, over the time a metallic filament evolves inside the insulating matrix. This process of 

filament formation is facilitated by the increase in electrical field at the position of 

protrusions in the insulating layer. As soon as the metallic filament is bridging the two 

electrodes, the resistance of the overall device drastically decreases and the device is SET to 

its LRS. In order to RESET the device to its HRS, typically the voltage polarity has to be 

reversed. Accordingly, such devices commonly show bipolar switching.  

At a reverse polarity, the net transport of mobile metal cations would be directed towards 

the active electrode. In the LRS however, there is no considerable electrical field between the 

two electrodes because the metallic filament connects both electrodes (short circuit). 

Therefore, ECM memristive devices are also known under the term “conductive bridge 
random access memory” (CBRAM). It is commonly believed that the high current density 
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inside the metallic filament yields strong Joule heating, which in turn results in a dissolution 

of the filament tip.[42,50] However, recent results based on kinetic Monte-Carlo simulations 

have indicated that the effect of Joule heating alone may not be sufficient to explain the 

filament dissolution and other effect such as electromigration have to be considered.[51] As 

soon as the connection between both electrodes is initially dissolved, the strong electrical 

field results in a further dissolution of the filament. The device is RESET to its HRS. The 

pristine, flat interface between electrode and insulating layer is typically not fully restored. 

For that reason, commonly such simple ECM devices require an electroforming step at 

higher voltages, in which the initial filament is formed. In the following operation cycles, this 

initial filament is dissolved (LRS to HRS) and reformed (HRS to LRS). The corresponding 

SET voltage is considerably smaller than the electroforming voltage, because the preformed 

protrusion from the remaining filament considerably decreases the distance between the two 

electrodes and hence enhances the electrical field in the relevant area.  

A broad variety of materials has been investigated in the context of ECM memristive devices. 

In Figure 9 reported materials for the successful implementation as insulating layer as well 

as the active electrode are summarised.  

 
Figure 9: Overview over typical material combinations applied for metal cation based memristive 
switching. As mobile cations typically cations of the elements Ni, Cu or Ag are used (green colour). The 
matrices through which these cations are transported are most commonly oxide materials (orange 
colour), non-oxide matrices matrix materials are marked in yellow colour.[5,42] 

For the use as an insulating matrix, a huge number of materials has been reported, which are 

mostly either oxides, nitrides (such as AlN and Si3N4), polymers or higher 

chalcogenides.[5,42,47] For low power operation the resistivity of the insulating layer is 

highly important, because it determines the HRS of the device. The choice for the active 

electrode is governed by two basic considerations: Firstly, the metal cations need to have a 

reasonable ion mobility inside the insulating matrix. Secondly, the oxidation and reduction 

reaction have to be possible at reasonable voltages. In addition, especially in contact with 

metal oxide insulating layer, the active electrode has to be stable against reactions with the 

insulating layer. As a consequence, copper (Cu), nickel (Ni) and silver (Ag), of which Ag is 

by far the most common, are typically used as active electrode materials.[5,42] A more 

detailed treatment of metal cation based memristive devices is given in chapter 2.2.2. 
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Valence change mechanism (VCM) based memristive switching  

A typical VCM memristive device consists of an insulating layer, commonly a metal oxide 

layer, which is surrounded by two metal contacts. An idealised cross section through such a 

device is depicted in Figure 8. The switching mechanism in VCM memristive devices shows 

certain similarities to the ECM switching mechanism discussed above. Thus, also in most 

VCM memristive devices the underlying mechanism behind the resistivity change is the 

formation and dissolution of a conducting filament. In contrast to ECM devices however, the 

mobile charge carriers that are transported through the metal oxide matrix, are oxygen 

vacancies. These oxygen vacancies can either be present in the pristine device through 

deliberate processing or can be formed in an electrochemical reaction: [52,53] 

(2.15) 
O O 2

1
O V 2e O

2

•• −→ + +     

The release of oxygen due to this anodic oxidation reaction described in Eq.2.15 can even lead 

to the formation of gas bubbles underneath the respective electrode.[54] In case the 

electrode itself is reactive towards oxygen (e.g. a titanium (Ti) electrode in contact with a 

TiO2 insulating layer), the formation of oxygen vacancies can also involve the electrode 

material:  

(2.16) 
O O 2Ti 2O 2V 4e TiO•• −+ → + +     

Once the oxygen vacancies reach the opposite electrode, a cathodic reduction of the oxygen 

vacancies, as described by Eq.2.17, is possible under the prerequisite of available oxygen gas: 

(2.17) 
O 2 O

1
V 2e O O

2

•• −+ + →     

The oxygen vacancies are mobile within the insulating layer and migrate in the electrical 

field between the electrodes. The presence of oxygen vacancies acts as local doping by adding 

additional states in the band structure of the metal oxide. Accordingly, the resistance in the 

regions with high oxygen vacancy concentration is significantly reduced. Much like in case 

of ECM switching, also in VCM switching a filament with low resistivity is formed. As soon 

as this filament bridges both electrodes, the device switches from its HRS to LRS. As already 

described for ECM devices, also in VCM devices the partial dissolution of the filament 

(RESET) is assumed to be aided by Joule heating. Furthermore, electroforming is commonly 

necessary to form the initial filament.[53]  

Typical model systems for VCM memristive devices are metal oxide thin films such as TiO2 

with inert noble metal electrodes or in combination with an ohmic electrode (e.g. in the 

configuration Pt-TiO2-Pt or Pt-TiO2-Ti) or perovskite materials such as SrTiO3.[53] As 

summarised in Figure 10, a huge variety of oxide materials has been reported as VCM 

memristive device.  
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Figure 10: Overview over oxide materials typically used for oxygen vacancy migration based VCM 
memristive devices.[3,41,52,53] 

Interface type memristive switching  

The majority of ECM and VCM memristive devices rely typically on the formation and 

dissolution of a conducting filament, which leads to a binary or multilevel switching of the 

resistance over many orders of magnitude. A promising approach to avoid the necessity of 

electroforming and expand the number of resistance states to analog switching is found in 

interface-based memristive switching. These memristive devices are essentially MIM 

structures with two electrodes and an insulating layer in between, as illustrated in Figure 8. 

The nanoscopic dimension of the insulating layer suppresses the formation of conductive 

filaments as active current paths. The switching of the resistance states in such devices is 

based on the migration of mobile charge carriers towards the interface between an electrode 

and the insulating layer as well as trap states at this interface. Typically, the electrode 

materials are chosen such, that one electrode forms a Schottky barrier to the insulating layer 

while the other electrode forms an ohmic contact. The height of the Schottky barrier depends 

on the local stoichiometry of the oxide thin film at the interface. The gradual migration of 

oxygen vacancies (or oxygen ions[55]) in the electrical field across the thin insulating layer 

results in a high number of possible resistance states and consequently leads to a memristive 

device with analog switching behaviour and without the necessity of electroforming. One 

example of such devices is the double barrier memristive device, which relies on a stack of 

Au-NbxOy-Al2O3-Al layers.[55–57]  

Common to all three discussed classes of memristive switching devices is the importance of 

choosing appropriate electrode materials. The most commonly used electrode materials for 

memristive devices are summarised in Figure 11. For ECM memristive devices, Ag and Cu 

(and occasionally Ni) are reportedly applied as active electrodes. The high chemical stability 

makes noble metals such as Au or Pt common choices as inert electrodes. In addition, their 

high work function typically allows realizing Schottky barriers in contact with most 

semiconducting metal oxides, which is used for interface type memristive devices. Apart 

from metallic electrodes, also further electrode materials like the transparent indium tin 

oxide (ITO), the CMOS compatible titanium nitride (TiN) or carbon-based electrodes (CNTs, 

graphite) are reported. The influence of different electrode materials on the memristive 

switching behaviour in ECM devices will be discussed separately in section 2.2.2.   
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Figure 11: Overview over common electrode materials for the contacting of memristive devices. In addition 
to active metallic electrodes applied as depot for metal cations in ECM memristive devices (green colour), 
other metals (orange colour) and further electrode materials (yellow colour) such as TiN, graphite or ITO 
are commonly applied.[3,41,52,53,58]  

Reports of vacancy movement and cation movement as competing mechanisms in the same 

device indicate that classification into VCM and ECM is not always exclusive and devices can 

exhibit certain characteristics of more than one device class.[59,60] 

2.2.2 Cation-based Memristive Switching 

In cation-based memristive devices, the transport of the metal cations and the resulting 

formation and dissolution of a conducting metallic filament is crucial for the change in 

electrical resistance. The switching kinetics in such redox based systems thus depend on the 

ion drift currents of the mobile metal cations. The ion drift current density ji is described by 

the Mott-Gurney equation: [42,61,62] 

(2.18) 0exp sinh
2

i

B B

E a q
j q a f E

k T k T

   
   −    

   
  with q z e=    

The ion current depends on the charge q of the respective ions as well as the hopping distance 

a, the hopping frequency f and the hopping barrier E0. The directed drift of ions is caused by 

an applied electrical field E. The charge of the respective ions is given in multiples z of the 

elementary charge e. In Eq.2.18, kB denotes the Boltzmann-constant and T the temperature.  

 

Figure 12: (a) Schematic cross section and (b) idealised equivalent circuit corresponding to a filament 

based memristive device.  

Based on the Mott-Gurney relation for the ion current, a compact switching model for 

filamentary ECM memories was developed by Mahalanabis et al..[42,63,64] In this model, a 

single cylindrical filament with length l and radius r between two electrodes with the lateral 
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dimension w is assumed to be responsible for the memristive switching process. The cross 

section of such idealised ECM device is sketched in Figure 12 (a).  

The filament growth in length and radial dimension can be expressed by Eq.2.19 and 2.20. As 

the filament length itself influences the electrical field strength E between the filament tip 

and the opposing electrode, Eq.2.19 is a differential equation with respect to l. The constant 

pre-factors Cl and Cr respectively serve as fitting parameters or can be derived from the 

physical model.[42] 

(2.19) 0d
exp sinh

d 2
l

B B

El aze
C E

t k T k T

   
=  −   

   
  with inU

E
d l

=
−

  

The growth in lateral dimension does not impact the distance between the filament tip and 

the opposing electrode and hence does not alter the electrical field between them. The 

growth in radius is expressed by introducing an electrical field parameter for lateral growth 

β.[42] 

(2.20) 0dr
exp sinh

d
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r
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The assumption of a single cylindrical filament between the two electrodes results in two 

possible current paths: The current can go through the dielectric matrix (with Rm) and 

through the metallic filament (with Rf). The total resistance Rt of such filamentary metal 

cation based memristive devices is given by the parallel connection of these two resistances 

(Eq.2.21).[42] The corresponding equivalent circuit with its relation to the idealised cross 

section is shown in Figure 12 b.  

(2.21) 
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The applicability of this rather compact model was demonstrated by reproducing 

experimental data recorded for a memristive device with an active electrode made of silver 

and germanium selenide as matrix.[42] 

However, the assumption of a strictly cylindrical shape of the metallic filament does not 

adequately represent the complexity of filament formation in metal-cation-based memristive 

devices. The shape of the filament and its growth direction strongly depends on the ion 

conductivity of the matrix and the rates of the oxidation and reduction reactions, which 

results in the filament either growing with its base at the active or inert electrode.[58] The 

following four cases have to be distinguished: 
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Case A:  High ion mobility and high redox rates.  

In this case, the high ion mobility leads to the metal ions being transported easily 

towards the inert electrode, where they are readily reduced. Accordingly, the 

metallic filament starts growing in a conical shape with its base at the inert electrode.  

Case B:  High ion mobility but low redox rates.  

In this case, the metal cations are readily transported through the matrix due to the 

high ion mobility. The filament starts to grow with its base at the inert electrode, but 

has a rather branched shape because of the limited redox rates.   

Case C:  Low ion mobility but high redox rates.  

In this case, the low ion mobility impedes the transport of metal cations from the 

active electrode to the inert electrode. The high redox rates allow for the formation 

of metallic nuclei within the matrix due to reduction of the impeded metal cations. 

As soon as a nucleus is formed, the gap between the nucleus and the active electrode 

will be filled by subsequently reduced metal cations. Thus, effectively the filament 

grows from the active electrode towards the inert electrode.   

Case D:  Low ion mobility and low redox rates.  

In this case, the migration of metal cations through the matrix is impeded by the low 

ion mobility. The low redox rates prevent metallic nuclei from being formed easily 

in the matrix. In fact, the metal cations may pile up in the matrix until critical 

nucleation conditions are fulfilled and clusters are formed. The filament grows 

effectively from the active electrode towards the inert electrode. This case typically 

corresponds to the situation in matrices such as Si or SiO2, in which the ion 

conductivities are very low.[58] The observation of a chain of Ag nanoparticles in a 

Ag/a-Si/Pt device was among the first in situ transmission electron microscopy 

(TEM) studies on the matter of filament formation in memristive devices.[65] 

However, the strong influence of the electron beam on the nanoscopic device 

imposes an additional depth to the interpretation of such in situ TEM 

investigations.[66]  

These four cases show, that although the general set-up of an ECM memristive switching 

device is fairly simple and only involves the three components “active electrode”, “insulating 
matrix” and “inert electrode”, the choice of the materials for the individual components as 

well as the counter play between these components strongly affects the memristive switching 

characteristics.  
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In section 2.2.1, an overview on possible material combinations for ECM switching 

memristive devices is given (cf. Figure 9 and Figure 11). The mobile metal cations, typically 

Cu2+ or Ag+, are transported through the matrix to the counter electrode. As matrix materials 

either ion conductors (RbAg4I5), mixed conductors (AgxS, CuxS, NiO) or insulators (TiO2, 

Ta2O5, SiO2, HfO2) are applied. Many of these oxide insulators are also used in VCM 

memristive devices, thus they also exhibit a certain mobility of oxygen vacancies. The third 

component, the inert electrode or counter electrode, strongly impacts the ECM switching 

mechanism. The reason behind this lies in the electrochemical aspects of the redox reactions 

involved. In order to allow for a continuous ion migration within the matrix, the oxidation 

reaction at the active electrode as well as the reduction reaction are necessary, otherwise the 

Coulomb repulsion would act as an effective counter field for further ion migration. 

Accordingly, the slower reaction (reduction or oxidation) limits the switching kinetics of the 

memristive device. The Butler-Volmer relation describes the current density je at the 

electrode-matrix interface, which results from those electron-transfer reactions: [62] 

(2.22) 
( ) ( ) ( )0
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exp expe o et o et
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Here, j0 denotes the current pre-factor, α is the charge transfer coefficient, Eet is the activation 

energy and Eo is the electron transfer overpotential. In case the overpotential is zero, the 

oxidation process (described by the first exponential term) and the reduction process 

(described by the second exponential term) occur at the same rate. For silver and copper as 

active electrode materials, the overpotential is typically very small.[42]   

The electrochemical processes involved in the redox reactions with a cation-based 

memristive device can be investigated with cyclic voltammetry measurements for voltages 

below the switching voltages.  In cyclic voltammetry, each reduction and oxidation process 

results in a specific peak in the IV loop. This method was used to investigate the oxidation 

state of the mobile cations, which turn out to be Cu2+ in case of copper and Ag+ in case of 

silver as active electrode. Also the effect of different counter electrodes on the redox 

reactions was studied.[58,67–70] Apart from a direct effect of the counter electrode to the 

redox reactions of the metal cations, also an effect on a parallel reaction with moisture was 

reported. In case the reduction reaction at the counter electrode itself is strongly inhibited, 

the additional reaction with moisture can serve as alternative route to achieve charge 

neutrality.[58] A good overview over the impact of different counter electrodes to the system 

Ag/SiO2 is given by Lübben et al..[67]  

An inhomogeneity of ion distribution during cycling of the memristive device can result in a 

deviation from the pinched hysteresis loop. This inhomogeneity leads to a potential 

difference across the device, which can typically reach several mV and implies a non-zero 

crossing in the IV hysteresis. This effect is called nanobattery effect and is observed for 

different ECM (and VCM) devices, such as Ag/SiO2/Pt..[68,71] 
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There have also been reports on different approaches to alter the active electrode with 

respect to its morphology or composition. As already discussed, typically the metals Ag, Cu 

or Ni are applied as active electrode materials. The standard potentials for the relevant redox 

couples are:  

Ag+/Ag:  0.79 V  

Cu2+/Cu: 0.34 V 

Ni2+/Ni: -0.25 V 

Accordingly, silver is the most noble among these three metals. By alloying the more noble 

gold (Au) to an Ag active electrode, a strongly facilitated release of silver (oxidation reaction) 

from the active electrode was reported, which resulted in a considerable decrease in 

electroforming voltage in Ag(Au)/SiO2/Pt devices.[72] Apart from manipulation of the active 

electrode material, also the approach of structuring of the active electrode for more defined 

switching has been reported, for example by using nanocones of silver or copper.[8,11] 

Additionally, also the use of nanoparticles in the context of memristive switching is discussed 

as a method to make use of the enhanced electrical fields between the nanoparticles for 

better switching characteristics.[73,74] In the framework of this thesis, the nanoparticle-

based memristive device was developed and realised unifying these considerations on 

alloying and nanostructuring of the active electrode. In 2010, Jo et al. reported on a related 

memristive device, which relied on a layer of amorphous silicon with a gradient of embedded 

Ag nanoparticles.[7] This device exhibits analog switching behaviour without the need of 

electroforming, which was attributed to the collective shift in a front of silver within the 

matrix. Considering the information presented in this section, this explanation seems to 

need further refinement. According to “Case 4” described in this section, the absence of 
necessity of electroforming is more likely explained by the broad distribution of nanoscopic 

Ag particles, which merge together upon application of an external field. The analog 

switching would then be more likely a result of a multitude of nanoscopic filaments, whose 

general structure was predefined by the position of the nanoparticles in the matrix.   
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2.2.3 Modelling and Simulation of Memristive Switching 

In the model of memristive devices and systems from Chua in 1976, memristive devices are 

described in a very general way.[33] This general model is shown in Eq.2.23 and Eq2.24. The 

output y is linked by a function g to the input u. The function g itself depends on the internal 

state x as well as the time t and the input u. The internal state x is treated as a n-dimensional 

vector and can be considered as a set of state variables xi. The time derivative of the internal 

state variable x is described by a function f.  

(2.23) ( ), ,y g x u t u=      

(2.24) ( ), ,
x

f x u t
t


=


   

With this description it was possible to model the current voltage (IV) characteristics of 

certain systems and devices, such as thermistors, neon bulbs and Josephson junctions. 

Furthermore, even the Hodgkin-Huxley neuron model was modelled by Chua et al. using 

this set of equations. [33] 

In 2008, Strukov et al. adopted this general model for memristive devices and related it to a 

TiO2 thin film device.[2] Under the assumption of a current-controlled time invariant 

memristive device, Eq.2.24 can be transformed to Eq.2.25, in which the time derivative of the 

internal state variable ω is a function of the current I and the state variable itself.  In analogy 

to Eq. 2.23, the voltage V is given by the product of the current and the resistance R, which 

is a function of the internal state variable and the current (Eq.2.26). 

(2.25) ( ),f I
t

 
=


    

(2.26) ( ),V R I I=     

From Eq.2.26 the most prominent feature of a memristive device can be concluded: the 

pinched hysteresis. Any IV hysteresis loop necessarily exhibits zero current at zero voltage. 

The occurrence of a hysteresis itself is strongly connected to the dependence of the resistance 

on the internal state variable.   

The choice of a current-based model for memristive switching is at hand, because in the 

original proposal of a memristor, the memristance was defined as the link between the 

charge and the magnetic flux (as shown by Eq.2.12). The charge q itself is linked to the current 

I by the time derivative (Eq.2.27).  

(2.27) ( ) ( )d

d

q t
I t

t
=     

The model system proposed by Strukov et al. is a TiO2 thin film with a thickness D, which is 

surrounded by two electrodes. The thin film can be separated into two subsections, one with 

high and one with low dopant concentration, which are connected in series. In such device, 
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the resistance varies between a high resistive state (with RHRS) and a low resistive state (with 

RLRS). The internal state variable describes the fraction of the TiO2 thin film that is doped by 

oxygen vacancies and hence has a lower resistivity than the undoped region. Accordingly, 

the voltage is linked to the current by Eq.2.28. 

(2.28) ( ) ( ) ( )( )( ) ( )1
LRS HRS

V t R R I tt t =  + −    with  0,1   

Any electrical field across the device will result in migration of the charged dopants (e.g. 

oxygen vacancies) and accordingly the ratio of the undoped and doped region will be 

changed. Assuming ohmic electronic conduction as well as linear ionic drift (with mobility 

µv), the corresponding change in internal state variable can be expressed by Eq.2.29. 
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Inserting the time integral of Eq.2.29 into Eq.2.28 and assuming the resistance of the doped 

TiO2 thin film to be much lower than in the undoped state, the memristance M of the model 

system can be formulated by Eq.2.30. With this expression, a link between the concept of a 

memristive device with the memristance as a characteristic property and an experimental 

representation of a resistive switching TiO2 device is drawn. The Strukov model is well suited 

to describe some core features of memristive devices, such as the pinched hysteresis and its 

dependence on the cycling frequency (i.e. the ratio of RHRS and RLRS (ON/OFF ratio) depends 

on the voltage ramping rate which was used to record the hysteresis loop). However, this 

model describes analog switching behaviour and completely falls short in describing 

filament-based binary or multilevel switching as observed in the majority of VCM memristive 

switching devices, including this TiO2 model system (cf. section 2.2.1). In addition, the model 

implies an ultimate retention time of the resistance state, which is in strong contrast to 

experimentally obtained memristive devices. 

As the insights in the physical origins of memristive switching for different device classes 

grew, also more elaborate models were proposed to describe either of the various memristive 

device classes.[75–78] In general, two different approaches were commonly pursued to 

enhance memristor models: On the one hand the abstract linear model such as presented by 

Strukov et al. was refined by introducing appropriate window functions to confine the 

internal state variable to a certain interval (typically between 0 and 1, c.f. Eq.2.23).[79–84] On 

the other hand, models were developed on the basis of the physical origins of memristive 

switching and in those models the internal state variable is closely linked to a physical 

quantity (e.g. tunnel barrier width).[76,78] A good overview on the various models for 

memristive switching and their applicability in the context of simulations is given in the 

work of Ascoli et al. and Linn et al..[75,77]  
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By applying molecular dynamics simulations (MD), it was possible to investigate processes 

on the atomic level on very fast time. Examples for such studies are MD simulations on field-

enhanced ion transport in solids and the atomic origin of switching in nanoscale ECM 

devices.[85,86] Kinetic Monte Carlo simulations (KMC) were used to study charge carrier 

motion in ECM[56,87], VCM[88] and interface type memristive devices[57] at longer time 

scales, allowing to gain insights on many consecutive switching cycles. These studies offer 

good observability of the underlying processes of memristive switching on different time 

scales and have a certain predictive power for the development of new memristive devices.  

However, due to the high computational effort, such simulations are not able to describe the 

memristive properties of a device in real time. For this purpose, a wave digital synthesis based 

emulation of a double barrier memristive device was developed, which allows for real time 

emulation of single devices and an integration into electrical circuits.[87]  
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2.2.4 Application Scenarios 

The main motivation to incorporate memristive devices in application scenarios is twofold: 

On the one hand, the unique electronic properties of memristive devices inspire applications 

that go beyond conventional electronics, such as using memristive devices as programmable 

interconnects, to realise logics for in array computing or in neuromorphic 

engineering.[16,43,44,89–92] On the other hand, memristive devices are under investigation 

as non-volatile memory (NVM) with advantageous characteristics in conventional 

computing architectures.  

As the concept of memsensors falls into the first application scenario, the discussion of the 

applicability of memristive devices will be mainly limited to general application 

considerations alongside the integration of single devices (in this section) and neuromorphic 

engineering (in the next section). In order to provide the full picture, a general overview on 

the topic of memory applications of memristive devices is given in Appendix A. 

For application purposes, memristive devices are typically arranged in crossbar arrays[93] to 

make use of the potentially small footprint of a single memory cell. A w x b crossbar array is 

an arrangement of w parallel wires (word lines) stacked with the active layer (in this case 

memristive devices) and b parallel wires (bit lines). The bit lines are rotated by 90° with 

respect to the word lines, thus the term “crossbar”. Each crossing point corresponds to an 
individual memory cell ci,j (e.g. memristive device). In a crossbar array each single cell ci,j can 

be addressed individually by applying a voltage between the corresponding word line i and 

bit line j. A typical problem in crossbar arrays with memristive devices are sneak path 

currents or leakage currents.  

Sneak path currents may flow through half-selected (cells that share either the word or bit 

line with the selected cell) or non-selected cells. This could result in read errors in case the 

selected cell is in its HRS. In addition, the sneak path currents can contribute strongly to the 

power dissipation, because the number of half- and non-selected cells is far larger than the 

individual selected cell.[94] Although large crossbar arrays seem beneficial for their effective 

area usage, there are several drawbacks to large array sizes: With increasing size, also the 

length of the individual wires for the word and bit line has to increase. This results in a 

considerable increase in resistance and capacitance, especially at advanced technology 

nodes, in which the width and spacing of the wires approaches nanometer 

dimensions.[95,96] 

In order to avoid the sneak path problem, selector devices are discussed as additional 

elements in the crossbar array, which offer a high nonlinearity. A variety of selector devices, 

including the use of transistors, diodes or bipolar two-terminal selectors, is under discussion 

for the application in crossbar arrays of memristive devices.[94,95] Field-effect transistors, 

although offering excellent nonlinearity and being well established, are three terminal 

devices and as such impose a high constraint on the scaling of the whole crossbar array. The 

nanoparticle-based memristive devices prepared in the framework of this thesis exhibit 

diffusive memristive switching characteristic. Amongst others, diffusive switching 
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memristive devices and complementary memristive switching devices, which are made up of 

two memristive devices in an anti-serial connection, are discussed to be highly promising in 

the context of two-terminal selector devices.[94,95,97]  
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2.3 Neuromorphic Engineering with Memristive Devices 

Despite the ubiquitous presence of modern silicon-based computing devices, there is one 

particular class of computing devices that still outnumbers them: neural networks, such as 

the brain, which are found in a plethora of species and basically on every inch of this world. 

These neuronal systems have been optimised by ages of evolution, enabling the individual 

to efficiently survive in its environment. As such, the human brain is able to perform 

advanced computing tasks, such pattern separation and completion, with ease at an 

extremely low power consumption and low frequency of neuron spiking. The foundation of 

this outstanding efficiency and robustness of the operation in neural networks is given by 

the complex underlying structure: In a human brain, the respective neurons are 

interconnected in a highly parallel manner and with a certain hierarchy (i.e. different brain 

regions), resulting in the capability of dynamic parallel reconfiguration and a certain level of 

redundancy. The individual neurons and synapses act as processing units and memory in 

itself and the event-driven scheme of computation allows for energy to be consumed only 

when and where it is needed for processing of the information.  

Neuromorphic engineering describes the effort to mimic neural structures and transfer 

certain aspects of their advanced functionalities into electronic circuits. The field of 

neuromorphic engineering evolved in the late 1980s around the work of Carver Mead on the 

realization of neuron-inspired devices like an adaptive retina in terms of integrated 

electronic analog systems.[98] Since then, the concept of neuromorphic engineering was 

extended to approaches ranging from deep learning networks, which typically rely on 

conventional von-Neumann-based computing devices and elaborate software, to the 

realization of biologically inspired computing paradigms on the basis of novel hardware 

components. Although the latter approach is still far from reaching full technological 

maturity, it exhibits a stunning long-term research potential as it imposes high promises on 

the realization of  highly parallel, efficient, biologically motivated computing devices.[99]  

Memristive devices are considered as very interesting in this particular field of neuromorphic 

engineering, as they are capable to mimic certain aspects of neurons and synapses 

(representing the connections of two neurons) as depicted in Figure 13 a. In particular, 

memristive devices are applied as the electronic analogue of synapses. Especially interesting 

in this area are memristive devices with analog, multilevel switching characteristics, which 

respond to the application of voltage pulses by a gradual reversible change in resistance 

(Figure 13 b). The link between memristors and the Hodkin-Huxley model for neurons was 

already drawn in the work of L. Chua in 1971.[32] The matter of spiking neuron models for 

single neurons as well as neuron assemblies is explained in full detail in the comprehensive 

book by W. Gerstner and W. Kistler and will not be discussed in more detail here.[100] In its 

essence, the neuron is by default in its resting state and can be excited by a sufficiently large 

stimulus to expose a voltage spike (action potential). After this spiking event the neuron is 

in a refractory period and further spiking events are effectively suppressed. Upon connecting 

two neurons by a synapse, the change in synaptic weight (essentially describing the 

resistance of this connection) is governed by the time interval between the spiking events in 

the pre- and postneuron (top and bottom neuron in Figure 13 a). In other words, an adequate 
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time interval leads to a strengthening of the synaptic connection, while a mismatch in spike 

timing leads to a weakening of the connection. This so-called spike-timing dependent 

plasticity (STDP) is illustrated in Figure 13 c. Depending on the time difference, the synaptic 

weight is increased (long–term potentiation, red graph) or reduced (long-term depression, 

blue graph), basically relating to learning. This behaviour is readily reproduced by artificial 

neuronal and synaptic devices based on memristive devices.[98,110,111] Two-terminal 

memristive devices offer a high potential for integration of large numbers of such artificial 

synapsed with high density into cross-bar arrays. In this context, also multilayer networks 

with one or more hidden layers (much like in software-based deep learning) are in the focus 

of investigation. A good overview over the research activities in this field is given by the 

reviews by T. Chang et al. and by D. Ielmini.[101,102] 

 

Figure 13: (a) Simplified schematic depiction of two neurons and the main constituents, upon connection 

of the two neurons a synapse is formed (grey inset). In neuromorphic engineering, memristive devices 

(grey inset) are applied to reproduce synaptic behaviour. Memristive devices with analog switching 

behaviour exhibit a gradual resistance change to subsequent voltage pulses (b), indicating high 

applicability for example for mimicking spike timing-dependent plasticity (c).  As observed in neurons 

[103,104], the time difference between the preneuron spike (red and blue) and the postneuron spike (green) 

impacts the change in plasticity. In this context, long –term potentiation (red) and long-term depression 

(blue) are readily reproduced by artificial neuronal and synaptic devices based on memristive 

devices.[101,105,106]  

Apart from mimicking STDP, memristive devices are also under consideration for the 

realization of further biologically motivated functionalities, e.g. spike frequency adaptation 

has been reported in memristively coupled oscillators.[15,107] One particularly important 

aspect in biological neural networks is the close connection between signal detection and 

processing. In fact, neurons are not only to be found in our brain, but are spread over the 

whole human body and serve to transmit and process sensory signals. Until recently, in the 

field of neuromorphic engineering this aspect has remained mainly unaddressed. The 

concept of memsensors promises to offer a technical realization of the close connection of 

signal detection and processing by merging sensing and memristive switching.   
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2.4 Sensing with Metal Oxide Nanostructures 

The use of sensors in contemporary electronics is ubiquitous, ranging from distance sensors 

in cars and acceleration sensors in mobile phones to anti-theft protection devices installed 

at almost any store. The term sensor in its most general meaning is described in the Oxford 

Dictionary as follows: [108] 

“A device which detects or measures a physical property and records, indicates, or otherwise 
responds to it.”  

Such broad definition serves the purpose of describing the broad diversity of sensors, which 

are applied in different application scenarios. In the context of this thesis, metal oxide 

nanostructures are investigated as an especially promising class of sensors. Accordingly, a 

sensor in the context of this thesis is a two terminal device that features a metal oxide 

structure (e.g. thin film or nanowire). At least one physical quantity (e.g. the resistivity) of 

the sensor device depends on an externally applied stimulus. Stimuli can be, amongst others, 

the presence of gas molecules attached to the surface of the sensor or photons. The four main 

criteria for the description of the performance of a sensor are its sensitivity, selectivity, speed 

and stability.  

The sensitivity S describes the ratio of the device resistances in the presence or absence of a 

stimulus, which can be in analogy to the states in memristive devices described as the high 

resistance state (RHRS) and low resistance state (RLRS).[18] 

(2.31) HRS LRS
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Typically, sensors are optimised with respect to a high sensitivity. From Eq. 2.31 can be 

concluded, that the sensitivity can be increased by either increasing RHRS or decreasing RLRS. 

However, in order to allow for low power operation, an increase in RHRS is the more viable 

option, as long as it does not impact the readability of the signals.  

The selectivity of a sensor describes its sensitivity towards multiple stimuli. A single sensor 

device can be sensitive to more than one stimulus. In case of a gas sensor for example, the 

resistance of the device can be impacted by different applied gas species. In case of a photon 

sensor, the device can change its resistivity for photons of different wavelengths. A high 

selectivity indicates, that the sensor responds highly to one stimulus while being unaffected 

by other stimuli.  

The third sensor criterion is the speed of operation, which is characterised by the response 

time and recovery time. Assuming a step-wise applied stimulus (rectangular stimulus signal), 

the sensor’s resistance changes with a certain time delay. The response time is defined as the 
time that the sensor needs to reach 90% of its final resistance under the applied stimulus. 

The recovery time is defined analogously with respect to the withdrawal of this stimulus. 

These definitions for response and recovery time are visualised for an idealised sensor device 

in Figure 14 a.   
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Figure 14: (a) Dynamic response (red line) of an idealised sensor to a square stimulus signal (blue line). 

The response time (tres) is defined as the time between the application of the stimulus and the time, when 

the sensor response reaches 90% (R90) of the final response (R100). The recovery time (trec) is defined as the 

time between the withdrawal of the stimulus and the time, when the sensor response reaches 10% (R10) of 

the final response (R100); (b) Drift in the sensor response (red line) upon application of multiple 

consecutive stimulus pulses. For comparison, the sensor response without drift (dotted grey line) is 

shown.  

The stability of a sensor device describes its long term applicability with respect to multiple 

stimuli cycles. In case the response is gradually altered for consecutively applied stimulus 

pulses, the sensor is prone to drift. This phenomenon is depicted schematically in Figure 14 

b. In addition, aging of the sensor may lead to long-term changes in the sensor response, i.e. 

the response of a certain sensor to an identical stimulus changes with the shelf time of the 

sensor. Typically, sensors are optimised to yield the identical response to stimulus pulses 

over the whole lifetime.  

In addition to the aforementioned four main criteria commonly associated to the 

development of sensors on the basis of metal oxide structures, for a practical application of 

such sensors further aspects have to be considered. This includes, amongst others, the signal-

to-noise ratio of a sensor structure, which in turn relates to the lower limit of detection. 

While in the idealized sensor response as shown in Figure 14 a no noise is present, in typical 

sensor devices the response undergoes certain fluctuations, limiting the detectability of 

response towards low stimulus strengths.   

In this section, gas sensing and photon sensing as two examples for sensing stimuli will be 

discussed and typical metal-oxide-based devices as well as the underlying sensing 

mechanism will be explained. Nanostructures are commonly regarded as especially 

promising sensor devices, because the surface to volume ratio increases drastically the 

smaller the characteristic length scale of the nanostructure gets. A good summary of metal 

oxide nanostructures applied in the field of photon-sensing and gas sensing is given in the 

work of Tian et al. and A. Dey and G. Korotchenkov respectively.[18,19,109]  

2.4.1 Photon Sensing  

Sensing of photons, especially in the ultra-violet (UV) range, is motivated by a broad range 

of applications, including fire monitoring, environmental monitoring and biological 

analysis.[19] Nanostructures of binary or ternary metal oxides, such as ZnO, SnO2, Nb2O5, 

TiO2 or Zn2SnO4, are widely investigated as promising sensors for UV photons. Typically, 
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these materials are used in a metal-semiconductor-metal structure. Another development is 

the use of Schottky barrier modulated photosensors, which will not be discussed here.[19] 

The metal oxide semiconductor materials are commonly wide band gap semiconductors with 

band gaps around 3 eV (e.g. TiO2 with a band gap between 3.0 eV and 3.2 eV for rutile and 

anatase respectively or ZnO with a band gap of 3.3 eV). The stimulus in case of UV sensors is 

the presence of photons with a wavelength in the UV range. Without stimulus, the sensor 

device is in its high resistance state with only the dark current going through the device. As 

soon as the sensor is irradiated by UV photons of sufficient energy to overcome the band 

gap, electron hole pairs are generated and the free charge carriers lead to a drastic increase 

in conductivity. Accordingly, the overall resistance of the sensor is decreased; the device is 

in its low resistance state.  

Two additional criteria for the performance of UV photon sensors are commonly considered, 

which are the spectral responsivity Rλ and external quantum efficiency EQE. The external 

quantum efficiency is given by Eq.2.32 and essentially describes the number of electrons that 

are detected per incident photon. Here, h is the Planck’s constant, c the velocity of light, e 

the elementary charge and λ the wavelength of the incident photons. The spectral 

responsivity Rλ is defined as the ratio of the photon induced current (Ilight-Idark) and the 

product of the light intensity P and the irradiated area A.[19] 
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The application of nanostructures (e.g. nanowires) in the context of photon sensors yields 

many advantages: The high surface to volume ratio of the nanostructures leads to an 

increased number of surface trap states and prolonged charge carrier lifetimes. In 

combination with the small effective area A in such nanostructures, this results in short 

transit times and an overall increases responsivity. In terms of low power operation, the 

nanoscopic dimensions limit the dark current.  

2.4.2 Gas Sensing 

The investigation of gas sensors is motivated by their applicability in the field of 

environmental monitoring of toxic, flammable or hazardous gases. Semiconducting metal 

oxide (SMO) gas sensors are considered as very promising materials for gas sensing 

applications. Especially transition metal oxides such as ZnO, CuO, TiO2 and FeOx exhibit a 

high research interest and are widely investigated.[18,109–113] In this section, the underlying 

gas sensing mechanisms for typical SMO gas sensor devices will be discussed. A detailed and 

comprehensive introduction into the underlying mechanisms of gas sensing as well as a 

rational material choice for SMO gas sensors is given in the work of G. Korotchenkov.[109] 

In addition to gas sensing by SMOs, also a variety of sensors, relying on different of sensing 

mechanisms has been reported. These include gas sensors based on changes in infrared 



 

37 
 

absorption, thermal conductivity or catalytic combustion and will not be topic of this 

section. 

As indicated by the name, the active material in a SMO gas sensor is a metal oxide 

semiconductor. The band gap of typical SMO materials is in the order of 3 eV (cf. section 

2.4.1). The presence of adsorbed gas species at the surface of the semiconductor alters the 

electrical properties of the sensor material. Accordingly, nanostructures are also highly 

favourable here, as they provide a high surface to volume ratio. In contrast to photon sensing, 

which allows for operation of the sensor at room temperature, typical SMO gas sensors are 

commonly operated at elevated temperatures. The respective operating temperature is given 

by the underlying surface or bulk conductance effects, with surface conduction being 

possible at lower temperatures than bulk conduction.[18] However, even for typical surface 

conducting materials such as SnO2 or ZnO, operation temperatures commonly range from 

300-500 °C. Accordingly, another goal in sensor design is lowering the operation temperature 

in order to allow for a broader application window of the sensor.  

The gas sensing mechanisms in SMO gas sensors are diverse and strongly depend on the 

specific material and respective gas molecules. In general, the SMO is a wide band gap 

semiconductor with a high resistance in its pristine state. At the surface of the metal oxide, 

chemisorbed oxygen extracts electrons from the conduction band of the metal oxide and 

forms a space charge layer. When a gas atom or molecule approaches the surface, it alters 

the surface chemistry of the sensor e.g. by replacing chemisorbed oxygen. The width of the 

space charge region is consequently changed, which impacts the resistance of the overall 

device depending on the adsorbed gas species. Typically, oxidizing and reducing gases are 

distinguished. The sensitivity of the sensor is measured with respect to its initial resistance 

in a standard gas atmosphere (typically air). In case of a n-type semiconductor, the resistance 

of the sensor decreases when subjected to a reducing gas and increases when subjected to an 

oxidizing gas (vice versa in case of a p-type SMO).[18] 

The importance of surface reactions reveals to be a strong difference to photon sensing as 

described in section 2.4.1. While the photons can penetrate rather deep into the “bulk” of the 

nanostructures, the gas molecules undergo surface reactions. The surface acts as a receptor 

for the gas molecules while the whole microstructure of the metal oxide sensor acts as a 

transducer for the resistance change.  

A further criterion in case of gas sensors in addition to stability, speed, sensitivity and 

selectivity is the lower limit of detection, which describes the lowest concentration of gas 

molecules to which the sensor responds. For the detection of hazardous gases, the lower 

detection limit is an important criterion and sensors are optimised in order to detect even 

trace amounts of the respective gas (down to the ppb regime). 
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2.4.3 Nanoparticle-decorated Metal Oxide Sensor Devices for Enhanced Sensing 

A further route of optimizing metal oxide photon and gas sensors for enhanced sensing is 

their decoration by nanoparticles. In this approach, nanoparticles are deposited onto the 

metal oxide thin film or nanostructure (e.g. nanowire). Typically, the nanoparticle film is 

well below the percolation threshold in order to maintain undisturbed access of the stimulus 

to the metal oxide thin film. Among others, nanoparticles of other SMO materials and in 

particular noble metal nanoparticles are applied to enhance the sensing properties of 

SMOs.[114–119] In Figure 15 common materials for metal nanoparticles (green colour) as well 

as metal oxide photon sensors (orange colour) and gas sensors (yellow colour) are 

summarised.   

In case of photon sensors, two general approaches are pursued to enhance the sensing 

properties. On the one hand, the plasmonic properties of the noble metal nanoparticles 

(typically Ag or Au) are employed to extend the usability of the sensor structure (such as 

TiO2 which is typically limited to the detection of UV photons) towards the wavelength of 

the localised surface plasmon peak associated to the respective nanoparticle (e.g. in the 

visible spectrum in case of Au NP). In this approach, upon plasmonic excitation of the 

nanoparticles, hot electrons can be injected into the SMO thin film.[120–122] On the other 

hand, a localised Schottky-junction is formed at the contact of noble metal nanoparticles 

(which exhibit a high work function) with the nanowire (e.g. ZnO). This creates charge 

depletion at the interface and hence reduces the dark current (which translates to an increase 

in RHRS). This in turn increases the sensitivity of the sensor, as demonstrated by Liu et al. at 

the example of Au nanoparticle decorated ZnO.[123]   

 
Figure 15: Schematic overview over common metal oxide micro- and nanostructures for (UV) photon 
sensing (orange colour) and gas molecule sensing (yellow colour).[18,19,109,112,113,124] Typical metals for 
enhanced sensing due to metallic nanoparticle decoration are shown by green colour.[19,114,123,125]  

In case of gas sensors, noble metal nanoparticles are mainly used due to their catalytic 

properties, which in turn influence the surface reactions of the respective gas species with 

the SMO sensor. The resistance of a SMO gas sensor is strongly influenced by the space 

charge region which is formed in the vicinity of the sensor surface. This space charge region 

forms mainly due to the adsorption of atomic oxygen species and is altered as soon as other 

gas species adsorb at the surface. The catalytic properties of the nanoparticles alter the 

kinetics of these reactions and thus impact also the operational speed of the sensor.[126] In 

addition, also an increase in sensitivity of the respective sensor as well as its selectivity 

towards a specific gas species are commonly reported.[114,126] In their work on Pt-

nanoparticle decorated In2O3 nanorods, Choi et al. reported on three general ways, how the 
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addition of the noble metal nanoparticles impact the gas sensing performance.[114] On the 

one hand, the effect of electrical sensitization due to the large work function (6.35 eV in case 

of Pt) in comparison to the SMO (5.0 eV in case of In2O3) leads to a transfer of electrons from 

the SMO to the nanoparticle. Accordingly, an additional electron depletion layer is formed 

at the interface between SMO and metal nanoparticle. On the other hand, the effect of 

chemical sensitization results in an enhanced adsorption of gas molecules (NO2 for the 

example of In2O3 with Pt nanoparticles). This enhanced adsorption leads to a further 

expansion of the electron depletion region upon reactions of the adsorbed NO2 gas species. 

Finally, the application of nanoparticles increases the surface to volume ratio of the SMO 

structure, which typically benefits the gas sensing performance.  

2.4.4 The Junction of Memristive Switching and Sensing 

The majority of the sensor devices discussed in the previous part of this section are optimised 

for high sensitivity, high selectivity and fast response and recovery times. Drift and other 

time dependent resistance changes are typically undesired in classical sensor design. 

However, many materials under investigation for a potential application as UV photon 

sensors or gas sensors, such as TiO2, Nb2O5 or ZnO, are also investigated in the context of 

memristive switching, where time dependent resistance changes are explicitly desired. 

Considering the use of certain materials in both application scenarios, the combination of 

the characteristic features of memristive devices (i.e. a pinched IV hysteresis) and sensors 

(i.e. stimulus dependent resistance) into a single device appears to be possible. Throughout 

this thesis, such a device that at the same time acts as a sensor as well as a memristive device 

will be termed “memsensor”. 

Among the first experimental realizations of the combination of memristive switching and 

sensing properties was a light sensitive Si/Al2O3 stack[20] as well as single Si nanowires with 

bio-sensing capabilities[21]. A variety of memsensor devices has been reported since, 

including mechanically stimulated CuO nanowires, crossbar memristive devices with 

nanostructured top electrodes for oxygen sensing and light- and magnetic-field-sensitive 

memristive devices based on Ag cation switching with a FeMn spacer layer.[22,23,127] 

Commonly, such devices are manufactured either in horizontal geometry or vertical 

geometry, as schematically depicted in Figure 16. The main concern in the design of a 

memsensor is the accessibility of the active layer to the respective stimulus. A variety of 

stimulus signals for the sensitive part has been reported, including photons, gases, 

biomolecules, pH, mechanical response, magnetic field and temperature. In general, the 

horizontal design offers good accessibility towards the stimulus. Depending on the stimulus 

type, the accessibility in case of a vertical design can be achieved by using a transparent top 

electrode (i.e. photons as stimulus) or by nanostructuring.  
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Figure 16: Schematic cross section through a typical memsensor with horizontal and vertical design. A 
variety of stimulus signals has been reported for use in memsensors (e.g. light, etc.). In case of a horizontal 
design, the active layer (e.g. nanowire) is open to any stimulus. In case of a vertical design, the stimulus 
must not be blocked from reaching the active layer, which can be accomplished by structuring of the top 
electrode (e.g. for gas molecules) or the choice of a transparent top electrode (e.g. ITO for light). Image 
taken from Ref. [128] 

The combination of memristive switching and sensing properties allows for a broad 

application potential for memsensor devices. For example, Zhu et al. used a crossbar array of 

stacked sensitive and memristive elements to resemble features of an electronic skin and 

Chen et al. used an array of In2O3 nanowires and Ni/Al2O3/Au memristive switches to design 

a visual memory system.[129,130] In a recent approach, the junction of sensitivity towards 

external stimuli (e.g. light) and memristive switching was studied in order to achieve optical 

memristive switching or an optical synapse.[24,25]  

A memsensor device may show further properties in addition to its inherited properties, 

which are the stimulus dependent resistance and pinched IV hysteresis. The advanced 

functionalities include adaptation to the stimulus, that may arise from the junction of 

sensitive and memristive devices.[128]   
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2.5 Deposition of Thin Films and Nanoparticles  

Sensors and memristive devices typically rely on nanostructures or single or multiple thin 

films (e.g. metal-insulator-metal structures for memristive devices). In this context, the term 

thin film is defined as a distinct layer of a certain material, and this layer is nanoscopic in 

one dimension (i.e. height). This distinguishes a thin film from a nanoparticle, which is 

nanoscopic in all three dimensions (e.g. a sphere with a diameter in the nanometer range) 

and a nanowire, which is nanoscopic in two dimensions.  

The devices and samples fabricated in the framework of this thesis were commonly realised 

by a number of subsequent physical vapour deposition (PVD) steps. Based on the experience 

of the Chair for Multicomponent Materials in the field of magnetron sputter deposition, this 

method was applied within the framework of this thesis for the preparation of thin films and 

nanoparticles from the gas phase. Accordingly, this section focusses on sputter related 

deposition of nanoparticles as well as thin films. A broader overview over a variety of typical 

deposition methods in the context of thin films and nanostructures for memristive and 

sensitive devices as well as the basic principle of the sputtering technique is given in 

Appendix B.  

In a physical vapour deposition process such as sputter deposition, atoms of the chosen solid-

state source (target) are brought into the gas phase and are transported to the substrate, 

where a thin film is formed. Prior to the deposition process the deposition chamber is 

evacuated in order to increase the mean free path of the respective species in the gas phase 

and to ensure the formation of reproducible working conditions with a low level of 

contaminations. Essentially, in sputter deposition a plasma (typically from an inert gas like 

argon) is ignited in the vicinity of the target and positively charged argon ions are accelerated 

towards the target due to the applied potential. The high energy impact of ions leads to a 

collision cascade, due to which atoms from the target are ejected towards the substrate. The 

magnetic circuit below the target in a typical magnetron results in a magnetic field, inducing 

a circular trajectory of plasma electrons due to Lorentz force, which results in a higher 

ionisation rate of the plasma. The majority of thin films and nanoparticles discussed in this 

work were prepared on the basis of the method of magnetron sputtering.  

2.5.1 Thin Film Deposition by Magnetron Sputtering  

In this section, the applicability of magnetron sputter technique for the deposition of metal 

and metal oxide thin films will be discussed. Especially for sensing applications, the 

morphology of the deposited thin film influences the sensing properties. Consequently, an 

additional focus of this section lies on the influence of typical deposition parameters on the 

morphology of the deposited thin films. 

In conventional DC sputter deposition, the electrical conductivity of the target material is a 

critical parameter. Materials with a high conductivity are typically good candidates for usage 

in a DC sputter deposition setup, while insulating materials (such as SiO2) require additional 

efforts. The low conductivity of such materials prevents the necessary current flow and any 
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charge accumulated at the surface layers of the target (e.g. by the impinging positively 

charged ions) would result in a repulsion of further gas ions. As a result, metallic thin films 

can be readily deposited by DC magnetron sputter deposition, while sputtering of oxide 

compounds such as SiO2 is more complex.  

One way to deposit thin films from highly insulating targets is radio frequency (RF) sputter 

deposition. Instead of using a DC voltage, with this method an AC signal with a typical 

frequency of 13.56 MHz is applied to the electrodes. This allows overcoming the problem of 

low conductivity, because the impedance of a capacitor is inversely proportional to the AC 

frequency. Further details on the method of RF sputter deposition can be found in the 

introductory textbook by M. Ohring.[131] Common concerns about the RF approach are, 

apart from the costly equipment, the low deposition rates and the tendency to deposit thin 

films with an oxygen deficient stoichiometry. As especially the stoichiometry is crucial in 

memristive devices (cf. VCM switching in section 2.2.1), this limits the usability of RF sputter 

deposition from metal oxide targets in the context of this thesis.  

Another approach to prepare compound thin films (e.g. SiO2 or CuO) is reactive sputtering 

from metallic targets (e.g. Cu). This approach was applied within this thesis to deposit oxide 

thin films, such as TiO2, CuO or SiO2. In this case, in addition to the inert process gas (Ar), 

also a reactive gas (e.g. O2) is supplied. The reactive gas can undergo reactions with target 

atoms and form compounds with tuneable stoichiometry. The flow rate of the reactive gas 

strongly impacts the processes involved in reactive sputter deposition. Without any reactive 

gas, the target remains metallic and the deposition rate is high. Increasing the flow rate of 

the reactive gas, the deposition rate is not strongly affected, until the adsorption rate of the 

reactive gas at the target surface exceeds the sputtering rate. In this case, the target surface 

has completely reacted with the reactive gas, which results in an insulating surface layer on 

the target. This state is commonly termed as “target poisoning”, because the insulation layer 
charges up due to the impingement of positive ions and the voltage necessary to sustain the 

sputter process increases. In this state, the deposition rate is drastically decreased. A 

thorough discussion of the method of reactive sputter deposition is given in the book of D. 

Depla.[132] 

In order to maintain suitable sputtering conditions, the DC signal at the electrodes can be 

pulsed. The pulse frequency is typically in the kHz range and each pulse consists of a ON 

and an OFF section. During the ON section, the target is at negative potential and the target 

material is sputtered by impinging gas ions. Similar to target poisoning, positive charges can 

accumulate in an insulating surface layer on the target during the ON section of the pulse. 

This charging is subsequently compensated in the OFF section of the pulse. In case of bipolar 

pulses, the target is put on a positive potential and electrons are drawn towards the target 

and neutralise the accumulated charges. In case of unipolar pulses, in the OFF section there 

is no potential applied to the target. The positively charged surface however attracts mobile 

electrons, which equilibrate the surface charges.  

The morphology of thin films deposited by sputter deposition depends on the reduced 

temperature and the kinetic energy of the deposited atoms (which in turn relates to the 
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pressure). The different morphologies, which are typically occurring in sputtered thin films 

are summarised and described by the so called Structure Zone Model (SZM).[131,133,134] In 

its initial form, the idea for a SZM was proposed by Movchan and Demchishin in 1969 and 

refined by Thornton in 1977 for sputter deposited thin films. The morphology of thin films 

deposited by sputter deposition ranges from fibrous grains with a high number of voids over 

columnar grains with dense grain boundaries to large equiaxed grains. In 2010, A. Anders 

revised the SZM and expanded it by the possibility to describe ion etching processes (which 

can be regarded as negative thin film growth rates) and by abstracting the axes from primary 

parameters (such as pressure) to film growth process related parameters (such as kinetic 

energy of the deposited atoms).[133] In this work, the availability of oxygen in the reactive 

gas atmosphere will be discussed as an additional degree of freedom which impacts the 

morphology of oxide thin films deposited by reactive pulsed unipolar DC magnetron 

sputtering.  

2.5.2 Nanoparticle Deposition 

The methods for the synthesis and deposition of nanoparticles are as diverse as the unique 

properties of the nanoparticles themselves. Besides a broad variety of solution based 

approaches, including the sol-gel based Stöber process for SiO2 nano- and 

microparticles[135],  microfluidic assisted deposition of metal and polymer nanoparticles in 

various shapes[136–138], metallic nanoparticles like Ag NP by synthesis with diethyleneglycol 

[139] and the synthesis of metal nanoparticles on photocatalytic surfaces by 

photoreduction[140], also PVD-based methods are widely applied. Conventional PVD 

techniques as discussed in section 2.5.1 can be applied to deposit nanoparticles on thin film 

surfaces by self-organization. This approach was also demonstrated for alloy nanoparticles 

in nanocomposites by co-sputtering [141,142] and co-evaporation[143,144] with two distinct 

sources. Instead of using a solid substrate, nanoparticles can also be introduced into a gel-

like substrate by so called “sputtering into liquids” [141]. 

In this section, the deposition of nanoparticles by using a gas aggregation source (GAS) and 

magnetron sputtering will be discussed in more detail. This type of deposition method was 

developed by H. Haberland et al. in 1992.[145] Essentially, a GAS nanoparticle deposition 

setup consists of a conventional vacuum chambers with two distinct subchambers, which 

are separated by a small orifice. In magnetron-based GAS systems, atoms of the target 

material are brought into the gas phase by magnetron sputtering. The gas inlet for the 

process gas for the sputter process is attached to one subchamber (high pressure 

subchamber), while the pumping equipment is connected to the other (low pressure 

subchamber). Accordingly, the gas flow and the small orifice size result in a pressure gradient 

between both parts. This pressure gradient acts on the nanoparticles, which are generated 

in the subchamber with the magnetron attached. Consequently, a beam of nanoparticles 

leaves the high pressure subchamber through the orifice and enters the low pressure 

subchamber, where the nanoparticles are deposited onto the respective substrate. This basic 

setup is schematically depicted in Figure 17. In order to allow for a higher control over the 

respective pressures in each subchamber, the basic concept can be expanded by differential 
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pumping, i.e. adding an additional connection between the high pressure subchamber and 

the pumping system.  

 

Figure 17: Schematic cross section through a typical gas aggregation source (GAS) deposition setup. The 

gas inlet is applied to the high pressure subchamber, which is separated by the exit orifice (typically with 

a radius in the range of some 100 µm) from the low pressure subchamber.  

Applying this physical vapour deposition method, nanoparticles are generated from 

individual atoms (typically metal atoms), which were brought into the gas phase for example 

by sputtering. The formation of nanoparticles in such gas phase synthesis involves three 

important processes, which are sketched schematically in Figure 18.  

 

Figure 18: The nanoparticle growth mechanism inside the GAS involves a three-body collision process (a) 

for the formation of stable nuclei as well as consecutive nuclei growth (b) and coalescence (c).  

In a first step (a), nuclei are formed in a three-body collision process, involving two sputtered 

atoms. The third collision partner is a gas atom that allows for transfer of excess energy to 

prevent the nucleus from disintegrating. As the likelihood of this three-body collision 

process depends on the concentration of sputtered atoms as well as gas atoms, the process 

is typically run at rather high pressures (pressures around 100 Pa are reported repeatedly). In 

addition to this homogenous nucleation process, also the impact of reactive species, such as 

traces of oxygen gas or water vapour, are reported to strongly affect the nanoparticle 

formation process.[146,147] In this context, the additional oxygen is commonly thought to 

facilitate the formation of stable nuclei.[146]   

The stable nuclei undergo subsequent collisions with further metal atoms (b, growth) or 

other nuclei (c, coagulation and coalescence), which leads to further growth of the 

nanoparticles up to their final size.  A full coverage of the basic principles of the growth 

mechanism of nanoparticles by GAS is given in the book of Y. Huttel.[148] 
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Since its initial proposal, the concept of the gas aggregation cluster source was readily 

adopted and expanded. The application of additional magnetrons in the high pressure 

subchamber allows for the deposition of nanoparticles with more than one constituent in 

deliberate compositions. In the framework of this thesis, a novel approach for the deposition 

of alloy nanoparticles from a single target has been developed.[149] This deposition 

technique is discussed in detail in section 4.1.1. In addition to alloy nanoparticles, further 

geometries like core-shell nanoparticles have been reported.[147,148]  

A variety of preparation routes for nanocomposites based on GAS nanoparticles has been 

applied, e.g. by co-sputtering or co-evaporation with another source in the low pressure 

subchamber or by implanting into soft thin films (e.g. polymers).[141,149–151] In order to 

achieve size selectivity for the deposition of nanoparticles with a narrow size distribution, 

time-of-flight mass filter and electrostatic quadrupole mass selection has been 

demonstrated. [150,152–155] In order to focus the nanoparticle beam and at the same time 

achieve certain size selectivity, the single orifice can be replaced by a series of orifices 

arranged at certain distances. In such aerodynamic lens system, larger particles cannot follow 

the gas flow through the subsequent orifices due to their high inertia. Accordingly, only 

nanoparticles below a certain size are concentrated around the centre axis through the 

orifices and form a focussed nanoparticle beam.[156,157] 

Although the theoretical and experimental framework of the nanoparticle growth 

mechanisms is continually expanded, the underlying processes in nanoparticle formation 

inside the GAS are not fully understood as by now. In contrast to the common belief of 

nanoparticles growing throughout the whole transport from the point of nucleation towards 

the orifice, recent studies found indications of trapping of nanoparticles inside the GAS and 

fully grown nanoparticles were observed very close to the target.[158] 
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3. Methods: Deposition and Characterisation  
 
In the context of the development of memsensors, the fabrication and characterization of 

thin film devices for sensing and memristive switching is a substantial part of this thesis. Due 

to its versatility, high purity and good process control, the physical vapour deposition process 

of magnetron sputtering was applied for the preparation of thin films and nanocomposites. 

This section serves to give a comprehensive overview over the methods commonly applied 

in the context of this work.  

3.1 Deposition of Nanocomposites for Memristive Switching and Sensing 

Applications 

The fabrication of nanoparticle-based memristive devices as well as metal oxide thin film 

sensors was realised by physical vapour deposition (PVD) processes in a custom-build high 

vacuum (HV) deposition system. A schematic cross section of the deposition system with its 

most important components is depicted in Figure 19. In order to allow for the deposition of 

nanocomposites with multiple components without breaking the vacuum, the deposition 

system was equipped with four individual planar DC magnetron sources (Thin Film 

Consulting, two inch, ION’X-2UHV) under normal incidence to a rotatable sample holder. 

While three magnetron sources were connected directly to the main recipient, one source 

was mounted inside a custom-built Haberland type gas aggregation source (GAS). Rotation 

of the sample holder as well as the shutter in front of the GAS was controlled by a 

programmable microcontroller (Arduino Due) and a wide-angle servo (DF Robot, DSS-

M15S).  

Two DC power sources (Advanced Energy, MDX 500) were used to allow for simultaneous 

operation of two magnetron sources. For reactive sputtering from metallic targets, the DC 

power was pulsed using a high power MOSFET (Behlke Power Electronics, HTS 31 CF I), 

which was triggered by a frequency generator (PeakTech, DDS Function Generator 4025, 

rectangular 0-5 V signal). 

High vacuum conditions were generated by using a turbo molecular pump (Pfeiffer Vacuum, 

TMU 262) combined with a dry scroll pump (Agilent Technologies, SH-110). In order to 

achieve a controlled gas atmosphere during sputter deposition, a flow of Ar (purity 99.999%) 

as process gas was subjected to the vacuum system over the magnetron inside the GAS using 

a gas regulating valve (Pfeiffer, EVR116 with attached hot ion cathode IMR 285). For reactive 

sputtering, O2 (purity 99.999%) as a reactive gas was introduced by a mass flow controller 

(Alicat, H-MC-100SCCM-D / 5M) through the respective magnetron source attached at main 

recipient. Prior to every deposition process, the main recipient was evacuated to 10-4 Pa and 

target cleaning and the conditioning of the deposition process were performed for sufficient 

time to reach stable deposition conditions (at least for 30 s). Subsequently the sample stage 

was rotated in order to face the respective source, the shutter was opened and the deposition 

process performed. 
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Figure 19: Schematic depiction of a cross sectional cut through the high vacuum magnetron sputtering 
deposition system for the fabrication of memristive and sensitive nanocomposites. The system involves 
three planar magnetrons mounted directly to the main recipient as well as an in-house Haberland type 
GAS. Deposition is performed under normal incidence to the sample surface. The deliberate rotation of 
sample holder allows for well-defined sequential deposition from each source.   

In the following sections, the general procedure for the deposition of nanoparticles as well 

as dielectric SiO2 matrix and semiconducting metal oxide thin films is described.  

3.1.1 Nanoparticle Deposition 

The deposition of noble metal nanoparticles was realised by a gas phase synthesis approach 

using unipolar DC magnetron sputtering and an in-house GAS. The GAS was separated from 

the main recipient by an orifice of 2 mm diameter at a distance of 90 mm from sample 

position. During a typical deposition at an argon flow of 48 SCCM, the pressure inside the 

GAS was around 190 Pa while the pressure inside the main recipient was around 1 Pa. In the 

framework of this thesis, pure metal and binary metal alloy nanoparticles consisting of Ag, 

Au and Pt have been prepared. For the deposition of pure Ag or Au nanoparticles, a planar 

two-inch Ag (Kurt J. Lesker, 99.99 %, 5 cm diameter) or Au target (Alfa Aesar, 99.99 %, 50.8 

mm diameter) was used respectively. For the deposition of noble metal alloy nanoparticles 

from the system AgAu and AgPt, a single target deposition process was developed in this 

work, which relies on segmented targets on the basis of Ag targets (Kurt J. Lesker, 99.99 %, 

5 cm diameter) with Au (Alfa Aesar, 1.0 mm dia, 99.95%) or Pt (Alfa Aesar, 1.0 mm dia, 

99.95%) wires embedded concentrically in the racetrack.[149]  

3.1.2 SiO2 Matrix Deposition 

For the preparation of memristive stacks, the dielectric SiO2 matrix was deposited by pulsed 

DC reactive magnetron sputtering, either directly onto the conductive Pt or Au surface of 

the substrate or onto an intermediate Cr wetting layer. For the deposition of SiO2, a Si target 

(Goodfellow GmbH, 99.999 %, 50.8 mm diameter) was mounted to the magnetron source at 

a distance of 70 mm from the sample position and sputtering was performed in a reactive 

O2/Ar atmosphere in a pulsed DC mode (typically 80 W, 80 kHz, 35 % duty cycle).  
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3.1.3 Metal Oxide Nanostructure Deposition 

Similar to the deposition of the dielectric SiO2 matrix for the memristive nanocomposites, 

CuO and TiO2 thin films were deposited by pulsed DC reactive magnetron sputtering in a 

reactive O2/Ar gas atmosphere. The respective target (Ti: Goodfellow GmbH, 99.99 %, 50 

mm diameter, Cu: Kurt J Lesker, 99.999 %, 50 mm diameter) was mounted at a distance of 

110 mm from the sample position. Typical power pulsing parameters were 90 W, 50 kHz, 

55 % duty cycle in case of TiO2 and 80 W, 80 kHz, 35 % duty cycle in case of CuO. 

The deposition of TiO2 nanostructured thin films was partially performed in a second, similar 

deposition system with comparable geometry.[159] The distance between the target and the 

substrate was modified to 50 mm. For the post deposition heat treatment of the TiO2 thin 

films a furnace (Nabertherm, LE 4/11/R6) with ambient air was used. 

3.2 Characterisation 

The analysis of thin films with respect to their optical, electrical, mechanical, structural, 

chemical and morphological properties requires the application of a broad variety of 

characterisation techniques. In this section, the main characterisation techniques applied in 

the context of this thesis are introduced and their applicability for studies on memristive and 

sensitive devices will be motivated. Details of the underlying theory for the respective 

characterisation technique and the corresponding instrumental setup are not discussed here. 

Instead, references to relevant and comprehensive literature covering further details on each 

characterisation method will be given in the respective section.   

3.2.1 Probing with Photon Beams  

The thin films were characterised regarding the identification of fingerprints of TiO2 and 

CuO polymorphs using a Raman spectrometer (WITec Wissenschaftliche Instrumente und 

Technologie GmbH, alpha300RA). For this purpose, the samples were examined by a 

Nd:YAG laser (λex= 532.2 nm) and each spectrum was recorded with 10 accumulations at an 

integration time of 0.5 s.  

X-ray photoelectron spectroscopy (XPS) was applied as a versatile technique for the surface 

sensitive investigation of the composition of a material as well as its chemical state (e.g. 

oxidation state). In a typical XPS analysis, the sample is introduced into an ultra high vacuum 

(UHV) system and subjected to a beam of x-ray photons (typically Al Kα with 1486 eV). In 

this thesis, XPS (Omicron Nano-Technology GmbH, Al-anode, 240W) studies on the 

chemical composition of alloy nanoparticles as well as the oxidation state of oxide thin films 

have been performed. During XPS analysis, the base pressure in the main chamber was in 

the range of 10-7 Pa. The C-1s line of advantageous carbon at 285.0 eV was applied as a 

reference to correct the charging in all recorded spectra respectively by using the software 

“CasaXPS” (version 2.3.16). 
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3.2.2 Probing with Electron Beams  

Electron beam related techniques such as scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) allow for a detailed investigation of thin films with 

respect to their structural and morphological features down to the nanoscale. These electron 

microscopy techniques were frequently applied to characterise the metal and metal alloy 

nanoparticles, the memristive nanoparticle-based devices as well as the thin film sensors 

prepared in this thesis.   

SEM (Zeiss, Supra 55VP) was applied to study the morphology of semiconducting metal oxide 

nanostructures (deposited onto silicon wafer pieces, 1 x 1 cm2, (100) oriented, SiMat) in cross-

section and top view. For cross-sectional configuration, the samples were manually broken 

in half. Alongside SEM analysis on nanoparticle-based memristive devices, chemical 

information on the long-term stability measurements of memristive devices with additional 

Cr wetting layer were recorded by energy dispersive X-ray analysis (Oxford Instruments, x-

act).   

Transmission electron microscopy (TEM) analysis was conducted using a FEI Tecnai F30 

STwin microscope (300 kV, field emission gun (FEG) cathode, spherical aberration 

coefficient Cs = 1.2 mm). Micrographs of AgAu and AgPt nanoparticles on carbon film copper 

TEM grids (Plano, S160-4) were recorded in bright field mode. Scanning TEM (STEM) 

tomography measurements were performed using a JEOL microscope (JEM2100). All TEM 

related studies were performed by Julian Strobel at the chair for Synthesis and Real Structure 

of Prof. L. Kienle (CAU Kiel, Faculty of Engineering).  

For a general introduction into the matter of electron beam related techniques such as SEM, 

TEM and EDX the reader is referred to the textbook of Fuchs, Oppholzer & Rehme. [160] A 

detailed treatment of TEM analysis is given in the book of Barry and Carter.[161] 

3.2.3 Electrical Characterisation 

The electrical characterization of the memristive devices as well as sensors was a substantial 

part of this thesis. Especially in the context of the developed nanoparticle-based memristive 

devices, the nanoscopic size of the individual nanoparticles (roughly 10 nm diameter) as well 

as the nanoscopic layer thickness of the dielectric SiO2 matrix (in the range of a few nm) 

imposed strong experimental challenges on a reliable electrical characterisation.   

Two main approaches were pursued with respect to the electrical characterisation of 

nanoparticle-based memristive switching. On the one hand, atomic force microscopy (AFM, 

Bruker, Dimension 5000) using a conductive tip (Bruker, Si3N4 with 20 nm Pt coating) was 

performed for the selective contacting of individual nanoparticles in a single memristive 

stack. In order to avoid damaging of the tip, the overall current was limited by a serial resistor 

(typically 1 GΩ). While the tip acted as the top electrode, a continuous conductive layer was 

used as back electrode. This setup is schematically shown in Figure 20 a. The memristive 

switching effect in individual nanoparticles was characterised by recording hysteresis loops 

via applying voltage ramps and recording the respective current (source meter Keithley 2643 
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or built-in c-AFM preamp). In addition to the determination of the electrical behaviour, the 

method of AFM was also applied to record topographical information from the nanoparticle 

layers. All AFM related studies were performed by Dr. Abdou Hassanien at the Department 

of Condensed Matter at Jozef Stefan Institute, Ljubljana, Slovenia.  

 

Figure 20: Schematic depiction of electrical characterization of a single SiO2/NP/SiO2 stack via c-AFM (a) 

and multistack nanoparticle-based memristive devices (b) by two point probe station. In case of the c-

AFM studies, a serial resistance (typically 1 GΩ) is applied to limit the overall current in order to prevent 
damage from the conductive tip. For congruency, a similar serial resistance (typically 1 MΩ) is also applied 
in the measurement of multistack devices.  

In addition to the electrical characterization on the nanoscale by contacting individual 

nanoparticles, the approach was transferred to conventional two point measurement on a 

four point probe station (Signatone, H150W). For a reliable electrical characterization, the 

single nanoparticle stack investigated by AFM was replaced by a multistack, prepared by 

sequential deposition of layers of nanoparticles and SiO2 matrix. The cross section of an 

exemplary multistack nanoparticle-based memristive device is schematically depicted in 

Figure 20 b. The transition towards multiple stacks greatly reduced the probability of short 

circuiting the memristive stack by defects or pin holes in the nanoscopic layer, which was a 

common problem evolving from the transition of a nanoscale to a microscale top contact.  

The electrical characterization of the multistack memristive devices was performed using a 

source meter (Keithley, 2400 Source Measure Unit) and a four point probe station. The 

common contact layer was contacted with a conventional tungsten tip (Signatone, SE-T) as 

a back electrode. For the top contact to the nanoparticle stack, such rigid tip is not 

appropriate due to the potential damaging of the nanoscopic stack upon mechanical contact. 

In order to avoid damaging of the multistack device, a soft contact to the top of the 

memristive stack was established by using a flexible PtRh wire (Alfa Aesar, 13 wt% Rh, 127 

µm diameter) as a top contact. In analogy to the AFM setup, involving a serial resistance for 

all measurements, the PtRh wire was connected to a serial resistance in order to achieve 

comparable measurement conditions. The characterization by PtRh wire instead of 

conducting AFM tip allowed for higher currents, so that the series resistance was chosen to 

be 1 MΩ. To measure the switching characteristics, DC voltage sweeps were applied with the 

top contact biased and the common back electrode grounded. No current compliance was 

set by the source measure unit, as the serial resistance provides current limitation and 

suppresses overshoot effects. 
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Alongside the development of deposition processes for nanostructured thin films of 

semiconducting metal oxides, the applicability of these thin films in the context of sensing 

was studied by UV- and gas sensing measurements.  

For the measurement of the UV-illumination dependent resistance of ZnO microrods, the 

measurement stage applied for the electrical characterisation of the multistack memristive 

devices was modified by adding a pulsing unit for UV light. The ZnO microrods were 

contacted to two planar gold contacts using Acheson 1415 silver and placed under a UV LED 

(369.7 nm peak) inside metal case providing full shielding of ambient light. Pulsing of the 

UV illumination was realised over a programmable microcontroller (Arduino Uno) and   

PWM control of the LED constant power source (Meanwell LDD500).  

Further measurements on the sensing response of ZnO, TiO2 and CuO nanostructured thin 

films towards UV-light and gases such as H2 or volatile organic compounds (VOCs) were 

performed in close collaboration with Dr. Oleg Lupan by the group of Prof. Ion Tiginyanu 

and Dr. Oleg Lupan at Technical University of Moldova. Details on the measurement 

procedure are explained in the respective publications.[125,159]   
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4. Results and Discussion 
 
Within this thesis, the following fundamental questions concerning the design, fabrication 

and application of memsensors will be addressed:  

1. Which memristive and sensitive devices are suitable as building blocks for the 

design of memsensor devices?  

2. How can memristive switching and sensing be combined in memsensors in order to 

achieve emerging properties? 

3. How do these properties relate to properties observed in biological neuron 

assemblies? 

For an adequate answer to these questions, memristive devices and sensor devices were 

prepared and investigated in the framework of this work and the concept of memsensors 

combining the fundamental properties is explored by modelling of memsensor devices:  

In the context of memristive switching, the main concept of field-driven metal cation 

migration was pursued and expanded by fabricating and characterizing a memristive 

device relying on noble metal alloy nanoparticles embedded in an insulating SiO2 

matrix, which is described in detail in section 4.1.  

The aspect of sensing of UV-light and gas molecules is covered in section 4.2. 

Nanostructured thin films of semiconducting metal oxides have been prepared and 

characterised regarding their sensing performance. Furthermore, the effect of 

surface decoration of the thin films by metallic nanoparticles on the sensing 

properties is studied.  

In order to elucidate the questions regarding memsensor properties, memsensors 

are modelled and fingerprints of emerging properties with their relation to 

neuromorphic engineering are discussed in section 4.3. For this purpose, on the one 

hand a memsensor model involving the electrical characteristics of the previously 

described memristive and sensor devices is established. On the other hand, a general 

memsensor model for the realization of amplitude adaptation is discussed.  

Before going into details on the respective topics, the reasoning behind the choice of 

materials for the development of memristive and sensitive thin film devices will be 

motivated. Among the variety of concepts and materials proposed for the realization of 

memristive switching and sensing, any combination of materials involves particular 

advantages and challenges. First, the reasoning behind the nanoparticle-based memristive 

devices as well as the potential prospects of such devices are discussed. In order to provide 

an overview on how the nanoparticle-based memristive device relates to the multitude of 

memristive devices reported in literature, in Figure 21 the individual features of this device 

are categorised.  
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Figure 21: Schematic depiction of the reasoning and categorization of the nanoparticle based memristive 
device as developed in the framework of this thesis.   

The memristive devices investigated in this work are based on the switching mechanism of 

electrochemical metallization, namely the reversible oxidation, migration and reduction of 

metallic cations in an electrical field. This mechanism was chosen as a basis for the 

fabrication of memristive devices, as it exhibits several benefits over other mechanisms for 

memristive switching:  

• In addition to a high number of experimental reports of working memristive devices 

based on metal cation movement, a consistent theoretical framework on the 

underlying processes is already established.  

• The high resistive state is mainly determined by the resistivity of the dielectric layer. 

An adequate choice of the device geometry and the dielectric allows tailoring the 

resistance, which is particularly interesting in the context of low power operation.  

• Alongside a multitude of reports on binary filamentary switching, also diffusive 

switching characteristics[162] and multilevel analog switching characteristics have 

been reported[7] for metal cation based memristive devices, indicating the high 

versatility of this approach.  

In the context of ECM devices, commonly Ag and Cu (and very occasionally also Ni) are 

applied as mobile metal cations. In the framework of this thesis, Ag was chosen as active 

element for the development of memristive devices, because Ag is more noble than Cu, 

which results in a lower tendency to oxidize. In addition, Ag exhibits one common oxidation 

state (Ag+) instead of different possible oxidation states in case of copper (namely Cu+ and 

Cu2+).  

The majority of experimentally realised ECM memristive devices rely on an arrangement of 

planar electrodes. In this case, the bulk of the Ag electrode acts as an (almost) infinite source 

of mobile cations. The transition from planar electrode to metallic NPs as origin of the 

mobile silver cations offers additional advantages:  

• Memristive devices with nanostructured bulk electrodes (nanocones) are reported 

to exhibit enhanced stability and repeatability of the memristive switching with a 

well-defined hysteresis loop. This is allocated to the enhancement of the electrical 

field due the low radius of curvature (tip) of the cones, which is in line with the effect 

expected for the application of NPs.  

• One commonly reported drawback in ECM memristive devices is the necessity of an 

electroforming step. In this electroforming step, initial filaments are formed, 
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effectively reducing the distance between the electrodes and enabling reliable 

memristive switching for subsequent cycles. However, this initial step involves the 

application of higher voltages, which imposes an additional challenge for large scale 

integration. For the development of devices without the necessity of electroforming, 

the application of NPs offers the potential advantage, that the distance between the 

NPs and the electrodes can be adjusted by deliberate choice of deposition 

parameters, e.g. to form a gradient of NPs inside the matrix, making a later 

electroforming step obsolete.  

In conventional ECM memristive devices, the active electrode typically comprises of pure 

Ag. When it comes to the composition, especially in the context of the incorporation of NPs 

in the dielectric matrix, the application of alloys instead of pure Ag appears very promising, 

as it offers many benefits:  

• For bulk electrodes in memristive devices relying on a Ag(Au)/SiO2/TiN thin film 

stack a significant enhancement in the electrical characteristics was reported: Upon 

the transition from a pure Ag to an alloy AgAu active electrode, the necessary 

electroforming voltages were reduced by a factor of 2.8, accompanied by faster 

switching operation and more well-defined resistance states.[72] In their original 

explanation, the modifications in the electrical properties of the  Ag(Au)/SiO2/TiN 

memristive devices are attributed to the galvanic effect, i.e. the presence of a more 

noble metal (Au) favours the oxidation of less noble metal (Ag), leading to easier 

ionisation and transport of silver cations. However, in a continuous alloy electrode 

the chemical potential of both elements is expected to align, which renders a 

galvanic effect unlikely, and for entropic reasons (entropy of mixing) the release of 

the less noble component may be additionally impeded. On the background of these 

considerations, an alternative explanation for the enhancement in memristive 

switching properties appears more likely: As the active electrode is in contact with 

an oxide thin film (e.g. SiO2), the presence of oxygen may lead to the formation of a 

passivation layer on the active electrode. Upon alloying with Au, the AgAu electrode 

becomes more noble and the tendency to form the passivation layer and 

consequently its influence is decreased, which would yield an easier ionisation and 

transport of silver cations and is in line with the observations from Kuo et al., who 

reported a stronger enhancement for Ag30Au70 compared to Ag70Au30 active 

electrode.[72]  

Irrespective of the underlying mechanism, judging from the experimental results on 

Ag(Au)/SiO2/TiN memristive devices, the incorporation of noble metal alloys with 

defined compositions exhibits a stunning potential to tailor the switching 

characteristics of a nanoparticle-based memristive device even without any changes 

in the geometry.   
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• As the NPs act as source for the release and transport of mobile silver cations, in case 

of alloy NPs with a more noble metal, the latter component is thought to retain its 

position inside the dielectric matrix. Thus, the NP would release Ag and enrich in 

the more noble component, while remaining as a stable anchor, which indicates a 

potentially beneficial effect on the reproducibility of memristive switching. To the 

best of my knowledge, this approach has never been pursued in the context of 

memristive switching.  

• In addition, a deliberate tailoring of the composition of the NPs will allow 

controlling the amount of mobile species that can be released from the NPs. By this 

approach the formation of filaments could efficiently be suppressed in order to 

influence the low resistance state of the memristive device.  

In a close cooperation, the concept of nanoparticle-based memristive devices was 

incorporated into a KMC simulation by Dr. Sven Dirkmann (Group of Prof. T. Mussenbrock, 

Ruhr Universität Bochum, Germany), who already successfully studied ECM devices relying 

on silver cation migration and planar electrodes by a similar simulation approach.[51,163] 

The results from the simulation of NP gradients in a 2D environment are shown in Figure 22. 

For pure Ag NPs (Figure 22 a), after memristive switching the initial NPs have changed their 

shape and position and are merged together. In case of adding immobile atoms to the NPs 

(Figure 22 b), the initial morphology of the stack is preserved to a greater extent after the 

memristive switching. In the first case, the benefits from using NPs could easily vanish after 

multiple cycles, as the initially defined geometry is not retained. This implies a certain 

limitation on the usability of pure Ag NPs (e.g. as described by Jo et al.[7]) in the context of 

nanoparticle-based memristive devices with respect to the long-term stability. Thus, for a 

precise tailoring of switching properties, the usage of noble metal alloy NPs with a stable, 

more noble component, seems highly beneficial.  

The decision to use alloy NPs with silver cations as mobile component imposes certain 

limitations on the choice of materials for the stable, more noble component. More precisely, 

Au and Pt remain as the only viable elements for preparation of alloy NPs considering the 

abovementioned restrictions. In order to visualise the selection of materials investigated in 

the framework of this thesis, the respective elements are summarised in Figure 23. 

Accordingly, silver as the mobile component is depicted with green background and Au and 

Pt, serving as stable component of the alloy NPs, are highlighted with blue background.   
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Figure 22: Kinetic Monte-Carlo simulations of silver cation migration in nanoparticle-based memristive 
devices relying on Ag NPs (a) and AgAu NPs (b). For both cases, the 2D simulation box was chosen to be 50 
nm x 50 nm. The local electrical field is displayed using a colour code. In the initial state (top row), the 
NPs (grey circles) are randomly distributed in the dielectric matrix with a density gradient from the 
bottom to top. Due to the nanoscopic distance between the NPs and their small radius of curvature, the 
local electrical field is considerably increased (white areas correspond to E > 0.3 V/nm). Due to the 
migration of mobile silver cations (red dots) during the simulation, the shape and arrangement of the NPs 
changes (bottom row). While in case of AgAu NPs the original configuration is roughly retained after a 
hysteresis loop, in case of pure Ag NPs the initial distribution has largely vanished. The KMC simulations 
were performed by Dr. Sven Dirkmann, who also provided the displayed 2D simulation images.[51]  
 
 

 
Figure 23: Representation of the chosen materials for closer investigation in the context of a possible 
memsensor realisation. Alloy nanoparticles featuring silver (Ag, green) as a mobile component and gold 
or platinum (Au/Pt, blue) as a stable component. For the preparation of memristive devices, the 
nanoparticles are embedded in SiO2 (orange) as a dielectric matrix. For the realization of the sensitive 
part, semiconducting oxides from transition metals (Ti/Cu/Zn, yellow) are investigated.  
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Having decided on the application of alloy NPs of the system AgAu or AgPt, the second 

component necessary to design a memristive device is an appropriate dielectric matrix.  

Among the variety of matrix materials commonly reported for ECM memristive devices, 

oxide materials are most frequently applied and will also be used in the framework of this 

thesis. However, in oxide materials, the distinction between metal cation and oxygen 

vacancy mediated memristive switching may turn out to be difficult. This is illustrated by 

the example of TiO2, which is applied in the context of memristive devices relying on VCM 

(migration of oxygen vacancies) as well as ECM (migration of metal cation) mechanism. Due 

to the nanoscopic dimensions of typical devices and the resulting challenges regarding direct 

observations of the underlying mechanism, predictions on the dominating mechanism in a 

particular device render challenging. In order to avoid such ambiguities, the selection of 

potential oxide matrix materials is limited to stable oxide materials with a large band gap. 

On the background of these requirements, SiO2 and Al2O3 appear as promising oxide 

materials. For the development of nanoparticle-based memristive devices, in this thesis the 

focus lies on SiO2 as dielectric matrix (Figure 23, orange background).   

For the preparation of a sensing layer in the context of a memsensor, semiconducting metal 

oxides are especially interesting, as common materials such as TiO2 are used for sensing as 

well as for memristive switching based on the migration of oxygen vacancies. Therefore, 

these materials offer the potential of combining memristive as well as sensitive properties in 

a single device. Thus, in this work the investigation on sensing is limited to oxide thin films 

of the broadly available semiconducting metal oxides ZnO, TiO2 and CuO (Figure 23, yellow 

background). For a tailoring of the sensitive properties, semiconducting metal oxide 

materials are commonly applied as micro- or nanostructures, enhancing the overall surface 

area. Furthermore, the application of metallic NPs to the sensor surface is an additional 

pathway to adjust the sensing properties. As NPs are also an essential part of the memristive 

devices studied in the framework of this thesis, the route of surface decoration of the sensor 

devices appears to be a promising synergy.  

In terms of the fabrication of the memristive devices and sensors for an application in the 

field of memsensors, ideally the whole manufacturing process can be integrated into a single 

process with high reproducibility, purity and control over the stoichiometry of the thin films. 

Following this idea and building on the experience in physical vapour deposition (PVD) 

methods at the Chair of Multicomponent Materials, the devices in the context of this thesis 

are prepared by magnetron sputtering, as this method is applicable for the deposition of 

metal contacts as well as nanostructured oxide thin films (in terms of pulsed DC reactive 

magnetron sputtering) and nanoparticles (in terms of gas phase synthesis in a Haberland 

type gas aggregation source).    
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4.1 Memristive Switching based on Individual Noble Metal Nanoparticles 

This section is devoted to the fabrication of nanoparticle-based memristive devices as well 

as the detailed description and thorough characterization of the related memristive 

switching phenomena. The devices typically consist of noble metal NPs, which are embedded 

in a dielectric SiO2 matrix. In Figure 24, the cross section of nanoparticle-based memristive 

devices (in this example consisting of 3 layers of NPs) is schematically depicted. For a better 

readability, rough estimates of common layer thicknesses are included in the schematic 

drawing.  

 
Figure 24: Schematic depiction of a cross section through nanoparticle-based memristive devices as 
fabricated and characterised in the framework of this thesis. As the schematic drawing of the individual 
layers is not to scale, the approximate dimensions of the characteristic features are indicated in the 
drawing.   

The NP/SiO2 layer is deposited onto a common back electrode layer. For this purpose, silicon 

wafer pieces with 500 nm thermal oxide were choses as substrates, onto which a Cr-Au-Pt 

stack is applied as a metallic conducting base layer. Choosing these substrates granted a low 

roughness for the subsequent deposition of the NP/SiO2 layers. In the framework of this 

thesis, memristive devices relying on single layers as well as multiple stacks of NPs were 

investigated: 

• The memristive switching properties of individual noble metal alloy NPs in a single 

SiO2/NP/SiO2 stack with and without Cr as wetting layer are studied via AFM 

measurements involving a conductive tip (section 4.1.3). 

• The insights from these investigations on single NPs are related to the development 

of memristive devices relying on multiple stacks (section 4.1.4). For this purpose, 

multistack devices with five layers of AgAu NPs and AgPt NPs were fabricated and 

analysed by two-point electrical measurements using macroscopic tips. 

However, prior to the discussion of the electrical properties of the nanoparticle-based 

memristive devices, the focus will be put on the characterization and fabrication of its 

components, namely the dielectric SiO2 matrix and the alloy NPs. Thus section 4.1.2 covers 

TEM related studies on the electrical stability of common dielectrics (with a focus on SiO2) 

and in section 4.1.1 a novel approach to the Haberland type GAS as a PVD based method for 

the deposition of alloy NPs with narrow size distribution and controllable alloy composition 

is described.  
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4.1.1 Facile Gas Phase Synthesis of Alloy Nanoparticles 

Amongst the PVD-based methods for the deposition of NPs, self-organised alloy NP 

formation by cosputtering[141,142] and coevaporation[143,144] is broadly applied and 

typically allows for good control over NP composition. However, the NP size and the filling 

factor are not independent, which limits the use in nanocomposite deposition. To overcome 

this limitation, particle beam sources such as the magnetron-sputtering-based gas 

aggregation source (GAS) as initially designed by Haberland[145] can be used. While this 

approach in combination with multiple magnetrons is typically well suited for alloy NP 

deposition, single magnetron sources are commonly not applicable for the deposition of alloy 

NPs with variable composition.[148,164] In order to reduce the experimental effort of using 

multiple magnetron sources in a single GAS simultaneously, in this thesis a GAS with a single 

magnetron was chosen.  

The common limitation of fixed composition of the deposited alloy NPs using a single 

magnetron was overcome by introducing a novel segmented target geometry. Instead of a 

plain monometallic target, a segmented two component target was used, which consists of a 

commercial 2-inch target in which concentric rings of the more precious materials (Au, Pt) 

are embossed. The target geometry is depicted schematically as well as in terms of top view 

photographic images in Figure 25 at the example of an AgAu and AgPt target. This novel 

approach allows for deposition of binary alloy nanoparticles with variable composition by a 

variation of the pressure inside the GAS during operation.  

 
Figure 25: (a) Schematic cross section drawing of the custom-built target; (b) Photographic images of a 
AgAu (top) and AgPt (bottom) target.  

A detailed description of this novel approach on NP deposition from gas phase synthesis at 

the example of AgAu alloy NPs with adjustable composition is published in the following 

work:  

A. Vahl, J. Strobel, W. Reichstein, O. Polonskyi, T. Strunskus, L. Kienle, F. Faupel, 

Single target sputter deposition of alloy nanoparticles with adjustable composition via 

a gas aggregation cluster source, Nanotechnology. 28 (2017) 175703. doi:10.1088/1361-

6528/aa66ef. 

The segmented target approach with concentric rings of Au or Pt in a Ag target was 

implemented successfully for the fabrication of alloy NPs of the systems AgAu and AgPt. 

TEM bright field micrographs of the respective AgAu and AgPt NPs are depicted in Figure 

26 a. In both cases, the NPs exhibit a narrow size distribution with the mean diameter of 
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AgAu NPs being roughly 12 nm. In comparison, the AgPt NPs are smaller with a mean 

diameter of roughly 7 nm. However, in case of AgPt NPs also a second population of NPs 

with a diameter of roughly 2 nm is observed, which typically makes up a fraction below 15 % 

of the total number of observed NPs. Although the general operational parameters during 

deposition were identical for the AgAu NP and AgPt NP deposition, the observation of 

different mean diameters of the deposited NPs is not unexpected. The processes inside the 

GAS are highly complex and even slight changes to the GAS deposition process (such as the 

installation of a new target) can impact the nucleation, growth and coagulation process, 

resulting in deviations in the NP diameter. In case of the applied segmented target for AgAu 

and AgPt, the geometry of the targets is different (with the AgPt target using a single 

concentric Pt wire embedded in the target instead of three wires in case of AgAu). 

Furthermore, the sputter yields differ for Ag, Au and Pt, which results in a different number 

of sputtered atoms in the gas atmosphere, yielding a possible explanation for the observed 

difference in mean particle diameter for AgAu NPs and AgPt NPs.   

 
Figure 26: (a) TEM bright field micrographs of AgPt and AgAu nanoparticles (recorded by Julian Strobel); 
(b) The nanoparticle composition changes with the argon flow applied to the GAS. 

Despite these minor deviations in diameter, both, the AgAu NPs as well as the AgPt NPs, 

render very useful for an application in nanoparticle-based memristive devices, as their mean 

diameter is reasonable large to allow easy identification of the NP position in case of 

contacting by AFM. In addition, the nanoscopic mean diameter of the NPs relates to some 

ten thousand atoms in an individual NP (as a rough estimate: a pure Ag NP with 10 nm 

diameter contains roughly 20000 atoms), which in reasonable in the context of limiting the 

amount of mobile silver atoms that can be released from the alloy NPs.  

The main benefit of using a segmented target with concentric Au or Pt wires over 

conventional planar alloy targets is the following: By varying the operational pressure inside 

the GAS due to a deliberate choice of the argon flow, the composition of alloy NPs can be 

varied within a considerable range while simultaneously keeping the NP mean diameter 

almost constant. The NP composition was investigated by XPS as well as TEM EDX, which 

also confirmed the alloy nature of the NPs. In Figure 26 b, the mole fraction of the noble 

component in the deposited NPs as studied by XPS is shown. In case of the AgAu target, the 

composition of the NPs can be tailored over a broad range from an atomic concentration of 

Au between 60 % and 75 %. Here, a lower argon flow applied to the GAS results in a lower 

mole fraction of Au in the AgAu NPs. This trend is attributed to a pressure related change in 

the sputter trench width. At higher pressure (due to higher Ar flow), the trench is focussed 
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narrower on the centre of the racetrack, where the Au wires are embedded, leading to a 

higher concentration of the more noble component. For lower pressures, the trench widens, 

which allows a higher fraction of silver atoms to be integrated into the growing NPs. In case 

of the AgPt target the change in composition is not as prominent, which is in line with this 

explanation. The AgPt target involves a single concentric Pt wire attached at the centre of 

the racetrack. Accordingly, the overall area of potential Ag sputtering is wider, leading to a 

lower Pt content in the deposited NPs. As the Pt wire is placed close to the centre position 

of the trench, the change in composition is not as strong as in the case of the AgAu target 

with three Au wires.  

Having successfully established this robust approach on the deposition of alloy NPs, the next 

step towards the fabrication of a nanoparticle-based memristive device is the incorporation 

of such NPs into a dielectric matrix in a controlled manner. Due to the nanoscopic 

dimensions of the individual NPs as well as the SiO2/NP/SiO2 stacks with overall thicknesses 

of some ten nm, conventional imaging techniques such as cross-sectional SEM are not well 

suited to study the distribution of the incorporated NPs. To overcome this limitation, in a 

close collaboration with Julian Strobel, a sample comprising a NP gradient inside a SiO2 

matrix was prepared by applying multiple subsequent controlled depositions of NP layers 

and SiO2 layers. The NP gradient was designed to show the lowest number of NPs close to 

the interface to the substrate material and gradually increasing the NP concentration 

towards the sample surface. Applying STEM tomography as depicted in Figure 27, it was 

possible to capture the lateral distribution of the NPs (yellow) inside the dielectric matrix.     

 
Figure 27: STEM tomography reconstruction of a cross section through a nanoparticle (yellow dots) 
gradient in a dielectric SiO2 matrix (transparent). The sample was designed such that the nanoparticle 
concentration at the bottom of the sample is lowest and gradually increases towards the top. This gradient 
is well observed in the tomography cross section. The respective STEM data were recorded and analysed 
for tomographic reconstruction by Julian Strobel.  

The targeted geometry of the NP gradient inside the matrix is readily observed in the STEM 

tomography cross section. The number of NPs at the bottom is least while it steadily 

increases towards the top. These results from STEM tomography indicate that the applied 

deposition method of consecutive depositions of SiO2 and NP layers is capable of preparing 

thin film nanocomposites with well-defined arrangements of NPs in the dielectric matrix. 

Before SiO2/NP/SiO2 stacks prepared by this method will be discussed in terms of their 

memristive properties, a brief comment on the stability of SiO2 as matrix material will be 

given in the following section.   
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4.1.2 SiO2 as Matrix Material for Nanoparticle-based Memristive Switching 

As the position and shape of NPs embedded in the dielectric matrix are well observed by 

TEM, in situ studies on the memristive switching and potential filament formation is 

tempting because it promises the junction of direct imaging and electrical characterisation. 

Especially in the context of filament formation in ECM memristive devices relying on Ag 

cation migration, a variety of reports on in situ TEM studies is present.[165][65] However, 

the interpretation of such direct observations asks for special care regarding the following 

aspects:  

• Unlike typical bulk memristive devices, the prerequisite for TEM analysis is the 

accessibility of the memristive layer with a low thickness in a typical range of some 

10 nm. Thus, in addition to the migration of mobile silver cations through the 

dielectric matrix, the migration at the surface may open up as an additional pathway, 

making direct correlations with the electrical behaviour observed in bulk memristive 

devices very challenging.  

• In addition, the electron beam itself may impose an impact on the electric properties 

of the dielectric matrix.   

In order to address the latter aspect, different oxide matrix materials (namely TiO2, Nb2O5, 

SiO2) have been investigated by TEM with respect to their electrical properties and the 

impact of different electron doses. These TEM related studies were performed by Krishna 

Kanth Neelisetty at Karlsruhe Institute of Technology (KIT, Karlsruhe, Germany). The full 

details on the study on electron beam effects on the electrical and structural properties of 

oxide thin films are published in the following paper: 

K. K. Neelisetty, X. Mu, S. Gutsch, A. Vahl, A. Molinari, F. v. Seggern, M. Hansen, T. 

Scherer, M. Zacharias, L. Kienle, V. S. K. Chakravadhanula, C. Kübel, Electron beam 

effects on oxide thin films – Structure and electrical properties, Microscopy and 

Microanalysis. (2019) 1-9. doi:10.1017/S1431927619000175 

In short, while the transition metal oxides showed severe changes in their conductivity due 

to the formation of suboxides even at very conservative electron doses, in SiO2 the formation 

of percolating pathways of silicon-rich NPs in the oxide matrix results in a conductivity 

change at relatively higher electron doses. Apart from the impact of the observed structural 

and electrical changes on the interpretation of in situ TEM studies on memristive switching, 

these results also indicate that SiO2 exhibits the highest stability amongst the investigated 

materials. This underlines the particular eligibility of SiO2 as a matrix material for 

development of nanoparticle-based memristive devices. Although SiOx has recently been 

reported in the context of memristive switching without mobile metallic cations, it is 

expected that in the presence of NPs containing Ag species, the ionisation and migration of 

silver cations will be dominating due to the lower expected activation energy.[166]  
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4.1.3 Diffusive Memristive Switching based on Individual Noble Metal Nanoparticles 

The fundamental building blocks of the nanoparticle-based memristive devices are the 

individual noble metal alloy NPs. As such, the electrical properties of the individual NP 

embedded in a single SiO2/NP/SiO2 stack are of particular interest. In order to understand 

the memristive switching mechanism fundamentally on the scale of individual NPs, c-AFM 

has been used to contact SiO2/NP/SiO2 stacks on a common back electrode, because the 

application of AFM allows for the precise selection and contacting of the location of an 

individual NP. The data acquisition for the AFM related studies was performed by Dr. Abdou 

Hassanien.  

In the framework of this thesis, a variety of nanoparticle-based memristive stacks with the 

general sequence SiO2/NP/SiO2, featuring different alloy NPs and different SiO2 thicknesses, 

has been characterised. A common feature among these devices was the observation of 

diffusive memristive switching. In this section, the memristive switching properties of AgPt 

NPs in a SiO2/AgPt NP/SiO2 stack are discussed in detail in order to illustrate the diffusive 

memristive switching behaviour observed in alloy NPs. The underlying device nominally 

consists of a bottom layer of 8 nm SiO2, followed by AgPt NPs with a mole fraction of Ag of 

roughly 0.85 and a diameter of roughly 7 nm and finished by a layer of 2 nm SiO2 on top. A 

representative hysteresis loop of a full switching cycle is depicted in Figure 28 a. In the 

context of the c-AFM measurements, the hysteresis loop was recorded at a low integration 

time for the measurement of the current. Alongside the low current level (in the range of 

nA), this results to considerable noise especially in case the device is in its HRS. Accordingly, 

the raw data were reduced by averaging over adjacent data points with a binning factor of 16.  

 

Figure 28: Diffusive memristive switching observed by AFM measurements on an individual AgPt 

nanoparticle using a conductive tip. In a single hysteresis loop (a) the device shows a SET (switching 

towards LRS) and RESET (switching towards HRS) event for both, positive and negative polarity. For the 

reliable determination of the respective switching voltages, the current threshold of 5 nA is selected for a 

SET and 0.5 nA for a RESET. The comparison of 70 consecutive hysteresis loops (b) implies a certain 

distribution of the respective switching voltages.  

Initially, at zero volts, the NP device is in its HRS, resulting in a current in the order of 100 

pA. Upon increasing the voltage to a certain threshold, the device switches to its LRS and 

the IV curve is mainly dominated by the serial resistance of 101 MΩ (applied in order to limit 
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the current through the c-AFM tip). The SET voltage in the exemplary hysteresis loop is 

roughly 3 V. In the nanoparticle-based memristive device, the SET process is expected to be 

related to the ionization of silver atoms from the alloy NPs and the consecutive migration of 

silver cations through the SiO2 matrix. Due to the nanoscopic dimension of the layer 

thickness of the SiO2 matrix, even the limited amount of mobile silver species from a single 

NP allows for the formation of a metallic connection through the dielectric layer, which leads 

to the switching to the LRS. Upon reducing of the applied voltage, the device remains in the 

LRS, until a certain threshold voltage is reached and the device switches back into its HRS. 

In case of the exemplary hysteresis loop, this RESET voltage is located around 1 V. The origin 

of this RESET step is the following: Due to the serial resistance, in case the memristive device 

is in its LRS, the potential drop is mainly over the serial resistance. The current flow through 

the metallic nanoparticle-based connection results in Joule heating and electromigration, 

resulting in a rupture of the metallic filament. This process is facilitated by the limited 

amount of mobile silver species, which impacts the formation of the filament. In contrast to 

a planar silver electrode with an (almost) unlimited supply of mobile silver species, in case 

of individual NPs as a source for silver cations, the filament cannot grow to the full extent. 

Such a frustrated filament is expected to dissolve easier than a fully formed filament in case 

of conventional ECM memristive devices, resulting in the observed diffusive memristive 

switching. Upon reversing the polarity, the fundamental switching behaviour is preserved 

and a similar diffusive switching cycle with SET and RESET voltages shifted slightly towards 

lower voltages is observed. In the following discussion of the statistical evaluation of the 

switching parameters, the switching voltages at positive polarity are referred to as “SET+” 
and “RESET+”, while at negative polarity the terms “SET-“ and “RESET-“ are applied.  

The IV characteristics for 70 consecutive hysteresis loops are shown in Figure 28 b. Although 

the general nature of diffusive memristive switching as described above is observed for all 70 

cycles, the switching voltages are not identical for every individual switching event but 

distributed over a certain range. In order to characterise the diffusive memristive switching 

on the level of an individual NP in a SiO2/AgPt NP/SiO2 stack, these 70 cycles are considered 

for a statistical evaluation of the characteristic switching voltages. For this purpose, the 

switching voltages were extracted from each hysteresis loop by manual evaluation. The 

following criteria were applied for the detection of SET and RESET voltages:  

• The SET voltage is the voltage at which the current raises above 5 nA. 

• The RESET voltage is the voltage at which the current falls below 0.5 nA. 

The current threshold values were defined to be separated by 1 order of magnitude to allow 

for a robust detection of the respective switching event and to minimise any impact of noise. 

Based on the detected switching voltages, the characteristic features of diffusive memristive 

switching of the investigated SiO2/AgPt NP/SiO2 stack are illustrated as probability plot and 

histogram in Figure 29. Applying a statistical evaluation, the reduced data including the 

mean value, standard deviation, median as well as minimum and maximum values for the 

SET and RESET voltages respectively are compared in Table 1.  
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Figure 29: Statistical evaluation of the switching voltages obtained from 70 consecutive hysteresis loops 

measured for a SiO2/AgPt NP/SiO2 stack. The probability plot (a) and histogram (b) shows a general trend 

of higher SET voltages for positive polarity.  

Table 1: Overview over the SET and RESET voltages extracted from 70 consecutive hysteresis loops for a 
SiO2/AgPt NP/SiO2 stack. Mean (average) voltage: Vmean; standard deviation: σ; voltage median: Vmed; 
minimum and maximum: Vmin and Vmax.    

 Process Vmean σ Vmed Vmax Vmin 

Positive Polarity 
SET+ / V 3.60 0.42 3.61 4.92 2.51 

RESET+ / V 0.62 0.18 0.55 1.21 0.33 

Negative Polarity 
SET- / V -2.65 0.57 -2.51 -4.26 -1.42 

RESET- / V -0.59 0.21 -0.55 -1.21 -0.11 

 

Upon comparing the results from the statistical evaluation, three main conclusions can be 

extracted:   

• As a general trend, the SET+ voltage with its mean value of 3.60 V is shifted to higher 

voltages compared to the corresponding SET- process at negative polarity with its 

mean value of -2.65 V. In addition, the distribution of SET+ voltages is narrower with 

a standard deviation of 0.42 V instead of 0.57 V. The observation of a higher 

switching voltage for SET+ is in line with the expectation based on the layer 

thicknesses of the investigated SiO2/AgPt NP/SiO2 stack. Nominally, the bottom 

SiO2 thin film thickness is 8 nm while the top layer thickness is only 2 nm. Upon 

applying a positive potential to the conductive AFM tip, the silver cations are 

brought from the NP through the thicker layer, which correlates with the higher 

voltage necessary to perform the SET+ process.  

• In contrast, the switching voltages for the RESET step at positive and negative 

polarity are almost symmetrical and exhibit in general a more narrow distribution 

than the SET voltages. Thus, the RESET occurs at comparable mean voltages of 0.62 

V or -0.59 V in the positive and negative branch respectively.  
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• Especially at positive polarity, there is a clear separation between the SET and RESET 

voltages. Considering the smallest observed SET+ and the largest observed RESET+ 

voltage, no switching event is occurring within a window of 1.30 V. In this operation 

window, the LRS and HRS are stable depending on the history of applied voltage. 

Taking into account the mean values of 3.60 V for SET+ and 0.62 V for RESET+ and 

an interval of three standard deviations (3σ = 1.26 V and 0.54 V respectively), the 
operation window spans from 1.16 V to 2.34 V (width: 1.18 V) with 99.7 % confidence 

(under the assumption of Gaussian distribution). Alongside the narrower 

distribution of SET+ voltages compared to SET-, the positive branch of the hysteresis 

loop renders very promising for an application of noble metal alloy NPs as a diffusive 

memristive device.  

So far, the description of diffusive memristive switching was limited to 70 consecutive 

hysteresis loops. Essentially, the nanoparticle-based memristive devices are very stable and 

show comparable switching behaviour for a high number of cycles. In order to illustrate the 

stability and reproducibility of diffusive memristive switching, the SET and RESET voltages 

corresponding to the first 2100 cycles of a representative measurement on a AgPt NP in the 

SiO2/AgPt NP/SiO2 stack are depicted in Figure 30. In contrast to the manual evaluation of 

the dataset with 70 switching cycles, this high number of hysteresis loops called for an 

automated evaluation (relying on the detection of extrema in the slope as well as current 

threshold values) of switching voltages. Apart from a statistical distribution of the switching 

voltages in agreement with the general trend observed for the dataset of 70 cycles, certain 

regions with a sudden drop in switching voltage are observed (e.g. around cycle 1100). A 

closer evaluation of the respective cycles reveals that these areas are artefacts due to 

imperfect detection by the applied algorithm. In fact, in the respective cycles there was no 

memristive switching observed. These fluctuations are attributed to limitations of the c-AFM 

measurement, in particular the AFM was operated at ambient air at room temperature, 

resulting in time dependent nanoscale deviations in positioning of the conductive tip. 

Accordingly, upon any change in position, the frustrated filament has to be reformed around 

the new location, resulting in imperfect memristive switching for some cycles. Notably, no 

systematic drift of the switching voltages over time has been observed, indicating the high 

stability of alloy NPs in the context of memristive switching.  
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Figure 30: Switching voltages for the SET and RESET processes obtained from long-term measurements on 

an individual nanoparticle for the first 2100 switching cycles. Despite occasional fluctuations in the 

switching voltages due to limitations of the AFM setup (room temperature, ambient air), no systematic 

drift in the switching voltages is observed.   

Despite these limitations related to the measurement by conductive AFM tip, the alloy NPs 

appear very promising for an application in memristive devices with diffusive switching 

characteristics. For the preparation of such devices, two main routes for an enhancement of 

the memristive properties are pursued: The transition from individual NPs to multiple stacks 

is studied in the context of allowing for additional control over the switching parameters, as 

the distances between the NPs can be tailored. In addition, the incorporation of a Cr wetting 

layer for a better conformity of the SiO2 thin film separation layer deposited on noble metal 

contacts such as Au or Pt is investigated.  
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Effect of the addition of a Chromium (Cr) wetting layer 

A thin film of Cr as a wetting layer between SiO2 and noble metals (like Au or Pt) is routinely 

applied in order to enhance the adhesion between the individual components and achieve a 

better homogeneity of the deposited layer. The SiO2/AgPt NP/SiO2 stack investigated in the 

previous section was modified by inserting a thin film of Cr to the stack in between the Pt 

surface of the substrate layer and the bottom SiO2 layer (cf. Figure 24). This Cr/SiO2/AgPt 

NP/SiO2 thin film stack was deposited by a sequence of deposition processes without 

breaking the vacuum. The nominal thickness of both dielectric SiO2 layers was chosen to be 

2 nm in order to rule out any effect of varying layer thickness on the SET and RESET voltages 

for different polarities.  

The long-term stability of this Cr/SiO2/AgPt NP/SiO2 thin film stack was investigated by 

applying the conductive AFM tip to the position of an individual AgPt NP and recording IV 

hysteresis loops continuously over a measurement period of two days. Prior to this 

measurement, the surface of the thin film exhibited no significant irregularities regarding 

roughness and topography. After the two-day measurement, a severe structural change of 

the morphology of the memristive stack has been observed. In Figure 31 a, an AFM 

topography map of the respective region on the sample is shown. During the long-term 

measurement, a hill-like feature has formed under the tip, which extends with a circular base 

and a diameter of roughly 40 µm with its centre at the position of the AFM tip. This area 

shows two dominating features: A strong, dome-like elevation in the centre (red area) as well 

as radial stripes of fluctuating height around the dome. Such long-range morphological 

modification of the nanoscopic thin film stack is particularly surprising, especially under 

consideration of the radius of curvature of the conductive AFM tip in the low nm range.    

 

Figure 31: Long-term measurement induced migration of chromium on the micrometre scale: The AFM 

topography map (a, recorded and provided by Dr. Abdou Hassanien) and the corresponding SEM top view 

micrograph reveal structural changes on a circular area (diameter: roughly 40 µm) induced upon a two 

day continuous IV hysteresis measurement with c-AFM tip at the centre of the circular area. SEM EDX 

spectroscopy (c) of a selected area (black rectangle) indicates the migration and oxidation of Cr as the 

origin of the structural changes.  
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In order to understand the origin of these structural changes, the respective modified area 

was studied by SEM. The corresponding top view micrograph is shown in Figure 31 b and 

correlates well with the AFM topography map of the hill-like area in terms of diameter and 

general features. Applying SEM energy dispersive x-ray spectroscopy (EDX) on a selected 

rectangular region, the presence of the elements oxygen, chromium and gold was examined 

(depicted as elemental map in Figure 31 c, high colour saturation corresponds to high signal). 

The region was selected in such way, that the dome-like structure (left) as well as the radial 

fluctuations (middle) and an undisturbed region (right) are covered.  

Gold (Au):  The origin of the signal corresponding to Au is attributed to the 

conductive Au thin film related to the substrate. Over the whole investigated region, 

the signal corresponding to Au is almost constant. However, at the location of the 

dome-like feature the strength of the Au signal is reduced. This implies that the 

dome-like structure does not contain a significant concentration of Au and is 

covering the surface and thus reducing signal from the underlying substrate.   

Silver (Ag):  No signal corresponding to Ag from the alloy NPs could be 

investigated as the size and concentration of respective NPs is too low to be detected 

in SEM EDX.  

Chromium (Cr): The presence of Cr strongly correlates with the observation of the 

three distinct features. In the undisturbed region on the right corner of the 

investigated region the signal correlating to Cr is homogenous and exhibits medium 

intensity. In contrast, in the region of the dome-like feature, the intensity of Cr is 

strongly enhanced. Simultaneously, in the centre region of the investigated 

rectangle, Cr is depleted. The radial contrast fluctuations in SEM micrograph and 

the topography fluctuations observed by AFM correlate well with Cr intensity 

fluctuations in this region.   

Oxygen (O):  While there is almost no oxygen observed in the undisturbed 

region, the presence of oxygen in the dome-like region and the radial fluctuations in 

the matches the intensity distribution of Cr very well.  

On the background of these general observations for the elemental distributions and their 

relation to the topography, the following implications on the origin of the long-term changes 

can be concluded:  

1. In the dome-like region, chromium oxide has aggregated and covered the surface 

of the thin film device. Thus the high intensity of signal corresponding to Cr and O 

overlap in this region and the signal of Au from the substrate is slightly reduced.  

2. The region with the radial stripes of height and contrast fluctuations is caused by 

the depletion of Cr from the wetting layer. The signal of Cr and O overlaps in this 

region. There are stripes, in which there both elements exhibit low signal, while in 

different stripes both elements show high signal. Thus, the topographical 

fluctuations are caused by the presence or absence of chromium oxide in the 
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respective region. The radial arrangement of the stripes is caused by inhomogeneity 

in the electrical field, which ranges radially from the c-AFM tip. This implies that 

Cr is depleted, transported and oxidized from some paths more easy than from 

other paths.   

3. In the undisturbed region, there is a considerable signal corresponding to Cr but 

simultaneously no O is observed. This indicates that in this region the Cr is not 

significantly oxidised. This observation correlates well with the expectation for a 

stable Cr wetting layer below the SiO2/AgPt NP/SiO2 thin film stack.   

Over the course of the two-day measurement, the IV hysteresis loops were recorded to study 

the electrical properties of nanoparticle-based memristive stacks with Cr wetting layer. 

Representative hysteresis loops for Cr/SiO2/AgAu NP/SiO2 and Cr/SiO2/AgAu NP/SiO2 

memristive devices are depicted in Figure 32. In contrast to similar stacks without Cr wetting 

layer, in these devices no diffusive memristive switching is observed in the investigated 

voltage range. The respective hysteresis loops exhibit a non-zero crossing (no pinched 

hysteresis) and several peaks, reminding of typical cyclic voltammetry data involving 

oxidation and reduction processes. Comparable curves are readily reported for ECM 

memristive devices relying on, e.g. Ag/Ta2O5/Pt or Cu/SiO2/Pt stacks.[58,70,167,168] 

However, due to the limitations of the chosen measurement technique (e.g. the 

incorporation of a serial resistor for current limitation), the respective voltage values at the 

peak position do not directly relate to a specific process. In addition, unlike in typical cyclic 

voltammetry measurements, the current is recorded instead of the current density (due to 

the geometry of the tip).  

 

Figure 32: Hysteresis measurements of nanoparticle-based memristive devices relying on AgPt NPs (a) and 

AgAu NPs (b) and an additional Cr wetting layer. In contrast to the reproducible diffusive memristive 

switching observed for similar devices without Cr wetting layer, the hysteresis loops for Cr/SiO2/NP/SiO2 

stacks show peaks of varying position and height. The colour scheme of the schematic thin film stack 

corresponds to Figure 24.  

Nevertheless, the recorded IV characteristics for both stacks yield important indications in 

the context of the long-term stability of the memristive devices with additional Cr layer. 

Comparing the respective peaks in the IV hysteresis loops for subsequent cycles, changes in 

peak position and height of the individual peaks are observed. Such deviations typically 

indicate an unstable, time varying process, which is in general unfavourable for the design 
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of a stable memristive device. Two main explanations for the origin of the variation in peak 

position appear to be possible:   

• The structural changes observed by AFM topography and SEM studies can be related 

to constant changes in the local chemical environment and local electrical field. 

Although the applied voltage in each cycle is always the same, due to local structural 

changes, the voltage drop over the sample can change, resulting in a change in the 

electrical field.  

• The second explanation is related to the influence of oxygen or water vapour from 

the surrounding gas phase. The nanoparticle-based stack is open to ambient 

atmosphere and the Cr oxidizes as shown by EDX. Time dependent local changes in 

the availability of oxygen have already been reported to result in shifts of the 

respective peak positions related to the oxidation and reduction processes.[58,167] 

Due to these long-term stability issues involved with the addition of a Cr wetting layer, this 

approach is disregarded for the development of further nanoparticle-based memristive 

devices.  

 

 

  



 

72 
 

4.1.4 Memristive Devices Relying on Multiple Stacks of Nanoparticles 

Based on the results on diffusive memristive switching observed by c-AFM on individual NPs, 

in this section memristive devices relying on multiple stacks of noble metal alloy AgAu or 

AgPt NPs embedded in a dielectric SiO2 matrix (multistack devices) are discussed. Using 

macroscopic contacts, the nanoscopic dimension of the individual SiO2/NP/SiO2 layers with 

a layer thickness of the dielectric of only a few nanometres makes reliable contacting very 

challenging. Thus, the transition from individual NP layers to multiple stacks allowed 

increasing the overall thickness and consequently reducing the risk of short circuiting by pin 

holes or due to mechanical impingement of contacts on the layer.  

In this context, two different multistack devices have been prepared, involving either AgAu 

NPs or AgPt NPs. Each multistack device consists of five sequentially deposited layers of 

noble metal alloy NPs and SiO2 as a separation layer. Following the nomenclature of the 

individual nanoparticle layers embedded in SiO2, the multistack devices can be described as 

“SiO2/NP/SiO2/NP/SiO2/NP/SiO2/NP/SiO2/NP/SiO2”. While in case of the AgAu NP 

multistack device the nominal layer thickness of the separating SiO2 layers was selected to 

be 2 nm, the AgPt NPs were nominally separated by 4 nm of SiO2. The IV characteristics of 

the devices are depicted in Figure 33 for 20 cycles in case of AgAu NP device and 60 cycles in 

case of the AgPt NP device, alongside a schematic cross section through the nanoparticle-

based multistack devices.  

 

Figure 33: Diffusive memristive switching in nanoparticle based memristive devices: (a) Schematic cross 

section and 20 subsequent switching cycles shown for a AgAu NP device relying on five layers of NPs 

embedded in SiO2; (b) Schematic cross section and 60 subsequent switching cycles shown for a AgPt NP 

device relying on five layers of NPs embedded in SiO2. The colour scheme of the schematic thin film stack 

corresponds to Figure 24. 

The AgAu NP and AgPt NP multistack devices show diffusive memristive switching for each 

of the observed hysteresis loops. In each case, the SET (red arrow) and RESET (blue arrow) 

occurs with a certain distribution around distinct voltages, yielding a clear operational 

window in between. This behaviour is in good agreement with the diffusive memristive 

switching observed in the c-AFM measurements of individual NPs. The LRS is mainly 

determined by the serial resistance of 1 MΩ, which was applied in order to be consistent with 

the c-AFM investigations. Upon a closer look on the IV characteristics of both devices, 

certain differences in the electrical behaviour can be observed:  
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In case of the AgAu NP device as depicted in Figure 33 a, the HRS correlated to a resistance 

of roughly 70 MΩ. In contrast, the AgPt NP device as depicted in Figure 33 b, exhibits a higher 

resistance in its HRS, which limits the current in HRS to be below the limit of reliable 

detection. The origin of this difference in HRS is attributed to the different layer thickness 

of the SiO2 separation layers in between the individual NP layers. For the preparation of the 

AgPt NP device, the nominal thickness of each SiO2 layer was doubled in comparison to the 

AgAu NP device (roughly 4 nm instead of 2 nm). Accordingly, the higher overall thickness 

of the AgPt NP device impacts the HRS. This indicates a key aspect of the versatility of the 

approach of a nanoparticle-based memristive device, namely the possibility of using the 

thickness of the dielectric layer to tailor the high resistance state, which is highly interesting 

in the context of low power operation.  

As a general impression from the IV hysteresis loops as shown in Figure 33, for both 

multistack memristive devices, the switching voltages related to the respective SET and 

RESET process are distributed over a reasonably narrow range. In order to investigate the 

statistics of the switching processes in more detail, the switching voltages are evaluated for 

each subsequent cycle and the respective histograms as well as probability plots for the SET 

and RESET process are plotted. For the AgAu NP device, the evaluation of individual 

switching events is depicted in Figure 34 and for the AgPt NP device in Figure 35.  

 

Figure 34: Evaluation of switching voltages for 20 consecutive switching cycles (a) in a AgAu NP multistack 

device. The probability plot (b) and the histogram (c) show a narrow distribution of the respective SET 

and RESET voltages.  

 

Figure 35: Evaluation of switching voltages for 60 consecutive switching cycles (a) in a AgPt NP multistack 

device. The probability plot (b) and the histogram (c) show a narrow distribution of the respective SET 

and RESET voltages. 
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The evaluation of the cycle dependency of the voltages attributed to the individual switching 

events shows that there is no significant drift, thus the respective voltages are distributed 

evenly for the whole range of investigated switching cycles. This observation is an important 

prerequisite for the statistical evaluation. In the following, a Gaussian distribution is 

assumed and the respective mean values, standard deviations, median values and minimum 

and maximum of the switching voltages are compared for the AgAu and AgPt NP multistack 

device in Table 2.  

Table 2: Overview over the SET and RESET voltages extracted from multiple cycles (AgAu: 20 cycles; AgPt: 
60 cycles) of diffusive memristive switching. Mean (average) voltage: Vmean; standard deviation: σ; voltage 
median: Vmed; minimum and maximum: Vmin and Vmax.    

 Process Vmean σ Vmed Vmax Vmin 

AgAu NP multistack device 
SET / V 0.89 0.06 0.90 1.00 0.80 

RESET / V 0.23 0.03 0.20 0.30 0.20 

AgPt NP multistack device 
SET / V 0.61 0.03 0.61 0.67 0.54 

RESET / V 0.32 0.03 0.32 0.4 0.21 

 

Comparing the SET and RESET voltages for both multistack devices, a general trend can be 

observed:  

• The mean SET voltage observed for the AgPt NP device is 0.61 V while the AgAu NP 

based device exhibits a higher mean SET voltage of 0.89 V. Thus the multistack 

device with AgPt NPs is switching from its HRS to LRS state at lower voltages. 

Considering the higher separation width of the NP layer in the AgPt NP device, this 

observation seems rather counterintuitive, because the higher thickness of the SiO2 

separation layer in the AgPt NP multistack device is expected to result in a lower 

electrical field in between the NPs (at identical applied voltage). However, the Ag 

content in the AgPt NPs is much higher than in the AgAu NPs. The quantification 

of similarly prepared NPs yielded a mole fraction of Ag in the respective NPs of 

roughly 0.8 (AgPt NP) and 0.3 (AgAu NP). Considering the shift towards lower SET 

voltages for the AgPt NP based device, the higher Ag content seems to facilitate the 

ionisation and release of silver cations from the AgPt NPs.  

• For both devices the SET and RESET voltages are clearly separated, which is 

illustrated by the probability plots and histograms. There is no overlap between SET 

and RESET events for any of the investigated cycles. Considering the smallest 

observed SET and the largest observed RESET voltage, no switching event is 

occurring within an operation window of 0.50 V or 0.14 V for the AgAu or AgPt NP 

device respectively. Taking into account the mean values and an interval of three 

standard deviations (for 99.7 % confidence), the operation window for the AgAu 

device ranges from 0.32 V to 0.71 V (width: 0.39 V) and for the AgPt device from 0.41 

V to 0.49 V (width: 0.08 V). Accordingly, both multistack nanoparticle-based devices 

allow for reproducible operation as diffusive memristive devices.   
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Recently, Wang et al. reported in Nature Materials comparable diffusive memristive 

switching in MgOx:Ag, SiOxNy:Ag and HfOx:Ag thin films with a thickness of roughly 15 nm, 

which were deposited by cosputtering in reactive atmosphere. These devices show 

interesting similarities to the devices investigated in the framework of this thesis, namely the 

similar choice of materials, layer thickness and the overall shape of the IV curves. Although 

no detailed statistical evaluation of the IV hysteresis loops was described in their work, a 

general comparison of the IV hysteresis loops indicates that the multistack devices presented 

here are very competitive. Typical SET voltages range from roughly 0.2 V (HfOx:Ag) to 0.4 V 

(SiOxNy:Ag) and exhibit a similar distribution as observed for the multistack memristive 

devices. Interestingly, Wang et al. observed the local formation of chains of Ag NPs inside 

the matrix by in situ TEM investigations, which is related to the SET process. Simultaneously 

the RESET process is attributed, in addition to the processes described here, to the 

coalescence of individual NPs due to a minimization in surface energy. However, on the 

background of the electron beam induced effects observed in pure SiO2 thin films (section 

4.1.2) these conclusions from in situ TEM studies have to be treated with caution.     

In contrast to the nanoparticle-based memristive devices, the diffusive memristive devices 

prepared by Wang et al. incorporate Ag as mobile species by sputtering from a planar Ag 

target. Thus there are no preformed NPs embedded into the matrix, but individual atoms are 

arriving at the surface and may form NPs due to self-organization and minimization of 

surface energy. Applying the concept of nanoparticle-based memristive devices described in 

this thesis, the NPs are already preformed with a well-defined composition and size in the 

gas phase synthesis and are embedded into the dielectric with tailored separation distances.  

This illustrates the high potential of the concept and general set-up of multistack memristive 

devices, which opens two general routes to be applied as degrees of freedom in the design of 

memristive devices with well-defined memristive switching properties:  

• A variation of the separation width (layer thickness of the SiO2 intermediate layers) 

can be applied to tailor the HRS of the multistack memristive device.  

• The composition of the alloy NPs can be varied in order to influence the switching 

voltages for the SET and RESET step.    
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Indications on the underlying conductivity mechanisms 

In order to determine the dominating conduction mechanisms in the multistack 

nanoparticle-based memristive devices, an alternative plot (power exponent plot) of the 

hysteresis loop as proposed by C. Acha [30] is applied to averaged IV hysteresis data for the 

AgAu NP and AgPt NP devices in Figure 36. The measured IV hysteresis data (grey lines) are 

averaged in order to extract the essential information for the LRS (blue line, error bars 

correspond to standard deviation) and the HRS (red line, error bars correspond to standard 

deviation). In case of the AgPt NP device, due to the detection limit of the source meter, the 

current in the HRS is within the detection limit and no averaged data for HRS were obtained.  

These reduced data were used to prepare a power exponent plot for each sample. The plot 

for the AgAu NP device (Figure 36 a) reveals the HRS (red plus signs) to have an almost 

constant power exponent of 1, which relates to ohmic conductivity as dominating 

conductivity mechanism. For the LRS, the power exponent varies between 2 for lower 

voltages and 1 for higher voltages. This behaviour implies a deviation from pure ohmic 

conductivity and corresponds well with the behaviour expected for two resistive elements in 

series: one ohmic and one space charge limited resistive element. The existence of the ohmic 

serial resistance is well explained by the measurement setup (cf. Figure 20). The occurrence 

of a space charge limited resistive element indicates that in the low resistive state the 

nanoparticle-based memristive device is dominated by space charge limited conductivity.  

However, the diffusive switching behaviour observed in the nanoparticle-based memristive 

devices imposes an additional limitation on the application of the power exponent plots: At 

low voltages, the device switches from its LRS to its HRS and thus the voltage dependency 

of the LRS cannot be measured at voltages below the RESET switching threshold. In case of 

the AgPt NP device (Figure 36 b), the power exponent deviates strongly from ohmic 

behaviour. While at high voltages, the power exponent approaches 1, at lower voltages higher 

power exponents up to 3.5 are observed. Such behaviour implies that in the low resistive 

state, the AgPt NP device exhibits additional conductivity mechanisms. Comparable power 

exponents with an asymptotic decrease towards 1 (for ohmic behaviour at high voltages) were 

reported by C. Acha for an ohmic resistor in series to a parallel circuit of another ohmic 

resistor and a resistive element dominated by Poole-Frenkel emission. In this case, the power 

exponent exhibits a peak, which can be higher than 2. As 2 is the expected value for space 

charge limited conduction, the power exponent data indicate that space charge limited 

conductivity is not the dominating mechanism in the LRS. The recorded behaviour of the 

power exponent for the LRS of the AgPt NP device may be seen as indication for Poole-

Frenkel emission as dominating conductivity mechanism in the LRS. However, the 

inaccessibility of the LRS at low voltages does not allow for a measurement of the power 

exponent over the whole voltage range. Thus, although indications for the dominating 

conductivity in the AgAu and AgPt NP devices could be obtained, no definitive statement on 

the basis of the experimental data can be given.   
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Figure 36: The hysteresis loops of a multistack AgAu NP (a) and AgPt NP (b) device are evaluated in order 

to extract averaged data for the HRS (red plus signs) and LRS (blue crosses). Based on the averaged data, 

a power exponent plot according to C. Acha is created (right graphs). The HRS of the AgAu NP device 

correlates well with a straight line around 1, which indicates ohmic conductivity as dominating conduction 

mechanism.  
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4.2 Sensing of UV-light and Gas Molecules with Semiconducting Metal Oxide 

Nanostructures 

Semiconducting metal oxides are routinely used for sensing of UV-light and gas molecules 

and a broad variety of sensors relying on different oxide materials has been reported so far. 

In this section, two main concepts for the enhancement of key sensing properties (such as 

sensitivity and selectivity) will be explored. First of all, in section 4.2.1, the impact of surface 

functionalization by noble metal NPs will be shown. Subsequently, section 4.2.2 focusses on 

the description of nanostructured TiO2 and CuO thin films with tailored morphologies 

obtained by reactive magnetron sputtering.   

4.2.1 Alloy Nanoparticles for Enhanced Sensing 

In order to study the impact of noble metal NP decoration on the sensing properties of 

semiconducting metal oxides, the approach of deposition of metallic NPs from gas phase 

synthesis was combined with existing fabrication routines for sensor materials, which have 

been prepared by the group of Prof. Ion Tiginyanu in close collaboration with Dr. Oleg 

Lupan. In this context, silver and iron doped columnar ZnO thin films (ZnO:Ag and ZnO:Fe 

respectively) obtained by synthesis from chemical solutions were used as base layers for the 

surface decoration with metallic  NPs.  

Based on the concept of a single segmented target for the deposition of metal alloy NPs as 

well as conventional metallic targets, particles ranging from Ag over AgAu and AgPt have 

been prepared. The characteristics of the gas phase synthesis in a Haberland type GAS offer 

certain advantages over conventional solution-based NP synthesis:  

1. Well-defined coverage of the thin film surface is easily realised by tailoring the 

deposition time. 

2. The surface of the metal oxide thin film is not subjected to any solvent, which 

limits the risk of chemical changes to the thin film. 

3. After successful deposition of NPs from the gas phase, the sensor is ready to use 

and no further heat treatment step has to be performed, e.g. to remove the 

remaining solvent.  

4. The deposition of alloy NPs with well-defined composition is feasible and the 

composition of the NPs can be tailored easily during the deposition (e.g. using 

the segmented target approach developed in this work).  

In the context of an enhancement of the sensing properties by surface decoration with 

metallic NPs, the respective coverage is crucial. As the sensor surface should be still 

accessible to the gas molecules or the UV light stimulus, the NP layer should be well below 

the percolation threshold and agglomeration of NPs should be avoided. These criteria are 

readily fulfilled by NPs deposited from gas phase synthesis, which is demonstrated by SEM 

micrographs of AgPt NPs and AgAu NPs on silicon wafer pieces as well as ZnO:Ag thin films. 

Independent of the substrates, the NPs deposited by gas phase synthesis via sputtering are 

well distributed over the surface and show no significant agglomeration, making this 
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approach an ideal candidate for the application in surface decoration of sensor thin film 

structures.       

 
Figure 37: Nanoparticles deposited from GAS exhibit narrow size distribution and are well dispersed on 
the surface without showing significant agglomeration. SEM micrographs were recorded in top view 
configuration for AgPt NPs on a silicon wafer piece (a) as well as ZnO:Ag sensor structures decorated with 
AgPt NPs (b) and AgAu NPs (c). 

As a first approach to tailor the sensing properties by surface decoration with NPs, columnar 

ZnO:Fe thin films obtained from synthesis from chemical solutions have been investigated 

with respect to their gas sensing properties. In this context, hydrogen (H2) as well as methane 

(CH4) and ethanol (C2H5OH) have been considered as gas species for the evaluation of the 

sensor response. Comparing a ZnO:Fe  thin film in its pristine state as well as after surface 

functionalization by Ag NPs at a typical operation temperature of 300 °C, the sensitivity 

towards 20 ppm of ethanol vapour was increased from roughly 15 (in case of the pristine thin 

film) to about 63 (after surface decoration). The gas sensing results underline that the Ag NP 

decorated ZnO:Fe columnar thin film is highly selective towards ethanol vapours, which is 

underlined by the low response (sensitivity below 5) towards H2 and CH4 even at 1000 ppm.  

Different types of noble metal particles, namely Ag, AgAu and AgPt NPs, have been deposited 

onto ZnO:Ag nanostructures in order to enhance the sensing properties towards UV light. 

The UV response of ZnO:Ag thin film sensors without surface functionalization results in a 

change in resistivity by a factor of 17. Upon surface functionalization with Ag NPs, the UV 

response was enhanced to a factor of 46. Applying alloy NPs to the surface of the ZnO:Ag 

nanostructured thin films, the UV response is raised further to a factor 60 and 68 for AgPt 

and AgAu NPs respectively. Alongside this strong enhancement in the UV induced change 

in resistivity, the corresponding response and recovery times are simultaneously reduced 

from roughly 14.5 s for undecorated thin films to roughly 1.0 s in case of thin films with AgAu 

NPs. The origin behind this significant enhancement in sensing properties is related to the 

formation of ZnO:Ag/NP Schottky barriers due to the high work function of the noble metal 

NP constituents (e.g. 5.9 eV in case of platinum). Upon the formation of this Schottky barrier, 

the electron depletion region in the vicinity of the nanoparticles is widened, resulting in a 

higher UV performance.    

The full details on the work related to the enhancement of sensing properties by surface 

decoration with metallic NPs are presented in the following publications:  
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V. Postica, A. Vahl, N. Magariu, M.-I. Terasa, M. Hoppe, B. Viana, P. Aschehoug, T. 

Pauporté, I. Tiginyanu, O. Polonskyi, V. Sontea, L. Chow, L. Kienle, R. Adelung, F. 

Faupel, O. Lupan, Enhancement in UV Sensing Properties of ZnO:Ag Nanostructured 

Films by Surface Functionalization with Noble Metallic and Bimetallic Nanoparticles, 

Journal of Engineering Science. 3 (2019) 41-51. doi:10.5281/zenodo.2557280. 

V. Postica, A. Vahl, J. Strobel, D. Santos-Carballal, O. Lupan, A. Cadi-Essadek, N.H. 

de Leeuw, F. Schütt, O. Polonskyi, T. Strunskus, M. Baum, L. Kienle, R. Adelung, F. 

Faupel, Tuning doping and surface functionalization of columnar oxide films for 

volatile organic compound sensing: experiments and theory, J. Mater. Chem. A. (2018) 

21–27. doi:10.1039/C8TA08985J. 

4.2.2 Deposition of Nanocolumnar Metal Oxide Thin Films with Tailored 

Morphologies 

In contrast to the columnar ZnO thin films deposited by chemical solution synthesis 

described in the previous chapter, this section will focus on the PVD-based deposition of 

metal oxide thin films. In this context, the method of pulsed DC reactive magnetron 

sputtering (as already applied to deposit the dielectric SiO2 matrix in connection with the 

nanoparticle-based memristive devices) will be explored for the deposition of nanocolumnar 

semiconducting metal oxide thin films with adjustable morphologies. In the design of thin 

films for UV-light and gas sensing applications, a higher surface is commonly attributed to 

higher sensing performance. Consequently, columnar thin films with well-separated 

columns with nanoscopic diameters appear as an ideal candidate for an application in the 

field of sensing. In this section, two pathways for the deposition of TiO2 and CuO thin films 

with such nanocolumnar morphology will be discussed. First, the formation of nanocrack 

networks in TiO2 thin films upon post deposition heat treatment is presented as an efficient 

approach to obtain crystalline anatase thin films with defined cracks. Subsequently, the 

impact of the composition of the reactive atmosphere during sputter deposition of CuO and 

TiO2 is discussed in terms of the impact on the thin film morphology.   

For further details, the reader is referred to the following publications:  

B. Henkel, A. Vahl, O.C. Aktas, T. Strunskus, F. Faupel, Self-organised nanocrack 

networks: A pathway to enlarge catalytic surface area in sputtered ceramic thin films, 

showcased for photocatalytic TiO2, Nanotechnology. 29 (2018) 035703. 

doi:10.1088/1361-6528/aa9d35. 

A. Vahl, J. Dittmann, J. Jetter, S. Veziroglu, S. Shree, N. Ababii, O. Lupan, O. C. Aktas, 

T. Strunskus, E. Quandt, R. Adelung, S. K. Sharma, F. Faupel, Reactive sputtering of 

metal oxide thin films: The impact of O2/Ar ratio on thin film morphology, 

Nanotechnology. 30 (2019) 235603. doi:10.1088/1361-6528/ab0837. 

For the deposition of TiO2 thin films, typically a reactive gas atmosphere with an oxygen flow 

of 10 SCCM and an argon flow of 250 SCCM was chosen. The high availability of oxygen from 

the reactive atmosphere and the strong tendency of metallic titanium to oxidize in the 
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presence of oxygen are crucial to understand the morphology of the as grown thin film 

(Figure 38 a).  

At the interface between the TiO2 thin film and the silicon substrate, irregular and narrow 

columns (indicated by red lines) are the dominating structural features, reminding of a 

typical transition zone morphology that is attributed to the low surface diffusion of deposited 

material. From a distance of roughly 200 nm from the substrate onwards, broader columnar 

structures (indicated by blue lines) are observed. As the deposition is initialised, the surface 

of the substrate offers a high number of available nucleation sites. The high availability of 

reactive oxygen species leads to the growth of a stoichiometric TiO2 thin film as the deposited 

Ti species are readily saturated by oxygen. These saturated bonds as well as the low surface 

diffusion prevent significant coalescence of columns or seeds. Due to the limited thermal 

conductivity, the temperature at the deposition front increases gradually during deposition 

and anatase crystallites start to grow, forming conical shaped grains.  

 
Figure 38: SEM micrographs in top view and cross section (inset) of TiO2 thin films before (a) and after (b) 
post deposition heat treatment. The morphologically dominating features before heat treatment are 
marked with red and blue lines.  

The morphology of such TiO2 thin films is strongly affected by the post deposition heat 

treatment step (typically 1 h at 650 °C). Although in cross sectional view (Figure 38 b) the 

thin films before and after heat treatment show certain similarities, the top view micrograph 

reveals a striking difference: A network of nanoscopic cracks in between bundles of 

individual TiO2 columns with high aspect ratio is observed. A closer view on the cross-

sectional micrographs also reveals that the rough features on the individual columns are 

smoothed after the heat treatment step, resulting in a more homogenous surface of the 

respective TiO2 nanocolumns. In addition, Raman studies indicate a strengthening of peaks 

related to the crystalline anatase polymorph of TiO2 after the heat treatment step. Based on 

these observations, the mechanism of nanocrack formation (schematically depicted in Figure 

39) in TiO2 thin films deposited by pulsed DC reactive sputtering can be explained as follows:  

(a) The as deposited TiO2 thin film contains two distinct morphological features: A 

highly defective layer in vicinity to the substrate and a columnar, partially crystalline 

anatase layer.   
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(b) Upon heating, the difference in thermal expansion coefficients of the substrate and 

the thin film results in the TiO2 thin film being subjected to compressive stress. The 

initially present columns crystallise and densify, reducing the total compressive 

stress on the thin film. Due to the saturation by oxygen, individual columns do not 

coalesce.  

(c) After cooling to room temperature, the compressive stress in the thin film is relaxed. 

Due to the densification of the individual columns, the thin film is subjected to 

tensile stress, resulting in preferential crack formation along the flanks of individual 

columns.  

 
Figure 39: Schematic model of nanocrack formation in TiO2 thin films upon thermal treatment: (a) The as 
deposited thin film exhibits a columnar structure, (b) the individual columns densify upon heat treatment 
due to the successive crystallisation from partially amorphous TiO2 to the anatase phase, (c) after cooling 
a network of nanoscopic cracks between the columns remains.  

In conclusion, decisive for the development of a network of nanoscopic cracks upon post 

deposition heat treatment is the morphology of the thin film in the as deposited state as well 

as its crystallinity.  

 A characteristic feature of reactive sputtering is the presence of a reactive gas atmosphere. 

In the case of the deposition of TiO2 and CuO this is achieved by a mixture of Ar and O2 gas 

inside the vacuum chamber. The deliberate variation of the ratio of gas flows of Ar and O2 

influences the composition of the reactive gas atmosphere and consequently the availability 

of oxygen species during the deposition process. A precise control over the O2/Ar ratio offers 

an additional degree of freedom to tailor the characteristics of the deposition process and 

consequently impacts the morphology of the deposited thin film. The following section will 

describe how a variation of the gas atmosphere can be applied in order to deposit TiO2 and 

CuO thin films with well-defined nanocolumnar morphology.    

TiO2 thin films were prepared at different O2/Ar ratios. Top view SEM micrographs of these 

thin films after post deposition heat treatment are depicted in Figure 40. An oxygen content 

of 4% corresponds to the deposition described already in the context of nanocrack formation 

upon post deposition heat treatment (as depicted in Figure 38). In case the O2/Ar ratio is 

doubled, the nanocrack network is more pronounced and the separation between the 

bundles of individual columns is increasing. This effect is attributed to the following reason: 

The deposition rate goes down with increasing oxygen content in the reactive gas 

atmosphere, resulting in a longer deposition time for the same layer thickness. Alongside the 
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lower deposition rate, the deposited Ti species experience a longer time on the surface of the 

deposit before they are buried by subsequently deposited atoms. Accordingly, the slower 

deposition results in a higher content of crystalline anatase seeds in the as deposited thin 

film. This allows for a more efficient densification upon crystallization during the post 

deposition heat treatment. For a lower oxygen content of only 2%, the morphology of the 

TiO2 thin film shows no nanocrack network, but a more regular and closed layer, which is in 

line with an explanation based on a higher deposition rate at lower oxygen ratio.  

 
Figure 40: Top view SEM micrographs of TiO2 thin films after post deposition heat treatment at 650 °C for 
1 h. The thin films were prepared by reactive sputtering in different reactive atmospheres. While the thin 
film surface at an O2/Ar ratio of 2% (a) exhibits occasionally thin cracks, with increasing oxygen ratio the 
width and number of cracks increases and in case of an O2/Ar ratio of 8% (c) a fully connected network of 
nanoscopic cracks is obtained.  

The nanocrack network morphology with its nanoscopic columns and deep trenches in 

between the TiO2 nanocolumn bundles appears well suited for the application in context of 

sensing.  

Semiconducting metal oxide sensors based on the concept of depositing nanocolumnar thin 

films by reactive sputtering can also be combined with the approach of noble metal 

nanoparticle surface decoration. However, the nanocrack network formation necessarily 

involves a post deposition heat treatment step (typically at 650 °C for 1 h). Such post 

deposition heat treatment may impose limitations on the applicability of TiO2 nanocrack 

thin films alongside surface decoration with noble metal NPs. In order to prevent 

agglomeration or Ostwald-ripening of NPs, the NPs would ideally be deposited onto the TiO2 

thin film in a second deposition step after the heat treatment was performed.  

In order to prepare sensor thin films that combine the nanocolumnar morphology and 

incorporate noble metal NPs in a single vacuum-based deposition step, another 

semiconducting metal oxide, which exhibits nanocolumnar morphology in the as deposited 

state, has to be found. For this purpose, CuO with its relatively lower melting temperature 

was investigated with respect to the thin film morphology and its dependency on the O2/Ar 

ratio during the deposition. The respective top view SEM micrographs of CuO thin films 

deposited at O2/Ar ratios of 2 %, 4 % and 8 % are depicted in Figure 41. Regarding the thin 

film morphology, the CuO thin film prepared at the lowest O2/Ar ratio shows strong 

similarities to the nanocrack network TiO2 thin film, although the CuO thin films are in their 

as deposited state and the TiO2 thin film have been subjected to a post deposition heat 

treatment. Independent of the reactive gas atmosphere during sputtering, all thin films in 
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the as deposited state comprised of crystalline CuO, as investigated by Raman spectroscopy 

(Figure 42 a). For higher oxygen contents, the CuO thin film shows well-separated, high 

aspect columnar structures with a column diameter in the range of 20 nm for the highest 

O2/Ar ratio. Comparable to the observations in case of TiO2, a higher oxygen content in the 

reactive gas atmosphere during deposition relates to nanocolumnar structures with a smaller 

feature size, which seem well suited for an application in sensing.  

 
Figure 41: Top view SEM micrographs of CuO thin films deposited by reactive sputtering in different 
reactive atmospheres. While the thin film surface at an O2/Ar ratio of 2% (a) exhibits occasionally thin 
cracks, with increasing oxygen ratio separation of individual columns increases while the diameter of 
individual columns decreases. In case of an O2/Ar ratio of 8% (c), well-separated CuO columns with a high 
aspect ratio and a diameter in the range of 20 nm are obtained. 

In order to demonstrate the application potential of nanocolumnar semiconducting metal 

oxide thin films in the field of gas sensing, sensors based on CuO thin films prepared at high 

oxygen contents have been subjected to H2, n-butanol and 2-propanol. The time dependent 

gas response (change in resistivity upon introduction of the respective gas species) is shown 

in Figure 42 b for a pristine CuO sensor as well as a CuO sensor decorated with AgAu NPs 

(Figure 42 c). The optimal operating temperature for the pristine sensor was 325 °C while the 

NP decorated sensor was operated at 350 °C. The nanocolumnar CuO thin film sensor shows 

fast response with similar sensitivity towards all of the three investigated gas species. 

Especially the fast response and recovery times (in the order of seconds) turn these thin films 

into promising candidates for sensor applications. However, the low selectivity limits the 

field of usage.  

Upon surface functionalization of the CuO nanocolumns with AgAu NPs, the sensitivity 

towards 2-propanol was increased (roughly by a factor of 1.6), while the sensitivity towards 

H2 and n-butanol remained rather unchanged. Accordingly, such sensor nanocomposite 

shows a higher selectivity towards 2-propanol. Although, at first glance, the sensing 

performance of these nanocomposite CuO/NP thin film sensors may appear poor in 

comparison to the well-optimised doped ZnO thin film sensors discussed in section 4.2.1, the 

application potential of merging nanocolumnar thin films and noble metal NP surface 

decoration is well demonstrated. On top of the feasibility of tuning the sensor selectivity by 

surface decoration with NPs, the whole CuO/NP sensor nanocomposite was manufactured 

in a single PVD-based deposition step without the necessity of any additional heat treatment 

step. As such, the concept of nanocolumnar thin film sensors appears very promising for 

integration (e.g. as sensor component in memsensors) and further research is expected to 
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significantly increase the sensing properties of the showcased CuO/NP thin film sensor 

prototype.   

 
Figure 42: (a) Raman spectroscopy of the deposited CuO thin films without any post deposition heat 
treatment reveals the presence of CuO for all investigated reactive gas atmospheres. For the 
determination of the response of a nanocolumnar CuO sensor in its pristine form (b) as well as after 
surface decoration with AgAu NPs (c), H2, n-butanol and 2-propanol are applied to the sensor (green bar). 
While the pristine sensor exhibits comparable sensitivity to these three gases, the selectivity is shifted 
towards 2-propanol for the AgAu NP decorated sensor.  
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4.3 Memsensors: Combining Sensing and Memristive Switching for Emerging 

Properties  

Having thoroughly discussed memristive devices and sensors in the previous part of this 

thesis, this section is devoted to the junction of the individual properties of both device 

classes in the form of memsensors. In this context, memsensors merge the properties of their 

individual components, namely stimulus dependent resistance and memristive switching 

with distinct resistance states, which allows for novel, emerging features. Therefore, 

memsensors are highly interesting with respect to the realization of biologically motivated 

functionalities in the context of neuromorphic engineering.  

One key aspect in neural networks is the close connection between the detection of signals 

(sensing) and the consecutive data processing (e.g. in terms of synaptic plasticity). To 

illustrate this, consider the following, simplified picture:  

The human body is covered with a plethora of sensing structures, ranging from an 

array of hair follicles over the olfactory system to the visual system, and each sensing 

structure is connected to a variety of neurons and neuron assemblies. With this 

highly parallel setup our body is capable of simultaneously detecting and processing 

sensory information in real time and only the most important stimuli are brought to 

our consciousness. Without the highly mandatory local data pre-processing, the 

constant stream of sensory excitations would literally blow our minds. 

In contrast to conventional electronics, in which data detection and data processing are 

typically performed separately, memsensors show the potential to close this particular gap. 

The most basic junction of data detection and processing is to be found in adaptation, which 

is commonly regarded as a core feature of neural systems. In the simplified macroscopic 

picture, adaptation can be understood as follows:  

Imagine a crowded lecture hall. As you enter, the windows are open and the room is 

filled with fresh air. The presentation starts and the windows are closed. With every 

breath the quality of air decreases – gradually, no sudden change, you don’t 
recognise it. The lecture is almost over as a colleague hurries over the bright, well-

ventilated hallway and reaches the lecture hall. He opens the door and enters the 

room. Suddenly he recognises that the air in the room is nowhere close to be called 

fresh. Although the two of you breathe the same air, the two responses are very 

different. While the gradual changes you experienced were blanked out, the sudden 

changes that your colleague experienced were transmitted to his consciousness.      

In the context of neurons, adaptation is typically discussed with respect to spike frequency 

adaptation, i.e. the frequency of pulses is proportional to the external stimulus acting on a 

neuron and the frequency asymptotically decreases over time (depicted schematically in 

Figure 43 a). Although in classical electronics, any sensor with a time dependent response to 

a constant stimulus is typically regarded as a device with inferior performance, in 

neuromorphic engineering such adaptation to a constant stimulus is a highly sought-after 

feature, which would allow for new, brain inspired circuits. In neural networks such as the 
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human brain, the spiking of individual neurons as well as the interaction with the highly 

interconnected neuron assemblies leads to a strong time dependence of voltage pulses.  

For a technical realisation in neuromorphic circuits, an operation with constant applied 

voltage instead of a pulsed operation is commonly regarded as more simple. As a closely 

related approach, adaptation can also be realised in the amplitude of the response instead of 

the frequency of spikes. In Figure 43 b amplitude adaptation is presented as an analogue to 

spike frequency adaptation, which roughly relates to an integration over the individual 

spikes.  

 
Figure 43: Adaptation to an external stimulus: The relation between spike frequency adaptation (a) and 
amplitude adaptation (b) for memsensor devices. In spike frequency adaptation, the frequency of spikes 
is proportional to the strength of the stimulus and decreases asymptotically over time. In amplitude 
adaptation, the amplitude of the response is proportional to the strength of the stimulus and decreases 
asymptotically over time. 

In the framework of this thesis, the concept of memsensors was investigated with a particular 

focus on the following questions:  

Which memsensor properties can be realised on the basis of memristive devices and sensor 

structures fabricated within this thesis?  

In order to give a thorough answer, a memsensor model relying on multistack 

nanoparticle-based memristive devices with diffusive switching characteristics is 

described in section 4.3.1.  

How can further properties be realised by extending the choice of materials?  

For this purpose, a more general memsensor model relying on idealised memristive 

devices with analog, multilevel switching is investigated in section 4.3.2.  

Which general layout could be chosen for the preparation of a thin film stack memsensor?  

In the context of this question, a simple thin film layout with a high prospect for a 

memsensor realization is proposed in section 4.3.3. 
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4.3.1 Modelling of Memsensors Relying on Nanoparticle-based Memristive Devices 

In this section, the junction of nanoparticle-based memristive devices (with their diffusive 

memristive switching characteristics as depicted in Figure 44 a+b) and typical sensors (with 

an exponential response to a stimulus change as depicted in Figure 44 c) is explored in the 

framework of memsensors. For this purpose, first the IV characteristics of the individual 

components are modelled and subsequently the electrical properties of simple memsensor 

circuits are investigated on the basis of the developed models.  

 

Figure 44: The characteristic feature of nanoparticle-based memristive devices is their diffusive 

memristive switching (a) with defined HRS and LRS and a stable operation window in between the SET 

and RESET voltages. These voltages are statistically distributed (b), which is described by the cumulative 

switching probability plot. In this section, the junction of such multistack memristive devices and typical 

sensor devices with an exponential current response (c) will be modelled in order to explore their 

applicability in the context of memsensors.  

Modelling of nanoparticle-based memristive devices with diffusive switching characteristics  

The characteristic feature of the nanoparticle-based memristive device is its diffusive 

memristive switching (as depicted in Figure 44 a) with the two distinct resistance states (HRS 

and LRS) and a stable operation window between the SET voltage (Uset) and the RESET 

voltage (Ureset). For consecutive switching cycles, the corresponding switching voltages are 

distributed statistically, as depicted in Figure 44 b.  

In order to model the electrical characteristics of such nanoparticle-based memristive device, 

a numeric model applying the following assumptions was chosen: 

The memristive device exhibits two distinct resistance states, namely a state with 

high resistance Rm,HRS and a state with low resistance Rm,LRS. This binary condition is 

expressed in terms of an internal state variable ω by Eq.4.1:   

(4.1) ( ) ( ), , ,m m HRS m HRS m LRS
R R R R = −  −

 
with  0,1  

The switching between the respective resistance state is mediated by the voltage, 

which is applied to the memristive device. The probability of switching is a function 

of the applied voltage and the respective probability values are extracted from the 

probability plots, which were recorded based on the evaluation of multiple switching 

cycles for the multistack AgAu NP and AgPt NP devices.  
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In the numerical simulation, in each time step the internal state variable of the 

memristive device is updated by generating a random number (e.g. between 0 and 

1) and comparing it to the respective switching probability at the applied voltage. 

This is illustrated by the following example: The memristive element is in its HRS 

and subjected to a voltage Ut. Following the switching probability plot in Figure 44 

b, the switching probability at Ut is 0.1. Accordingly, the memristive element is SET 

to its LRS if the random number is below or equal to 0.1, otherwise it remains in its 

HRS. Accordingly, the switching between HRS and LRS is modelled to occur 

immediately in a single simulation step.   

A single time step is related to 200 ms, which corresponds to a typical acquisition 

time for a single data point during the electrical measurement of the multistack 

devices.  

In order to validate the model, the experimentally obtained resistance values and switching 

voltage distributions for the multistack AgAu NP device as well as for the AgPt NP device 

were incorporated into the model and multiple consecutive hysteresis loops were simulated. 

In Figure 45, the IV characteristics of the nanoparticle-based devices are depicted in terms 

of a comparison of experimentally measured hysteresis loops (grey lines) and simulated 

curves (red lines).  

In case of the multistack AgAu NP device, the switching behaviour for the SET process is 

matched very accurately by the probabilistic model and also the RESET process is 

qualitatively well matched. The main deviation between the experimentally obtained and 

the simulated curves is found shortly before the RESET occurs. In the model, all switching 

processes are assumed to occur immediately in a single time step. In case of the SET step in 

the AgAu NP device, this assumption is well met, the RESET however occurs more gradual. 

Nevertheless, the simple model fits reasonably well to the experimental data.  

The comparison of the experimentally obtained and the modelled IV hysteresis curves for 

the AgPt NP device is depicted in Figure 45 b. For the multistack AgPt NP device, the main 

switching characteristics are in general qualitatively captured by the model. However, the 

experimentally recorded IV hysteresis curves exhibit a more gradual switching, i.e. in 

addition to the HRS and LRS also further intermediate resistance states are occasionally 

observed. As the probabilistic model explicitly relies on a binary transition between ω=0 and 
ω=1, such gradual switching is not reproduced by the chosen model. In addition, the 

modelled IV hysteresis loops show a strong deviation from the experimentally obtained data 

in case the multistack AgPt NP device is in its HRS. More precisely, the experimentally 

determined current in the HRS lies in the range of 10 pA, while for the modelled data much 

smaller currents are observed. The main reason for these deviations is that the limit of 

detection of the applied measurement unit (Source meter, Keithley 2400) in connection with 

the probe station lies in the range of 10 pA.  Another deviation between the simulated and 

experimentally recorded curves is to be found in the low resistance state of the diffusive 

memristive device. While the model assumes a constant ohmic resistance of the device (with 

two distinct resistance states), the experimental measurements of the nanoparticle-based 
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devices have shown deviations from ohmic conductivity in the LRS. As already discussed in 

the context of power exponent plots in section 4.1.4, the dominating conductivity mechanism 

in the LRS is not purely ohmic conduction, but indications for additional influences of space-

charge limited conduction (in case of the AgAu NP device) and Poole-Frenkel emission (in 

case of the AgPt NP device) have been observed.  

 

Figure 45: Comparison of the IV characteristics for multistack nanoparticle-based memristive devices 

obtained experimentally (grey lines) and from the probabilistic model (red lines). Especially in case of the 

AgAu NP multistack device (a), the SET and RESET processes are represented very well by the chosen 

model. The general switching behaviour of the AgPt NP device (b) is also reproduced by the model, but 

deviations especially in the HRS are observed.   

However, despite the discussed built-in limitations of the chosen probabilistic model, the 

experimentally obtained hysteresis loops are qualitatively described reasonably well by the 

model, which allows to incorporate this model to the discussion of simple memsensor 

circuits.   

Modelling of sensor devices  

Representative for a variety of sensors investigated in the framework of this thesis, the 

response of a ZnO microrod sensor towards UV stimuli was selected to be modelled. This 

type of sensor relies on a ZnO microrod with a diameter of roughly 13 µm and a length of 

several mm. In Figure 46 a the general dimensions of the sensor are shown in terms of a top 

view SEM micrograph.  

 

Figure 46: (a) SEM micrographs of a ZnO microrod sensor for detection of UV light. The inset shows that 

the microrod has a diameter of roughly 13 µm. Figure taken from [128]. (b) The current response of the ZnO 

sensor to a UV stimulus pulse (blue background represents the presence of UV illumination) is depicted 

as experimentally obtained (grey line) and as modelled (red line). Modelling started at the time of UV 

stimulus withdrawal (roughly at 10 s).  
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Full details on the fabrication and electrical properties of a ZnO microrod sensor are 

published in the following work:  

A. Vahl, J. Carstensen, S. Kaps, O. Lupan, T. Strunskus, R. Adelung, F. Faupel, 

Concept and modelling of memsensors as two terminal devices with enhanced 

capabilities in neuromorphic engineering, Scientific Reports. 9 (2019) 4361. doi: 

10.1038/s41598-019-39008-5. 

The typical behaviour of a sensor towards a stimulus pulse is the sharp increase of the current 

through the sensor, followed by an asymptotic saturation towards a maximum current Imax. 

Upon withdrawal of the stimulus, the sensor current sharply decreases until it asymptotically 

saturates at a minimum current Imin. In close relation to the terminology applied for 

memristive devices, the minimum and maximum current can be described as the sensor 

being in its HRS and LRS respectively.  

In the numeric model, the sensor current is calculated for each time step (i+1) based on the 

previous step (i). In Eq.4.2, the sensor current Is is expressed for the transition from HRS to 

LRS and vice versa. Here, the transition HRS to LRS corresponds to the presence of a UV 

stimulus and consequently an increase in sensor current (with response time τres), while LRS 

to HRS corresponds to the absence of a UV stimulus and a decrease in sensor current (with 

recovery time τrec).     

(4.2) 
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In analogy to the resistance state of the memristive device, the resistance state of the 

sensitive device can be expressed in terms of a state variable α by Eq.4.3:  
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The time constants for response and recovery as well as the values for the high and low 

resistance states are extracted from experimental data obtained for the ZnO microrod sensor. 

In Figure 46 b the measured response (grey curve) is compared to the simulated response to 

a stimulus pulse (red curve). In the latter case, the simulation starts with a constant current 

(first 10 s), followed by the withdrawal of UV light (white background) and the application 

of UV stimulus (blue background). In general, the qualitative features of the sensor response 

and recovery are well represented by the simulated curve. Especially for the recovery in the 

absence of the UV stimulus the model captures the experimental data very well. In case of 

the response of the sensor in the presence of a UV stimulus, the modelled curve deviates 

from the experimental data, especially with respect to the slope of the curve. In a more 
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refined model, the incorporation of a second time constant for the response would fit the 

experimental data more precisely.  

Nevertheless, the sensor model even with a single time constant is very well suited to 

describe qualitatively the sensor behaviour and as such can be used for being integrated into 

the simulation of the equivalent circuit.  

Exploring memsensor functionalities 

Having validated the model for the sensor and for the nanoparticle-based diffusive 

memristive device, the next paragraph will focus on the description of memsensor circuits 

relying on these components.  

First of all, the current response of a single sensor element, which is operated at constant 

applied voltage Um, is investigated. In Figure 47 a, the simulated response of a sensor towards 

an external stimulus with low, medium and high stimulus strength are compared. 

Essentially, the variation in stimulus strength is realised by an alteration of the LRS of the 

sensor and reflects in a higher current response for increasing stimulus strength. These 

response and recovery characteristics are common for a sensor being subjected to stimuli of 

different strengths.    

 

Figure 47: (a) Current response of a modelled sensor subjected to a single stimulus pulse of various 

strengths. (b) Current response of a serial connection of a sensor and a modelled memristive device with 

diffusive switching characteristics. In contrast to the response of the individual sensor, the latter 

memsensor circuit shows relay-like response to sufficiently high stimuli, while the response to 

subthreshold stimuli is effectively damped.  

In the next step, the modelled circuit is expanded by an additional diffusive memristive 

element in series to the aforementioned sensor. The respective current response of such 

memsensor circuit to a stimulus pulse is depicted in Figure 47 b. In comparison to the 

behaviour of the individual sensor, the current response of the memsensor circuit is 

significantly altered and can be described as follows:  

• For subthreshold stimuli (low and medium stimulus in Figure 47 b), the addition of 

the memristive element effectively leads to a damping of the overall current 

response, because the memristive device remains in its HRS and greatly increases 

the overall resistance of the memsensor circuit.  

• For the high stimulus case, the resistance of the sensor element is lowest. In a serial 

connection with constant applied voltage, the potential drop over the respective 
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element is given by the fraction of its resistance with respect to the total resistance. 

Thus, in case the resistance of the sensor is sufficiently low, the potential drop over 

the memristive element reaches its SET voltage. Consequently, the memristive 

device switches to its LRS, which significantly reduced the overall resistance of the 

memsensor circuit. This sudden memristive switching is the origin of the abrupt 

increase in current response as observed for high stimulus strength in Figure 47 b.  

In other words, the two-component circuit acts like a sensor with built-in threshold and the 

response to subthreshold signals is effectively reduced. This feature is particularly interesting 

in the context of neuromorphic engineering, because it closely resembles the suppression of 

response towards subthreshold stimuli in neuron assemblies. Based on the modelled 

memsensor behaviour, a combination of sensors and nanoparticle-based memristive devices 

as fabricated in this thesis appears very promising to obtain a memsensor with tailorable 

stimulus threshold.   

In order to explore further memsensor properties, the two component memsensor circuit is 

extended by addition of a second sensor element (with identical characteristics compared to 

the first one) in parallel to the memristive element. The corresponding equivalent circuit is 

depicted in Figure 48 a. Assuming a constant applied voltage Uin, the potential drop over the 

memristive element Um in such memsensor circuit is given by:  
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Figure 48: (a) Equivalent circuit of a memsensor with two identical sensor elements (with Rs) and a 

memristive element with diffusive memristive switching characteristics. Assuming an immediate binary 

switching between the memristive device’s HRS and LRS, a transition region with continuous switching 
between both states can be observed for different applied voltages (b). The inset represents a magnified 

view on the most interesting area (grey rectangle) of the graph.  

The main idea behind the incorporation of an additional sensor element is the following: In 
general, the memristive element exhibits binary diffusive switching with a stable operation 
windows between SET and RESET voltages. Within the described memsensor circuit, the 
memristive element can be brought into a condition where neither the LRS nor HRS are 
stable. Under the assumption of immediate switching, the individual switching events would 
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result in sharp, spike-like transitions in the current response. Considering the width of the 
distribution of switching voltages, the frequency of the spikes could be tailored by the 
applied voltage or stimulus. Similar to the two-component memsensor discussed previously, 
the three-component memsensor is modelled with respect to its response towards a single 
stimulus pulse. In the numeric simulation, the applied stimulus pulse started at 1 s and lasts 
65 s.  

First, the behaviour of such memsensor circuit to a single stimulus pulse at different applied 
voltages Uin is discussed. In this case, the model for the multistack AgPt NP memristive 
device and the ZnO microrod sensor were incorporated into the numerical simulation. The 
resulting simulated curves for five different input voltages (ranging from 1.0 V to 2.5 V) are 
depicted in Figure 48 b. 

1.0 V:  At low input voltages, the potential drop over the memristive element is well below 
the threshold for switching towards the LRS, independent of the resistance of the 
sensor elements. Accordingly, the memristive device remains in its HRS. The overall 
memsensor response resembles the behaviour observed for the ZnO microrod 
sensor.  

1.1 V:  The threshold voltage for switching from HRS to LRS is overcome as soon as the 
resistance of the sensor is lowered due to the stimulus. Following the probability for 
switching from HRS to LRS, the memristive device occasionally switches to its LRS. 
As soon as the memristive element is in its LRS, the overall resistance of the parallel 
sub-circuit is dominated by the low resistance of the memristive device. Accordingly, 
the potential drop over the memristive element is greatly reduced. In case of the 
diffusive memristive device, the LRS is only stable for sufficiently large voltages. 
Consequently, after the SET the device would immediately switch back to the HRS. 
This instability in the LRS of the memristive device is observed as “spike” in the 
current response of the memsensor. 

1.2 V:  The number of spikes (and accordingly switching events) increases. This is explained 
by the higher voltage at the memristive element in the HRS, which increases the 
switching probability. The LRS of the memristive device however is still unstable and 
after each switching event, the device switches back to its HRS.  

2.o V:  The potential drop over the memristive element in its LRS is close to the RESET 
voltage. Accordingly, the memristive device may remain in the LRS for multiple 
simulation steps, which elongates the width of the individual spikes.  

2.5 V:  For sufficiently high voltages, the memristive device is stable in its LRS as long as 
the resistance of the sensor elements is low. Accordingly, between 20 s and 70 s no 
switching event is observed in the simulation of the memsensor response.   

In general, the observed dependency of the memsensor current response can be summarised 
into three different regimes, which are schematically depicted with respect to the switching 
probability plot for the memristive element in Figure 49.   
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Figure 49: Schematic depiction of the three relevant memsensor regimes in terms of the voltage at the 

memristive device and its relation to the probability plot for SET (red curve) and RESET (blue curve). The 

voltage at the memristive device in its LRS and HRS are indicated by green and orange colour respectively.   

Regime A:  There is a regime, where the simulated three component memsensor circuit 
behaves like a typical sensor. Upon applying or removing the stimulus, the 
current asymptotically settles to its LRS or HRS. This condition is fulfilled, 
as long as the voltage at the memristive device is below the threshold voltage 
for SET switching, thus the memristive device remains in its HRS.   

Regime B:   This regime is characterised by the instability of the resistance states of the 
memristive element. In case the memristive element is in its HRS, the 
potential drop over the memristive element (orange area) lies within the 
range of SET voltages, which results in a switching of the memristive 
element to its LRS. As a result, after any switching event the current level 
rises due to the lower overall resistance of the memsensor circuit. In case 
the memristive element is in its LRS, the potential drop over the memristive 
element (green area) is below the RESET threshold, resulting in a RESET to 
the HRS. Accordingly, the overall resistance of the memsensor circuit is 
increased, which results in a drop in the current response. Under the 
assumption of immediate binary switching, such cycle of HRS-LRS-HRS 
transitions of the memristive element results in a single spike in the current 
response. The rate of these spiking events is essentially given by the 
potential drop over the memristive element with respect to the distribution 
of switching voltages.  

Regime C:  The third regime is characterised by a stable switching of the memristive 
element to its LRS. In this regime, the potential drop over the memristive 
element is sufficiently high so that in case the memristive element is in its 
LRS (green area), the resistance state is stable and no RESET occurs.  

The three regimes are not only accessible by a variation of the applied voltage Uin, but also 
by a variation of the strength of the stimulus, which is shown in Figure 50 b. In this example, 
the simulation is based on the model for the multistack AgAu NP device as memristive 
element and the ZnO microrod sensor as sensor element. The applied voltage was kept 
constant at 1.8 V. In order to represent different stimulus strengths, the LRS of the sensor 
was set to 5 MΩ (high stimulus), 10 MΩ (medium stimulus) or 20 MΩ (low stimulus) 
respectively. In case of the lowest stimulus (corresponding to 20 MΩ), memsensor is 
operated in Regime A. By increasing the stimulus (corresponding to 10 MΩ), the memsensor 
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is transitioning to Regime B, resulting in the observation of spikes in the current response. 
For even higher stimuli (corresponding to 5 MΩ), the memsensor is operated in Regime C. 
Accordingly, in such three-component memsensor circuit there is a connection between the 
applied stimulus and the occurrence of spikes in the current response and their respective 
frequency.  

 

Figure 50: (a) Three component memsensor circuit with two identical sensor elements (with Rs) and a 

memristive element with diffusive memristive switching characteristics. Assuming an immediate binary 

switching between the memristive device’s HRS and LRS, a transition region with continuous switching 

between both states can be observed for different stimulus strengths (b). The inset represents a magnified 

view on the most interesting area (grey rectangle) of the graph. 

In conclusion, the simulation of memsensor circuits indicates the viability of incorporating 
nanoparticle-based memristive devices with diffusive switching characteristics in the context 
of memsensors. Especially Regime B appears to be very interesting for application purposes, 
e.g. as a memsensor with a spike-like current response towards UV stimuli in the context of 
neuromorphic engineering. However, the main limitation in the applied model for the 
memristive devices is the assumption of immediate binary switching. Experimentally, such 
behaviour is readily observed for the SET process in multistack nanoparticle-based 
memristive devices relying in AgAu NPs. Due to the experimental limitations with respect to 
the acquisition time in the range of 200 ms, further studies on the time-dependency of the 
switching process in nanoparticle-based memristive devices are necessary to give a reliable 
statement. However, even if the condition of immediate binary switching in multistack 
memristive devices will turn out not to be fully satisfied, the Regime B still renders 
interesting: In case there is a gradual, stepwise switching into additional intermediate 
resistance states, the instability of HRS and LRS in Regime B would allow to stabilise 
respective intermediate resistance states. As such, the memristive elements would behave 
more like a memristive devices with multilevel, analog switching characteristics.     
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4.3.2 Extension of the Memsensor Concept by Considering Multilevel Memristive 

Switching  

The investigation of memsensor circuits so far was based on models for the memristive and 

sensor elements, which were in close relation to the devices fabricated in the framework of 

this thesis. In this section the concept of memsensors is extended to a more abstract model 

based on memristive elements with analog, multilevel switching characteristics (as 

schematically depicted in Figure 51 a). Such multilevel memristive switching was reported, 

e.g. by Jo et al., who investigated a thin film of amorphous Si with an embedded gradient of 

Ag NPs, formed by self-organization.[7] Furthermore, a sensor model with immediate 

response to the applied stimulus (as schematically shown in Figure 51 b) is chosen for the 

following simulations.   

 
Figure 51: (a) The characteristic feature of a memristive device with multilevel, analog switching behaviour 
is the presence of a multitude of stable intermediate resistance states (grey, dotted lines) in addition to 
the global LRS and HRS. In this section, a model for analog memristive devices and a sensor model with 
immediate response to the applied stimulus (b) are chosen to investigate the electrical properties of a 
three-component memsensor circuit(c), which contains memristive elements in series (Rm,ser) and in 
parallel (Rm,par) to the sensing element (Rs). 

In this section, a three-component memsensor circuit based on memristive elements in 

series (with Rm,ser) as well as in parallel (with Rm,par) to a sensitive element (with Rs) as shown 

in Figure 51 c will be investigated with respect to its response to the application and 

withdrawal of a stimulus. The main aspects of the memsensor modelling as well as the 

implications on the resulting memsensor properties are topic of this section while the full 

details are discussed in the following work:  

A. Vahl, J. Carstensen, S. Kaps, O. Lupan, T. Strunskus, R. Adelung, F. Faupel, 

Concept and modelling of memsensors as two terminal devices with enhanced 

capabilities in neuromorphic engineering, Scientific Reports. 9 (2019) 4361. doi: 

10.1038/s41598-019-39008-5. 

For a simple simulation of the proposed three component equivalent circuit, a perfect linear 

sensor is selected, whose resistance Rs depends linearly on the applied external stimulus α 
(Eq.4.5). Thus, the sensors resistance varies between its LRS and its HRS. Furthermore, the 

memristive elements’ resistance is assumed to depend linearly on an internal state variable 

ω. As commonly used, for ω =0 the memristive element is in its HRS, for ω=1 it is in its LRS. 
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Both memristive elements are treated individually, each has an individual internal state 

variable ωser and ωpar. In order to model the change in resistivity, a voltage driven model in 

which the internal state of the memristive element is changed depending on the applied 

excitation potential Um (Eq.4.7) is chosen. This approach is closely related to metal-cation-

migration-based memristive devices (such as those presented in section 4.5.2) and is justified 

by the electrical-field-dependent ionisation and transport processes of charge carriers 

through insulating matrices.  
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A memristive element as described by Eq.4.7 would exhibit an infinite retention time of the 

resistance state. However, in real memristive devices there are always processes (such as 

dissolution of filaments by electromigration and diffusion) present that will drive the 

memristive device back to its original state. In this model these “backdriving forces” are 
expressed as a negative potential Uback, which counteracts the excitation potential. Although 

it is physically meaningful to assign different time constants (τ and τback) to the exciting and 

backdriving processes, for simulation purposes the number of free parameters can be 

reduced by transforming Eq.4.8 to Eq.4.9.  
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The excitation voltage for the parallel and serial memristive element results from the 

electrical equivalent circuit: Assuming an operation of the overall memsensor circuit at 

constant applied external voltage Uin, the potential drop over the serial (Um,ser) and 

parallel (Um,par) memristive element can be written as:  
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According to the equivalent circuit, the overall resistance R of the three-component 

memsensor is described by the resistances of its components as written in Eq.4.12:  

(4.12) ( ) ( ) ( )
( ) ( )

,

,

,

m par par s

m ser ser

m par par s

R R
R R

R R

 


 


= +

+
 

The next step in the development of the model is the formulation of the differential equation 

for the overall resistance. As already described in Eq.4.9, both memristive elements show a 

distinct time dependence regarding their internal state variable (and hence their resistance). 

Typical sensor devices also exhibit a time dependent response and recovery to applied 

stimuli. In this model however, the time dependence of the sensitive element is neglected, 

which is reasonable in case the time constants of the sensitive device are much smaller than 

the time constants of the memristive elements.   

Based on this assumption, the full differential equation can be written as:  

(4.13) 
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For a numerical solution of this differential equation, the time derivative of both internal 

state variables (Eq.4.9) has to be discretized. In the discretized equation (Eq.4.14) the 

internal state variable at numerical simulation step i+1 depends on the earlier discussed 

potential drop over the respective memristive element as well as the previous state variable 

at step i.  
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In addition, also the upper and lower boundaries for the state variable (1 and 0 respectively) 

are incorporated. Instead of including this necessity by adding two conditions for the upper 
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and lower boundary, also an appropriate window function could have been used. Window 

functions for memristive devices have already been proposed by Prodromakis et al. and Zha 

et al..[79,80] However, in this model the window function approach was not chosen in order 

to keep a simple representation of all parameters by physical quantities.  

This three-component equivalent circuit model was applied in a numerical simulation of two 

application scenarios. Figure 52 shows the memsensor’s behaviour towards IV hysteresis 
loops at various stimuli (a) as well as towards subsequent stimulus pulses at constant applied 

input voltage (b).  

 

Figure 52: (a) Simulation of IV hysteresis for different stimulus levels applied at the sensory element; (b) 

The simulated response of a memsensor equivalent circuit to high and low stimulus pulses shows 

amplitude adaptation to consecutive stimulus pulses. 

When the memsensor is subjected to a higher stimulus, the resistance of the sensor element 

and consequently also the resistance of the parallel sub-circuit is lowered. This results on the 

one hand in a lower overall resistance of the memsensor, which can be observed by 

comparing the blue and red curve in the R-V plot. On the other hand, the potential drop 

over the serial memristive element is relatively increased, which results in a more 

pronounced memristive switching. As a consequence, the width of the hysteresis loop is 

increased for higher stimulus strength. Thus, the extent of the IV hysteresis depends on the 

applied stimulus.  

In case a sequence of stimulus pulses is applied to the memsensor at constant applied 

voltage, the response of the memsensor adapts to the applied stimulus. While for the first 

stimulus pulse, the amplitude of the change in resistance is the highest, with each 

subsequent pulse the amplitude decreases and gradually reaches a constant level of lower 

response. The origin of this amplitude adaptation lies in the interplay of the two memristive 

elements with analog memristive switching behaviour. While the serial memristive element 

(green colour) reacts fast and switches back to its HRS in each stimulus pulse, the parallel 

memristive element (red colour) gradually switches towards its LRS, which effectively results 

in the amplitude adaptation behaviour.   
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Both application scenarios offer high merits for applications in neuromorphic engineering: 

The stimulus dependent hysteresis for example would allow for selective memory state 

switching in a network. In a practical realisation, this could be used to manufacture a 

network of memory nodes, which can be written selectively by applying local optical signals. 

The amplitude adaptation of memsensors offers the potential of application as first layer of 

information processing, which processes the input stimuli and results in a sensitivity that is 

higher for abrupt changes than for gradual drift. Such memsensor device could close the gap 

between signal detection and processing, which is an essential feature for the design of 

biologically motivated circuits.  
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4.3.3 Conclusions for the Realization of a Thin Film Memsensor Device 

In the previous chapters, memsensor circuits were modelled and the overall description of 

memsensors was quite abstract. A common feature of the described memsensor circuits is 

that each circuit incorporates one or more sensitive and memristive elements. In this section, 

the link between the modelled memsensor circuits and a potential thin film realisation will 

be closed.  

A prerequisite for any memsensor is its accessibility to the external stimulus. In case of 

horizontal structures like nanowires, the memsensor is open to the surrounding and thus 

also any kind of sensory signal. For vertical structures, in which the active layer is sandwiched 

between two electrodes, integration into crossbar arrays is possible and was already 

demonstrated[23,129]. However, a structuring of the top electrode or a deliberate choice of 

top electrode material (e.g. ITO for transmission of optical stimuli) is mandatory in order to 

make the memsensor accessible to the external stimuli. For this reason, the simple design 

for a two-terminal memsensor discussed here relies on a thin film stack and lateral 

(horizontal) contacts. A schematic cross section of such memsensor stack is depicted in 

Figure 53.  

 

Figure 53: Schematic cross section of a thin film stack with the potential of resembling a memsensor. The 

drawing is not to scale. 

Essentially, the memsensor stack contains four individual components: Onto a 

nonconductive substrate (grey colour) a metal contact layer (orange colour) with a lateral 

gap is applied, which is covered by a sequence of two layers (bottom layer: green colour, top 

layer: blue colour). Following this general scheme, the top layer is not covered by any contact 

or capping layer and thus is open to any stimulus. In Figure 54, the corresponding equivalent 

circuit under consideration of all possible interface and bulk resistances is shown.  

 

Figure 54: Schematic cross section of the proposed memsensor thin film stack including the depiction of 

the most relevant resistances. 
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This equivalent circuit can be substantially simplified to the dominating conduction path 

(Figure 55 a) using the following assumptions:  

• In case an insulating substrate with sufficiently high resistivity (such as SiO2) is 

chosen, the conduction through the substrate (with Rsub) can be neglected. 

• In case the lateral gap between the contacts is much larger than the layer thickness 

of the bottom layer and the resistivity of the top layer material is lower than that of 

the bottom layer material, the conduction path through Rbot2 can be neglected as 

Rbot2 >> (Rbot1+Rbot3+Rtop+RintB1+R intB2).  

 

Figure 55: (a) Simplified equivalent circuit under the assumption that the dominating conduction path is 

through the top layer; (b) Corresponding equivalent circuit with memristive (Rm) and sensitive (Rs) 

elements; (c) Three-component memsensor circuit as discussed in section 4.3.2.   

The general thin film stack layout allows combining two different thin films, one as the top 

layer and one as the bottom layer. The abstract two-terminal thin film memsensor stack can 

be put into the context of possible materials to be applied for the individual layers:  

Because the top layer is well accessible by any kind of stimulus, this layer should incorporate 

the sensitive component. In the context of a potential application as top layer, materials such 

as semiconducting metal oxides appear very interesting, as they exhibit sensing properties 

towards UV-light and gas molecules as well as the potential to undergo memristive 

switching. Consequentially, the top layer itself could incorporate memristive and sensitive 

properties simultaneously. In the simplified equivalent circuit depicted in Figure 55 b, this 

corresponds to a memristive element (with Rm,par) in parallel to a sensitive element (with Rs). 

Assuming another memristive thin film to be applied as bottom layer, for example a 

nanoparticle-based memristive stack, two memristive elements (with Rm,ser1 and Rm,ser2) are 

added in series to the top layer. The resulting simplified equivalent circuit as shown in Figure 

55 b exhibits strong similarities to the three-component memsensor circuit (Figure 55 c), 

which was discussed in terms of amplitude adaptation in the previous section.  The usage of 

a nanoparticle-based memristive thin film as bottom layer offers the advantage that in 

principle similar memristive switching properties are observed independent of the applied 

polarity. For asymmetrical memristive devices (e.g. incorporating a Schottky-barrier), 

independent of the polarity one memristive element would always be operated under reverse 

bias. In this general layout, the lateral separation of the contacts directly relates to the 

resistance of the top layer Rtop. Thus by deliberately choosing the width between the contacts, 

the resistance of the sensor Rs can be tailored. All in all, the two-layer thin film stack appears 

as a promising approach to fabricate two-terminal memsensor devices.  
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5. Conclusion and Outlook 
 
This work evolves around the concept of memsensors, which unify the characteristic features 

of memristive devices and sensor devices. In terms of memsensor models, emerging features 

like amplitude adaptation are described and studied, and their close relation to stimulus 

response in biological neural assemblies renders memsensors as promising devices to be 

investigated in the context of neuromorphic engineering. On this background, the major 

objective of this thesis is to provide tools and building blocks and showcase pathways to 

incorporate memristive and sensitive properties into memsensor devices. For this purpose, 

a nanoparticle-based memristive device with diffusive memristive switching characteristics 

was developed and characterised in detail and sensors relying on semiconducting metal 

oxide thin films were studied.    

Fabrication and characterization of memristive devices 

In the framework of this thesis, memristive devices relying on noble metal alloy 

nanoparticles embedded in a dielectric matrix were successfully prepared and thoroughly 

characterised. The general concept of incorporating nanoparticles offers the advantage of 

field enhancement in between nanoparticles, predefining the location of memristive 

switching and yielding a more reproducible hysteresis loop while simultaneously omitting 

the necessity of electroforming. In this work, this overall design is expanded by using alloy 

nanoparticles with a well-defined composition, in which the less noble component acts as a 

source for the mobile metallic cations and the more noble component as a stable anchor 

inside the dielectric matrix. For the fabrication of AgAu and AgPt nanoparticles, the method 

of gas phase synthesis in a Haberland type gas aggregation source was extended by the 

introduction of a segmented target geometry. Upon utilizing Ag targets with embedded 

concentric wires made of Au or Pt, alloy nanoparticles with a narrow size distribution and 

mean diameters in the range of 10 nm were deposited from the gas phase. In addition, this 

single-target approach allows for a deliberate tailoring of the alloy nanoparticle composition 

by a variation of the operational pressure within the gas aggregation source.  

These alloy nanoparticles were successfully incorporated into memristive nanocomposites, 

which were fabricated by sequential deposition of dielectric SiO2 thin films and alloy 

nanoparticles. In order to study the electrical properties of such nanoparticle-based devices, 

single SiO2/NP/SiO2 stacks as well as multistack devices relying on multiple consecutively 

deposited SiO2/NP stacks were prepared. The investigation of the memristive properties at 

the level of a single nanoparticle was realised by contacting individual nanoparticles with a 

conductive AFM tip. Reliable and reproducible diffusive memristive switching was observed 

with a statistical distribution of the respective switching voltages for multiple consecutive 

hysteresis loops. Multistack devices with a higher overall layer thickness (and 

consequentially a higher mechanical robustness) were contacted by flexible Pt wire in a 

conventional probe station. In agreement with the observations for contacting individual 

nanoparticles, the multistack memristive devices exhibit diffusive memristive switching with 

a stable operation window in between the switching voltages. As an example, in the AgAu 

NP multistack device no switching event was recorded in between 0.32 V (corresponding to 
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the RESET threshold) and 0.71 V (corresponding to the SET threshold), yielding an operation 

window width of 0.39 V.  

The incorporation of a thin film of Cr as an additional wetting layer greatly impeded the 

overall device performance. In fact, in a two-day continuous c-AFM measurement, severe 

morphological changes in a range of several µm around the location of the tip were observed. 

Applying SEM EDX on the respective area, these structural alterations could be attributed to 

the migration and oxidation of Cr from the wetting layer, which indicates inferior long-term 

stability of the Cr wetting layer in the context of nanoparticle-based memristive devices.  

The concept of multistack nanoparticle-based memristive devices turns out to be highly 

promising, as it allows for stable memristive switching with diffusive switching 

characteristics and a narrow distribution of the respective switching voltages. In comparison 

to other memristive devices with diffusive switching characteristics (such as the devices 

prepared by Wang et al., Nature Materials, 16 (2017) 101-108), the prepared multistack 

memristive devices relying on AgAu and AgPt nanoparticles are very competitive. The 

general concept of embedding alloy nanoparticles as a source for mobile silver cations into a 

dielectric matrix results in two degrees of freedom to design memristive devices with tailored 

switching properties: On the one hand, the composition of the nanoparticles and on the 

other hand the separation of the individual layers can be varied in order to impact the 

availability of mobile silver cations, the local electrical field and the overall resistance of the 

device. Considering this high versatility, the concept of memristive switching on the basis of 

noble metal alloy nanoparticles is very promising for future research on memristive devices. 

Fabrication and characterization of sensor devices 

Sensor devices relying on semiconducting metal oxide thin films were investigated with 

respect to their sensing performance towards UV-light and gas molecules. In general, two 

approaches were pursued in this context. First of all, the modification of sensing properties 

upon surface decoration with noble metal nanoparticles was investigated at the example of 

ZnO:Ag and ZnO:Fe thin film sensors. This approach shows a strong synergy with the 

deposition of alloy nanoparticles by gas phase synthesis, as already applied in the context of 

nanoparticle-based memristive devices. The surface decoration of the ZnO thin films with 

nanoparticles (Ag, AgAu and AgPt) results in a significant increase in sensitivity, which is 

related to a change in the electron depletion layer in the vicinity of the nanoparticles. For 

example, the gas response of a ZnO:Fe thin film towards ethanol was enhanced from 15 (for 

the pristine thin film) to 63 (for a thin film decorated with Ag nanoparticles). Simultaneously, 

the sensor exhibits only a minor response towards other gas species even at significantly 

higher concentrations, indicating a remarkable increase in ethanol-selectivity of such thin 

film sensors upon surface functionalization.  

The second approach in the context of sensor devices was the deposition of thin films with 

tailored morphology by reactive DC magnetron sputtering. In this context, a special focus 

was put on the fabrication of nanocolumnar thin films. In case of TiO2 thin films, a network 

of nanoscopic cracks was introduced to the thin film by a post deposition heat treatment. A 

variation in the availability of oxygen during the deposition was found to impact the resulting 
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thin film morphology. Applying a higher flow of oxygen results effectively in an enhancement 

in the nanocrack morphology with more defined cracks. This overall concept was transferred 

to the deposition of CuO thin films. In case of a high availability of oxygen, CuO thin films 

comprising of well separated columns with a high aspect ratio could be prepared even 

without the necessity of any post deposition heat treatment. An investigation of the gas 

sensing performance of a nanocolumnar CuO thin film sensor prototype showed response 

to H2, n-butanol and 2-propanol with a change in resistivity of roughly 30% upon exposure 

towards the respective gas species.  

In order to showcase the overall potential of combining the two concepts of tailored thin 

film morphology and surface decoration by nanoparticles, a thin film sensor device relying 

on nanocolumnar CuO thin films and AgAu nanoparticles was prepared. Upon surface 

decoration of the CuO thin film, the sensor exhibits a distinct change in selectivity: while the 

response to H2 and n-butanol remained almost identical compared to the pristine CuO thin 

film, the gas response towards 2-propanol is enhanced roughly by a factor of 1.6. Although at 

first glance the sensor performance of the CuO/NP prototype appears inferior in comparison 

to the well-optimised doped ZnO thin film sensors, the possibility to deposit the 

semiconducting metal oxide thin film as well as alloy nanoparticles in a single PVD-based 

deposition step without the necessity of any heat treatment renders this approach very 

promising for further research on nanocomposite sensors.    

Concept and modelling of memsensor devices 

In the concept of memsensors, memristive and sensitive elements are combined in order to 

explore functionalities beyond the fundamental properties inherited from the individual 

components. The junction of sensing (stimulus dependent resistance = signal detection) and 

memristive switching (control over the resistance state = data processing) is in close analogy 

to signal detection and processing in biological systems. In order to study possible 

memsensor features such as adaptation, memsensor circuits are modelled and studied with 

respect to their electrical behaviour towards stimulus pulses.   

The nanoparticle-based memristive devices with diffusive switching characteristics are 

modelled and combined with conventional sensors (ZnO microrods) in simple two- and 

three-component memsensor circuits. Biologically motivated functionalities such as a 

damping of the response towards subthreshold stimuli are observed in a numeric simulation 

of a memsensor featuring the serial connection of modelled nanoparticle-based memristive 

device and ZnO microrod sensor device. Upon the addition of a second sensor element to 

the memsensor circuit, in the numerical simulation an operational regime was observed, in 

which neither the LRS nor HRS of the diffusive memristive device were stable. Such regime 

renders very interesting for the operation of memsensor devices as (in the limits of the 

chosen model) it results in spike-like transitions in the current response.  

The memsensor model was extended by considering memristive devices with idealised, 

analog, multilevel switching behaviour and a three-component memsensor circuit with two 

memristive elements, one in series and one in parallel to a sensitive element, is studied. In 

the simulation of such memsensor circuit, biologically motivated functionalities like 
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stimulus dependent hysteresis and amplitude adaptation are observed, which show a certain 

analogy to spike-frequency adaptation in neuron assemblies.  

Outlook 

In this early stage of research on memsensor devices, a reliable prediction of the range of 

applications in its entirety appears challenging and would go beyond the scope of this thesis. 

However, a short thought experiment will be employed to illustrate the tremendous 

application potential of memsensors:  

Take a sharp pencil and apply its tip with a mild, constant force onto your skin. As soon 

as the tip is touching your skin, you will feel a mild pain, reminding you of the pointy 

object. When you keep the force constant, slowly your skin adapts to the presence of the 

pencil and the mild pain vanishes from your consciousness.  

How does such behaviour relate to memsensors? Imagine an array of memsensors on a 

flexible polymer sheet, with the sensor component relying on mechanical sensing of a 

tactile stimulus. With carefully designed memsensors, in such array the individual device 

may adapt to the local stimulus and suppress any response to minor, subthreshold 

excitations. The memsensor array would react much like an artificial skin, with the built-

in capability to detect and adapt to mechanical stimuli.   

The short thought experiment illustrates the potential of memsensors to closely combine 

signal detection and data processing. This general concept exhibits strong parallels to signal 

processing in neuron assemblies. Consequently, memsensors appear as highly interesting 

research field in the context of biologically inspired devices in neuromorphic engineering. 

The minute combination of memristive and sensitive properties offers the chance to design 

two-terminal memsensors. In this respect, the general layout of thin film memsensor devices 

relying on a stack of sensitive and memristive layers and lateral contacts appears to be 

promising for further experimental studies on memsensors. Whether memsensor devices 

with integrated sensing and memristive switching capability will be able to live up to these 

promises will be essentially governed by the following aspects, which yield a broad field for 

further research:  

• Will it be possible to manufacture memsensor devices with adequately narrow 

distribution of parameters?  

• Will it be possible to integrate these devices into large scale networks with sufficient 

precision?  

• Will the field of application be extended by realizing further emerging 

functionalities with memsensor devices? 

• Will it be more efficient (in terms of energy and costs) to apply memsensor devices 

and arrays instead of a combination of conventional sensor arrays and signal 

processing electronics?  
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Appendix A: Overview on the Application of Memristive 
Devices as Memory  
 
The main motivation to incorporate memristive devices in application scenarios is twofold: 

On the one hand, memristive devices are under investigation as non-volatile memory (NVM) 

with advantageous characteristics in conventional computing architectures. On the other 

hand, the unique electronic properties of memristive devices inspire applications that go 

beyond conventional electronics, such as neuromorphic engineering. In the main body of 

this thesis the discussion of the applications of memristive devices is mainly limited to the 

latter aspect. In order to paint the complete picture, this section serves to give an 

introduction to memristive devices in the context of memory applications. For a more 

detailed discussion on this matter the reader is referred to the 2015 report of the 

Semiconductor Industry Association and Semiconductor Research Corporation [169] and the 

comprehensive review articles of Daniele Ielmini on memristive switching.[3] 

Memristive devices in the context of conventional computing architectures are regarded as 

an emerging memory technology to complement FLASH and DRAM. In this framework, 

memristive devices are typically termed resistive random access memory (RRAM or ReRAM). 

In contrast to DRAM, RRAM is a non-volatile memory and sufficient data retention times 

have been reported. MIM structures, as commonly used in RRAM, offer the promise of 

miniaturisation below the footprint of a DRAM cell. At the same time, RRAM is envisioned 

to outclass FLASH memory in terms of switching speed and energy per written bit.[3,170] 

In terms of application as a non-volatile memory, memory devices are typically optimised 

with respect to the following characteristics: [1]  

• The written state should be conserved for a sufficient time period and be 

undisturbed by a high number of consecutive read operations (Long retention 

times)  

• Low write and read currents (Low power operation) 

• Multiple well defined resistance states (Multilevel memory) 

• Fast writing speed and low access times (High operation speed) 

• Stable switching for a high number of switching cycles (High endurance) 

• Small footprint (Miniaturization)  

• Reasonable low manufacturing cost (Cost effectiveness) 

The search for new, more efficient memory technologies is reasoned in the strong growth of 

computing and the related energy consumption. In currently available systems, the energy 

necessary to store a single bit Eb is roughly 10-14 J. Assuming a constant growth of the 

computing power over the next decades, even before the year 2040 the whole world’s energy 
production of today would be consumed solely by computing units.[169] The ultimate limit 

for the energy necessary to store 1 bit of information is given by the so called Landauer limit, 

which reasons from the change in entropy upon directed writing: [171] 
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(A.1) ( )ln 2
b B

E k T=      

At room temperature, this fundamental limit lies in the order of 10-21 J, which is roughly 7 

orders of magnitude lower than the energy necessary to store a single bit in currently 

available systems. This limit however does not take into account the memristive switching 

process itself, which typically involves the transport of metal cations or oxygen vacancies 

through a solid matrix. In terms of the scaling limits for RRAM devices, according to 

calculations of Zhirnov et al. already a gap of three atomic layers in between two metal 

contacts with an area of roughly 1 nm² each could represent a memristive device with 

sufficient retention.[172] Such a device would ideally exhibit a switching energy in the order 

of 10-17 J, more realistically of 10-18 J.[173]  

So far, RRAM devices with write energies in the order of 10-13 J with reasonable retention 

times and high endurance (over 1010 cycles) as well as fast operation speeds (below 10ns) have 

been reported.[62]  In order to fulfil the criteria of fast writing speeds (write typically voltages 

in the order of 1 V) and long data retention at subsequent read steps (read typically at 

voltages in the order of 0.1 V), the kinetics involved in the physical switching mechanism 

have to be strongly nonlinear.[62]   

Accordingly, RRAM devices are regarded as promising candidates for future low power 

memory technologies. However, the reliability of RRAM devices remains one of the strongest 

concerns, due to the degradation mechanisms connected to the repeated migration of charge 

carriers under a locally high electric fields (1 MVcm-1 and higher are reported) and the locally 

high current density (in the order of MAcm-2).[3] Nevertheless, a number of companies have 

announced, developed or released a variety of commercial products based on RRAM 

technology. Some examples of such products and their respective manufacturers include:   

• Crossbar Inc. (Application of ECM type devices in a crossbar array) [174,175]   

• Everspin Technologies Inc. (Using STT MRAM)[176]  

• Intel Corporation and Micron with “3D XPoint” (Probably relying on PCM type 
devices [177], arranged in a crossbar array)[178]  

• Renesas (2Mb ReRAM prototype based on VCM switching) [170]  

• Nantero Inc. (Using a carbon nano tube (CNT) array) [179] 
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Appendix B: Overview on Thin Film Deposition Methods 
 
Thin film deposition methods in general follow one of two main concepts: The target 

material is brought either through a liquid phase (solution-based methods) or a gas phase 

(vapour-based methods) to the substrate, where it is deposited and forms a thin film. While 

the discussion of thin film deposition in the main body of the thesis is limited to the latter 

approach, in this section a broader overview on the matter of thin film deposition will be 

given.  

Examples for solution based methods include spin coating, spray coating and dip 

coating.[180,181] These are common processes for polymeric thin films and ceramic thin films 

(e.g. derived from metal-organic precursors such as metal alkoxides in a sol gel process[182]). 

The solution in these cases typically contains the target material or its precursor dissolved 

by a suitable solvent. After the solution is applied to the substrate by spinning, spraying or 

dipping, the solvent evaporates. The evaporation can be assisted by a heating step. After the 

solvent is evaporated, a thin film of the target material remains. For the deposition of metallic 

thin films, electroplating in a liquid electrolyte can be applied. In this approach, due to an 

electrochemical redox reaction, ions of the target metal are reduced at the substrate surface 

to form a metallic thin film.[183]  

Common vapour-phase-based methods are distinguished between chemical vapour 

deposition (CVD) and physical vapour deposition (PVD). In classical vapour phase 

deposition methods, the reaction chamber is evacuated and the flow of gases into the 

chamber is controlled in order to create a well-defined gas atmosphere. The main 

characteristic of any CVD process is the occurrence of chemical reactions, which can take 

place in gas phase and at the substrate surface.[184,185] The underlying processes and 

reaction equilibria are controlled by the supply rates of the respective feed gases and the 

specific conditions inside the reaction chamber, which can include the temperature 

distribution (e.g. substrate temperature and gas temperature), the local concentrations, 

electric fields and the presence of photon fluxes. Contemporary approaches include an 

expansion of CVD methods to oxidative (oCVD), hot filament (HFCVD) or plasma enhanced 

(PECVD) or atomic layer deposition (ALD).[184,185] For the fabrication of memristive 

devices, the most important CVD techniques are related to the use of metal-organic 

precursors (MOCVD) and ALD.[184] Closely related to CVD processes are chemical transport 

processes, such as the reduction of As2O3 in the presence of carbon, which dates back to the 

year 1629, or the Mond process and the van-Arkel-de-Boer process.[186]  

In a physical vapour deposition process, atoms of the chosen solid state source (target) are 

brought into the gas phase and transported to the substrate, where a thin film is formed. 

Prior to the deposition process the deposition chamber is evacuated in order to increase the 

mean free path of the respective species in the gas phase. The mean free path λ describes the 

mean distance that an entity (e.g. an atom or a molecule) with the diameter d travels in 

between two successive scattering events. In the simplest case, the mean free path 

additionally depends on the pressure p as well as the temperature T as described in Eq.B.1: 

[187] 
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In addition, the evacuation of the deposition chamber also ensures the formation of 

reproducible working conditions with a low level of contaminations.  

Commonly, the atoms are brought from the target material into the gas phase either by using 

the increased vapour pressure due to heating (evaporation and electron beam evaporation), 

by collisions with high energetic ions (sputtering) or by interaction with a high power photon 

pulse (pulse laser deposition, PLD). In the following, the basic principle of the sputtering 

technique and its applicability for the deposition of metallic and oxide thin films will be 

explained. Further information on the matter of evaporation and PLD can be found in 

[131,187] and [187–189] respectively.  

Sputter deposition processes are widely used in thin film deposition of various materials.  A 

general overview over the historical development of the sputtering method is given by 

Greene et al..[186] In general, sputter deposition techniques can be classified by the 

underlying geometry (e.g. parallel plate, magnetron, hollow cathode), by the applied voltage 

(DC or AC) and by the type of gas atmosphere (inert or reactive) inside the deposition 

chamber. In its simplest form, a DC sputtering system employs a vacuum chamber in order 

to guarantee suitable mean free path, in which the anode (substrate) and the cathode (target) 

are placed. In the parallel plate geometry, both electrodes resemble plates. The system is 

evacuated and a certain supply of process gases (typically inert noble gases such as argon.) 

For reactive sputtering, additionally further gas molecules like oxygen or nitrogen can be 

introduced. In between the anode and the cathode, a high voltage is applied in order to ignite 

the plasma. This plasma discharge is somewhat comparable to the dielectric breakdown in 

insulators. In a plasma, a fraction of the neutral gas atoms or molecules is ionised. In this 

impact ionization process, an electron with a sufficiently high energy collides with a gas 

neutral G, oxidizing it to a positively charged ion G+ and yielding a second electron: [131] 

(B.2) 2e G G e
− + −+ → +     

The reaction shown in Eq.B.3 indicates that the number of electrons doubles with this impact 

ionization process. In case the distance between the electrodes d and the operational 

pressure p are chosen adequately, the multiplication of electrons results in an avalanche and 

consequently an electrical breakdown. The dependency of the necessary breakdown voltage 

Vb on the electrode distance and the pressure is given by the Paschen’s law, where A and B 

are constants: [131]  
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b
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p d B
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In the resulting plasma, negatively charged electrons, positively charged ions and neutral 

atoms (or molecules) coexist. Due to the electrical field between the cathode and the anode, 

positively charged noble gas ions from the plasma are accelerated towards the anode (target). 
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Atoms from the target material are released upon a collision cascade of the high energy argon 

ions with the target. In order for the emission of target atoms due to the collision cascade to 

be effective, the ion energy has to be sufficiently high. The number of sputtered atoms per 

incident ion is defined as the sputter yield. The sputtered atoms reach the substrate and are 

deposited there.  

The ionization in a DC discharge with parallel plate geometry is typically rather low. In order 

to increase the ionization, other geometries such as hollow cathode or magnetron sputtering 

are applied. In hollow cathode sputtering, the planar cathode is replaced by a hollow 

cylindrical tube. Inside this hollow cathode the mobile electrons undergo a pendulum like 

motion, allowing for a higher number of collisions with the gas atoms or molecules. 

Accordingly, the plasma density is significantly enhanced. In case of magnetron sputtering, 

the cathode is still planar but is modified by introducing a magnetic field. This is typically 

realised by the usage of permanent magnets, which are placed inside the cathode apparatus 

below the target material. The magnetic field is chosen such that, due to Lorentz force, the 

electrons are trapped in a circular motion in an orbit above the target. As a result, the plasma 

density is significantly enhanced in comparison to parallel plate geometry, which yields a 

higher deposition rate and allows for stable operation at lower working gas pressures. The 

possibility to run the sputtering process at lower working pressure relates to fewer collisions 

of the sputtered atoms with gas atoms before reaching the substrate.  

An interesting expansion to conventional magnetron sputtering is High Power Impulse 

Magnetron Sputtering (HIPIMS), which was developed by Kouznetsov et al. in 1999.[190,191] 

The technique relies on an increase of the plasma density in the vicinity of the magnetron 

due to the application of high power pulses. The individual pulses are separated by a long 

off-time, which allows the target to thermally equilibrate and hence makes high peak powers 

feasible. A good overview over the topic of HIPIMS is given in the work of J. Böhlmann.[192] 

 


