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Abstract

To meet the ever-increasing demand of computational capabilities, novel computing paradigms beyond von
Neumann computers are currently being developed. With many of them greatly dependent on the performance
of memory devices, novel material systems that exhibit conductance switching in a reliable, energy efficient
fashion are highly sought after.

This work presents a feasibility study of using self-assembled monolayers (SAMs) of liquid crystal-inspired
(LCI) molecules within ensemble molecular devices (EMD) as conductance switching moieties. Conductance
switching was intended to occur through the re-orientation of molecular dipoles within a SAM and the resulting
change of the dipole-induced, conformation-dependent tunneling barrier modification.
To this end, three major objectives were pursued. First, the SAM formation as well as the electrical
characteristics of SAMs of phenyl cyclohexane based phosphonic acids with an aliphatic linker was studied
in great detail. Then, a novel, reliable contacting scheme to yield EMDs with phosphonic acids sandwiched
between two conductive layers was developed and studied. Lastly, conductance switching characteristics of
a variety of LCI molecule based EMDs were measured, some structure - property relationships were ob-
served and multi-state conductance switching was demonstrated for a difluorphenyl cyclohexane based molecule.

First, self-assembly of LCI molecules was studied on aluminum substrates. Monolayer formation was
confirmed using a multitude of surface characterization techniques, including XPS, NEXAFS, water contact
angle and ellipsometry. These techniques revealed presence of XPS absorption peaks characteristic for carbon
bound fluorine, an average orientation angle of an aromatic moiety (𝛽 = 23°), a surface modifcation-induced
increase of water contact angle (from 84° for the bare substrate to 108° for the grafted one) as well as the
presence of an organic layer on top of the substrate. Electrical characterization via the recording of current
density-voltage (J-V) traces of EMDs featuring a Al/AlxOy/SAM/Pb/Ag stack revealed a pronounced hysteretic
conductance switching for fluorinated LCI molecules, while no hysteresis was observed for the non-fluorinated
reference compound. The maximum ON/OFF conductance ratio was found to be approximately 300. Hysteresis
in J-V traces was observed for 7 devices and for 100 voltage cycles in one device. This constituted preliminary
evidence, that the effect was both repeatable and stable. Calculations on single molecule (density functional
theory DFT and TranSIESTA calculations), molecular ensemble (molecular dynamics) and device level
(expansion of a well-established tunneling model) were performed to investigate the switching mechanism.
Combining the results from these three models, compelling evidence pointing towards the re-orientation of
dipoles within the SAM to be the governing mechanism in conductance switching was found. Additionally,
molecular dynamics simulations revealed a dependence of the conductance switching effect on surface density
of the molecules as well as on maximum applied electrical field across the SAM. The device model revealed a
pronounced relationship between ON/OFF conductance ratio and effective charge carrier mass.
The need to replace the lead-based contacting scheme to improve stability of the devices and to avoid the use of
toxic materials was also addressed. Alkylphosphonic acids (APAs) were utilized as model system to develop
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a novel contacting scheme. Following the argument, that device malfunction is often due to migration of the
top contact atoms through the SAM, the combination of TiN anchoring layer and Ti top contact was chosen for
further study. Water contact angle, AFM scratching, elipsometry, XPS as well as FTIR spectroscopy confirmed
successful grafting of a series of APAs on TiN covered substrates.
Studying J-V traces of EMDs featuring a series of APAs sandwiched between TiN as bottom and Ti/Au as
top contact revealed tunneling attenuation factors 𝛽 within the range of literature consensus. For instance,
𝛽(𝑉 = −0.2 V)=1.0/nC was calculated from J-V traces of devices of 15 x 15 µm2 area and molecules
with 6-12 carbon atoms. Injection currents in the range of 𝐽0 =1-13 mA/cm2 were further observed. Both
tunneling attenuation factor 𝛽 and injection current 𝐽0 were found to increase with increasing magnitude of the
evaluation voltage - a fact that, while contradicting the Simmons model, has been repeatedly observed by others.
Analyzing the J-V data of individual devices, using an expansion of the Simmons tunneling model revealed phys-
ically sound values (e.g., ideality factor 𝛼 = 0.71−0.85, barrier height Φ = 3.0 eV, electrically active area 10%).

The novel TiN/phosphonic acid/Ti/Au contacting scheme was ultimately transferred to the study of LCI-
based EMD. To study the impact of molecular design on device performance, EMDs were fabricated with
molecules featuring a variety of molecular motifs. Devices featuring the previously studied LCI molecule in
the novel contact scheme revealed an increased current density (by approximately 4 orders of magnitude), but a
lower on/off conductance ratio maximum of ≈ 13.
Three different molecules with a difluoro phenylcyclohexane dipolar unit were found to yield devices with
maximum ON/OFF conductance ratios of ≈ 10 − 20, while devices featuring a molecule with a difluoro
dibenzofuran dipolar unit exhibited maximum ON/OFF conductance ratios of ≈ 135.
To further investigate the potential multi-state conductance switching, maximum sweep voltage dependent
conductance was measured for LCI-EMD featuring one type of difluorphenylcyclohexane molecule. Current
densities at a fixed evaluation voltage increased from 0.0027 mA/cm2 to 0.0038 mA/cm2 in the LRS and from
0.0022 mA/cm2 to 0.0038 mA/cm2 in the HRS when the maximum applied voltage across the junction was
varied from 2 to 10 V. In total, 14 conductance states with at least 0.1 µA/cm2 separation were observed. This
points towards the general applicability of LCI-based EMDs to computational paradigms built on multi-state
memory devices.

Overall, a novel contacting scheme for ensemble molecular devices was developed and compelling evidence for
utilizing molecules with a conformationally flexible dipolar unit to achieve (multi-state) conductance switching
was found.
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Zusammenfassung

Um die stetig wachsende Nachfrage nach Rechenleistung zu befriedigen, werden derzeit neuartige Rechen-
paradigmen jenseits der von-Neumann Architektur entwickelt. Da viele von ihnen in hohem Maße von
der Leistung von Speicherbausteinen abhängen, sind neuartige Materialsysteme, die eine zuverlässige und
energieeffiziente Leitfähigkeitsschaltverhalten zeigen, sehr gefragt.
In dieser Arbeit wird eine Machbarkeitsstudie über die Verwendung von selbstorganisierenden Monoschichten
(SAMs) aus flüssigkristall-inspirierten Molekülen in molekularen Ensemble-Bauteilen (EMBs) als Leit-
fähigkeitsschalter vorgestellt. Die Leitfähigkeitsumschaltung erfolgt hierbei durch die Neuausrichtung
molekularer Dipole innerhalb einer SAM und die daraus resultierende Änderung der dipolinduzierten,
konformationsabhängigen Modifikation der Tunnelbarriere.
Zu diesem Zweck wurden drei Hauptziele verfolgt. Zunächst wurden die SAM-Bildung sowie die elektrischen
Eigenschaften von SAMs aus Phenylcyclohexan-basierten Phosphonsäuren mit einem aliphatischen Linker
eingehend untersucht. Dann wurde ein neuartiges, zuverlässiges Kontaktierungsschema zur Herstellung von
EMBs mit Phosphonsäuren zwischen zwei leitenden Schichten entwickelt und untersucht. Schließlich wurden
die Leitfähigkeitsschaltcharakteristiken einer Reihe von EMDs auf der Basis von LCI-Molekülen gemessen,
einige Beziehungen zwischen Struktur und Eigenschaften beobachtet und die Leitfähigkeitsschaltung in
mehreren Zuständen für ein Molekül auf der Basis von Difluorphenylcyclohexan demonstriert.
Zunächst wurde die Selbstorganisation von LCI-Molekülen auf Aluminiumsubstraten untersucht. Die Bildung
von Monolagen wurde durch eine Vielzahl von Oberflächencharakterisierungsverfahren bestätigt, darunter
XPS, NEXAFS, Wasserkontaktwinkel und Ellipsometrie. Diese Techniken zeigten das Vorhandensein
von XPS-Absorptionspeaks, die für kohlenstoffgebundenes Fluor charakteristisch sind, einen durchschnit-
tlichen Orientierungswinkel der aromatischen Einheit (𝛽 = 23°), eine oberflächenmodifizierungsbedingte
Vergrößerung des Wasserkontaktwinkels (von 84° für das reine Substrat auf 108° für das modifizierte)
sowie das Vorhandensein einer organischen Schicht auf der Oberseite des Substrats. Die elektrische
Charakterisierung durch die Aufzeichnung von Stromdichte-Spannungs-Kurven (J-V) von EMDs mit einem
Al/AlxOy/SAM/Pb/Ag-Stapel ergab eine ausgeprägte hysteretische Leitfähigkeitsschaltung für fluorierte
LCI-Moleküle, während für die nicht fluorierte Referenzverbindung keine Hysterese beobachtet wurde. Das
maximale ON/OFF-Leitfähigkeitsverhältnis wurde zu etwa 300 berechnet. Hysterese in den J-V-Kurven
wurde für 7 Bauelemente und für 100 Spannungszyklen in einem Bauelement beobachtet. Dies ist ein erster
Hinweis darauf, dass der Effekt sowohl wiederholbar als auch stabil ist. Berechnungen auf Einzelmolekül-
(Dichtefunktionaltheorie DFT und TranSIESTA-Berechnungen), molekulares Ensemble- (Molekulardynamik)
und Bauelementebene (Erweiterung eines etablierten Tunnelmodells) wurden durchgeführt, um den Schalt-
mechanismus zu untersuchen. Die Kombination der Ergebnisse dieser drei Modelle ergab überzeugende
Hinweise darauf, dass die Neuorientierung von Dipolen innerhalb der SAM der maßgebliche Mechanismus für
das Schalten der Leitfähigkeit ist. Darüber hinaus zeigten Molekulardynamiksimulationen eine Abhängigkeit
des Leitfähigkeitsschalteffekts von der Oberflächendichte der Moleküle sowie vom maximal angelegten
elektrischen Feld. Das Bauelementemodell zeigte eine ausgeprägte Beziehung zwischen dem ON/OFF-
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Leitfähigkeitsverhältnis und der effektiven Ladungsträgermasse.
Die Notwendigkeit, das Kontaktierungsschema auf Bleibasis zu ersetzen, um die Stabilität der Bauele-
mente zu verbessern und die Verwendung giftiger Materialien zu vermeiden, wurde ebenfalls addressiert.
Alkylphosphonsäuren (APAs) wurden als Modellsystem verwendet, um ein neuartiges Kontaktierungsschema
zu entwickeln. In Anlehnung an das Argument, dass eine Fehlfunktion von SAM basierten Bauteilen
häufig auf die Migration der Atome des oberen Kontakts durch die SAM zurückzuführen ist, wurde die
Kombination aus TiN-Verankerungsschicht und Ti-Kontakt auf der Oberseite für weitere Untersuchungen
ausgewählt. Wasserkontaktwinkel, AFM-Kratzen, Ellipsometrie, XPS sowie FTIR-Spektroskopie bestätigten
die erfolgreiche Aufbringung von APA SAMs auf TiN-bedeckte Substrate.
Die Untersuchung der J-V-Kurven von EMBs mit einer Reihe von APAs, die zwischen TiN als unterem und
Ti/Au als oberem Kontakt liegen, ergab Tunneldämpfungsfaktoren 𝛽, die im Bereich des Literaturkonsenses
liegen. So wurde beispielsweise 𝛽(𝑉 = −0, 2 V)=1,0 nC−1 aus J-V-Kurven von Bauteilen mit einer Fläche
von 15 x 15 µm2 und Molekülen mit 6-12 Kohlenstoffatomen berechnet. Weiterhin wurden Injektionsströme
im Bereich von 𝐽0 =1-13 mA/cm2 beobachtet. Es wurde festgestellt, dass sowohl der Tunneldämpfungsfaktor
𝛽 als auch der Injektionsstrom 𝐽0 mit zunehmender Größe der Auswertungsspannung ansteigen - eine
Tatsache, die zwar dem Simmons-Modell widerspricht, aber von anderen bereits wiederholt experimentell
beobachtet wurde. Die Analyse der J-V-Daten einzelner Bauelemente unter Verwendung einer Erweiterung
des Simmons-Tunnelmodells ergab physikalisch sinnvolle Werte (z.B. Idealitätsfaktor 𝛼 = 0, 71 − 0, 85,
Barrierenhöhe Φ = 3, 0 eV, elektrisch aktive Fläche 10%).

Das neuartige TiN/Phosphonsäure/Ti/Au-Kontaktierungsschema wurde schließlich auf die Untersuchung
von EMBs auf LCI-Basis übertragen. Um die Auswirkungen des Moleküldesigns auf die Charakteristiken
der Bauelemente zu untersuchen, wurden EMBs mit Molekülen hergestellt, die verschiedene Molekülmo-
tive aufweisen. Bauelemente mit dem zuvor untersuchten LCI-Molekül in dem neuartigen Kontaktschema
zeigten eine um etwa 4 Größenordnungen erhöhte Stromdichte, aber ein niedrigeres maximales Ein/Aus-
Leitfähigkeitsverhältnis von etwa 13. Drei verschiedene Moleküle mit einer dipolaren Difluorphenylcyclohexan-
Einheit ergaben Bauelemente mit maximalen Ein/Aus-Leitfähigkeitsverhältnissen von ≈ 10 − 20, während
Bauelemente mit einem Molekül mit einer dipolaren Difluordibenzofuran-Einheit maximale Ein/Aus-
Leitfähigkeitsverhältnisse von ≈ 135 aufwiesen.
Um die potentielle Erreichbarkeit von mehr als zwei Zuständen weiter zu untersuchen, wurde der maximale, von
der Sweep-Spannung abhängige Leitwert für LCI-EMD mit einer Art von Difluorphenylcyclohexan-Molekül
gemessen. Die Stromdichten stiegen bei einer festen Auswertungsspannung von 0,0027 mA/cm2 auf 0,0038
mA/cm2 im LRS und von 0,0022 mA/cm2 auf 0,0038 mA/cm2 im HRS, wenn die maximal angelegte Spannung
von 2 bis 10 V variiert wurde. Insgesamt wurden 14 Leitfähigkeitszustände mit mindestens 0,1 µA/cm2

Abstand beobachtet. Dies deutet auf die allgemeine Anwendbarkeit von LCI-basierten EMDs für neuartige
Computerparadigmen hin, die auf Mehrzustandsspeicherbauelementen aufbauen.

Insgesamt wurde ein neuartiges Kontaktierungsschema für molekulare Ensemble-Bauelemente entwickelt,
und es wurden überzeugende Hinweise für die Eignung von Molekülen mit einer konformationsflexiblen dipo-
laren Einheit zur Erzielung von (Mehrzustands-)Leitfähigkeitsschaltungen gefunden.
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1 Introduction

Historically, from a physical perspective, the capabilities of computational systems have mainly been improved
by driving down feature sizes. Since power efficiency and the speed of electronic devices approach their
physical and economical limits, new materials, devices and computing paradigms are needed to further
scale computational performance. In the past, most computing systems have been built on the combination
of complementary metal oxide semiconductor (CMOS) technology and the von Neumann (VN) computing
architecture. [1]

The road map for decreasing feature sizes of CMOS transistors has been famously described by Moore’s
law. [2] It proposes a doubling of transistors per area every two years in order to cope with future demands
of computational capabilities. Driving innovation in computing for decades, Moore’s law is believed to soon
reach its scaling limitations. [3] In the widespread von Neumann computing architecture, data and instructions
are stored in memory. The central processing unit (CPU) fetches instructions from memory and performs basic
controlling, logic and arithmetic functions on data according to these instructions. Both, data and instructions
are stored in memory that is addressed over a common bus. This enables the ’stored program’ paradigm and
makes computing systems based on this architecture highly flexible. Its word-at-a-time thinking renders the
speed of memory and bus the limiting factors in computational power. This limitation is commonly referred to
as von Neumann bottleneck and is particularly disadvantageous for data-centric applications. When much data
has to be analyzed by a von Neumann machine, much time and energy is spent to move around data. Several
computing concepts have been proposed to overcome these limitations. Among them are spike time-dependent
plasticity learning, deep neural networks, quantum computing and in-memory computing. They each have
their unique advantages for unique challenges of computational systems and a parallel existence of all of them
in the future is to be expected. [4] Those novel computing paradigms are, as more established ones as well,
deeply embedded around memory devices. Their efficiency and computational capabilities are therefor highly
dependent on fast, efficient and reliable memory devices. Even though many of the novel computing paradigms
can be implemented in CMOS, they require a large number of transistors and passive components, consuming
considerable space and dissipating a large amount of heat on a chip. Hence, a power- and area-efficient physical
implementation of future computing paradigms requires the simultaneous development of materials and devices.

With both the basic devices and the computing architecture approaching their ultimate limitations, new
materials, devices and computing principles have to be developed in conjunction with each other to further
decrease cost and power consumption as well as to increase computational capabilities of future electronics.[5]
Among the emerging memory technologies, resistive random access memory (RRAM) devices have gained
huge attention for next-generation computational applications. RRAMs operate on the mechanism of changing
an active material’s resistance between a high resistive state (HRS) and low resistive state (HRS), sometimes
even several resistive states, upon an external stimulus. Therefore, their resistance (or conductance) can be
used as entity for information storage and computation. As potential universal memory, collapsing the memory
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storage hierarchy, they might open up new ways from processor-centric to memory-driven computing. Devices
featuring multiple conductive states might even result in a direct, physical implementation of neuromorphic
and neural networks. [1]

This great potential impact of memristive devices has been a major driving force to find and develop
conductance switching materials. While most these efforts focused on inorganic systems, more recently, organic
systems have come into focus. Specifically, state changes in self-assembled monolayers (SAMs) have more
recently been studied, due to their potential to offer a solution to continue the scaling of electronics and to
implement new electronic functions more deliberately and efficiently. With lengths that often do not exceed few
nanometers, electrically functional molecules promise the ultimate miniaturization of electronics.
Ensemble molecular devices, that utilize the electronic functionality of organic molecules in form of SAMs
promise cheap, scalable production through solution processing, small volume consumption on chip, bio-
compatibility, potential 3D stacking capability and the ease of tailored property design. Molecules can also
be designed to feature multiple required properties in one layer, potentially eliminating the need of peripheral
electronic devices, such as the selectors commonly used within RRAM memory arrays. [6–11]
Molecular based memory devices that utilize the change in conductance arising from different physical states of
the molecule (or monolayer) to store and express information, have recently been explored. Among the strategies
to change the conductance of a molecular junction through an external stimulus are changes in molecular
geometry [12, 13], redox reactions [14–16], charge migration [11] magnetic field [17, 18], wavelength of light
[19, 20] and electric current [11, 21].

This work aims at adding another, novel strategy of conductance switch to this plethora of choices.
Specifically, using the re-orientation of molecular dipolar units within a SAM via an applied electrical field
to asymmetrically modify the tunneling barrier, is proposed and studied. To this end, SAMs of liquid crystal
inspired molecules as well as ensemble molecular devices based on them were characterized and models from
single molecule to device level theory will be used to investigate the proposed conductance switching effect.
Since these molecules do not undergo any kind of chemical reaction during operation, i.e., no bond breaking,
change of redox state or electronic excitation, ensemble molecular devices with them show great potential for
slow degradation and high stability.

Fabrication of simple sandwich junction architectures with a molecular monolayer embedded in-between two
solid-state conductive layers (contacts) is crucial for industrial translation, yet still remains a challenging task.
[22] This is mostly due to the intrinsic challenges of fragility and reactivity of organic molecules, potential
diffusion of contact atoms through the SAM and surface roughness of contacts on the order of magnitude
of the length of molecules. Due to this difficulty of solid top contact formation, today, only few specific
anchoring layer/molecule/solid top contact combinations have been reported and systematic variations of
specific functional groups of a molecule within such an ensemble molecular device are reported even less often.
[23] The latter would be crucial to study the structure-process-property relationships for ensemble molecular
devices. In this work, a previously studied fabrication method to deploy top contacts, namely the physical
vapor phase deposition of lead at a low deposition rate, is first used to study the general concept of conductance
switching using liquid crystal inspired molecules. Then, a novel concept of fabricating reliable solid-state
ensemble molecular devices is developed and transferred to the further study of conductance switching in
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ensemble molecular devices.

The impact of variation of structural motifs of the molecules on charge transport characteristics of ensemble
molecular devices featuring these within the novel contacting scheme will finally be studied.

———–
The overall structure of this thesis is as dipole-induced:

In Chapter 1 a brief introduction on the main aspects of ensemble molecular devices is given. In particular,
self-assembly of molecular monolayers, the challenge of electrically contacting them as well as theoretical and
computational aspects of charge transport through SAMs are covered.
Chapters 2 and 3 provide a comprehensive overview of the characterization and fabrication methods deployed
in this work.
Chapter 4 details the substrates and molecules used.
In Chapter 5, details on the intial chip layout as well as on its improvement are presented.
Chapter 6 provides a first study of the feasibility of using liquid crystal inspired molecules as the basis for
conductance switching ensemble molecular devices. It includes comprehensive characterizations of SAMs of
a difluoro benzyl cyclohexane derived molecule on aluminum oxide surfaces (XPS, AFM, NEXAFS, contact
angle, ellipsometry) as well as DC electrical characterization and analysis on single molecule (via density
functional theory), molecular ensemble (via molecular dynamics) and device (via a newly device model) level
of theory.
Chapter 7 outlines the steps taken to develop a novel, lead-free, solid-state contacting scheme for alkylphospho-
nic acid based SAMs. It includes comprehensive surface characterization of alkylphosphonic acid monolayers
on titanium nitride (water contact angle, atomic force microscopy, atomic force microscopy scratching, x-ray
photoelectron spectroscopy, fourier transform infrared spectroscopy) as well as DC current density voltage
measurements and the comparison of the measured current densities to the simplified and an adjusted Simmons
model.
In Chapter 8 the two prior Chapters are brought together and ensemble molecular devices based on liquid
crystal inspired molecules, using the newly developed contacting scheme, are electrically characterized and
some observation about molecular structure - device performance relationships is given.
Chapter 9 summarizes the results obtained in this work and gives an outlook on possible future improvements
on fabrication scheme, measurement methodologies and experiments.
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2 Theoretical Background

The following chapter will provide an introduction to ensemble molecular electronics. This includes self-
assembled monolayer (SAM) formation, the advantages of using phosphonic acids for SAMs, the challenge of
electrically contacting SAMs, charge transport models, density functional theory & the TranSIESTA approach
as well as the fundamentals of molecular dynamics simulations.

2.1 Ensemble Molecular Electronics

With organic molecules comes also the ease of tailored property design through the use of organic synthetic
chemistry. Molecules can potentially be tailored to show any specific charge transfer characteristics when a
voltage is applied across them. For instance, as proposed by Aviram and Ratner in 1974 a molecule that has
a donor-insulating barrier-acceptor structure shows rectifying transfer characteristics and can hence be used
as molecular diode.[24] Molecular interconnects with varying resistances can be realized with conjugated
molecules. Putting these two basic, passive, structural elements of diodes and interconnects together, logic
functions like AND or OR become possible. This in turn enables the construction of higher computational
functions, like a full adder, simply by combining these building blocks to one large molecule. This approach to
building a circuit bottom up is much less area-consuming and requires fewer structuring processes as doing the
same with conventional semiconductors. In addition to passive components, molecules can also be designed
to exhibit characteristics of active components, i.e., components whose charge transfer characteristics can be
modulated via an additional external stimulus. For molecular length scale electronics, tunneling is often found
to be the dominant charge transport mechanism. Hence, small perturbances, e.g., in lengths or energy levels,
are directly translated into nonlinear electrical responses. Since molecules can be designed to react to a variety
of stimuli, such as ion transfer, photon absorption, isomerization, oxidation and reduction as well as heat,
electronic devices built on them can potentially be tailored to achieve what is often referred to as ’virtually
unlimited device functionality’. [6, 25]
However, connecting those single molecular electronic circuits to electrical interconnects to provide an
input/output and the connection to a voltage source, requires specialized approaches that have an inherent
scaling limitation. Single molecules and molecular circuits are often connected through mechanically
controlled break junctions or analyzed using conductive atomic force microscopy (C-AFM) or scanning
tunneling microscopy (STM) methods. These methods are perfect testbeds to analyze the function of molecular
building blocks and circuits on a small scale, but cannot be used on a larger, integrated scale and especially not
in consumer electronics. Another drawback making the use of single molecules in practical devices unlikely
is, that transport through one molecule is in its nature stochastic. Electronic devices on the other hand, need
a certain degree of reproducibility. Since the current across a multitude of parallel molecules is the sum of
many electron transfer events through those individual molecules, current measurements across self-assembled
monolayers (SAMs) are much more reproducible than the ones carried out on single molecule junctions. This
and the possibility to scale are the most important reasons, why SAMs may promise sooner realization of
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integrated, functional devices than single molecule junctions. Since SAMs present an ensemble of molecules
in contrast to a single molecule, devices utilizing SAMs as electronically active component are often termed
ensemble molecular devices. Consequently, the study of electronics based on these devices is termed ensemble
molecular electronics.[6–8]
SAMs are formed by the immersion of a substrate into a solution containing a molecule with a reactive end
group that binds to the surface of the substrate. Since this reactive end group reacts exclusively with the surface
and not with the end group of other molecules present in the solution, the self-assembly on the surface is
self-limited and results in a monolayer of the molecule attached to the surface (or anchoring layer).
The intentional design of the molecular backbone of the SAM forming molecule enables the modification of
the physical and chemical properties of surfaces and interfaces. Self-assembled monolayers have for example
been used to modify wetting behavior [26, 27], adhesion of bio-molecules and cells [28, 29] and corrosion
protection [30]. Technological uses of SAMs within electronic devices, include SAMs that reduce the injection
or extraction barrier for organic light emitting diodes and organic photovoltaics.[31–35] Only recently, research
interest in the field of ensemble molecular electronics, where the SAMs themselves are used as passive or active
electronic component, has grown. SAMs have for instance been studied as active layers in self-assembled
monolayer field effect transistors (SAM-FETs) [36] or electrical-field controllable switches.[10, 11]

In contrast to single molecule electronics, the charge transfer and reaction to external stimuli in ensemble
molecular devices can differ significantly from those calculated for single molecules. One reason for that is,
that the SAM might not be perfectly packed which opens up through-space transport as a secondary transport
channels. Also, intermolecular interactions can influence the overall electronic configuration and hence influence
the overall charge transfer. [6, 37] Additionally, barrier height and barrier width might follow a distribution
rather than being confined to a singular value. Miller et al. have shown that this distribution can significantly
alter tunneling characteristics of area devices. [38] When the electronic functionality builds on conformational
changes of the molecules, intermolecular forces, governed e.g., by the distance between the molecules, have
also been shown to have great impact on device performance. [39] The study of ensemble molecular electronics
hence also includes the study of intermolecular interactions as well as molecule-substrate interactions governing
the formation of the electronically functional SAM.
In the following, a general introduction to the field of ensemble molecular electronics is given. For more details
on specific aspects, the reader is refered to a recent, comprehensive review by Liu et al. [25].

2.1.1 Self-Assembled Monolayers

Bare metal and metal oxide surfaces are known to readily adsorb organic materials since they lower the free
energy of the interface between the surface and the ambient environment. [40] Surfaces that are unintentionally
covered with adsorbed molecules might posses advantageous properties but are ill-defined; they do not present
intended functionalities or reproducible physical properties. [37]

Self-assembled monolayers of organic molecules present a facile tool to exploit the advantageous property
change of metal or metal oxide surfaces in an intentional, flexible and reproducible fashion. SAMs are
organic assemblies formed by a controlled adsorption of molecular constituents presented to a pristine surface.
Molecules that form SAMs posses a chemical functionality with an affinity towards the substrate. This chemical
functionality - often termed headgroup - sometimes shows a particular high affinity for the surface and can
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hence displace already adsorbed organic molecules from the surface. In contrast to other organic thin film
deposition techniques, grafting SAMs on a surface is frequently connected with a covalent bond between SAM
molecules and surface. This may be preferred for long-term stability of the organic layer. [41]
A number of headgroups that bind to specific semiconductors, metals and metal oxides have been studied. For
instance, the adsorption of molecules with a thiol headgroup on noble and coinage metals has been studied to a
great extent [37, 42–52]. Silanes are another headgroup that has been extensively studied to form covalently
bound monolayers on silicon [53] and silicon oxide [54]. Lesser studied is the formation of self-assembled
monolayers of phosphonic acids (PA) on metal oxide surfaces. For all headgroups, molecules that consist of
the headgroup and an alkyl chain of varied length are often used as benchmark system, since the formation of
monolayers of alkyl chain molecules has been extensively studied both theoretically and experimentally.

To form a SAM on a substrate, the substrate is immersed into a solution containing a molecule with a reactive
end group that binds to the surface of the substrate. Since this reactive end group reacts exclusively with the
surface and not with the end group of other molecules present in the solution, the self-assembly on the surface
is self-limited and results in a monolayer of the molecule attached to the surface (or anchoring layer). During
the self-organization of the molecules at the surface, intermolecular interactions between adjacent molecules
and solvent-molecule interactions drive the SAM towards an overall energetically favorable state. For molecules
with a long alkyl chain this typically leads to a highly ordered structure of the SAM where the molecules are
typically tilted by a tilting angle Θ with respect to the surface normal. This in turn results in a SAM thickness
𝑑 that differs from the molecule length 𝑙. This tilting angle is defined by:

Θ = arccos
𝑑

𝑙
(2.1.1)

The local structure of molecules, including the packing density, within the SAM is governed and can be
influenced by choice of solvent, temperature, and concentration of the SAM-forming molecule within the
solution as well as by physical properties of the substrate surface. Since molecular monolayers are at or below
the resolution limit of many surface characterization techniques, often several characterization methods are
combined to analyze the quality, i.e., the degree of order and reproducibility, of a SAM. Water contact angle is
often used to determine the polarity of the ambient facing moiety, atomic force microscopy is used to analyze
surface morphology and to visualize multi-layer or larger pin-holes. Infrared spectroscopy can be used to
detect presence of the intended molecule, surface bound head groups and compare the quality of the SAM
to well-studied reference systems. Ellipsometry, x-ray photoelectron spectroscopy attenuation, atomic force
microscopy (AFM) scratching as well as transmission electron microscopy (TEM) imaging of a cross-section
of the SAM can be used to determine the SAM thickness and other properties. These measurement methods
are covered in more detail in Chapter 3.

Phosphonic Acid SAMs

Phosphonic acids are molecules of general formula RPO3H2, where R is an organic rest component. They
are known to react with a variety of metal salts, semiconductors and oxides. [41, 55, 56] In particular,
phosphonic acids have been shown to form stable self-assembled monolayers on a variety of substrates such as
aluminum oxide [57–61], titanium oxide [62–66], zirconium oxide [62, 66], zinc oxide [67, 68] and silicon
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oxide [69–72].[73] When it comes to the fabrication and stability of SAMs, phosphonic acids come with sev-
eral potential advantages over silanes, thiols, carbocylic acids and alkenes, some of which will be outlined below.

Several anchoring groups depend on a specific surface termination to form a covalent bond to the
surface. Hydrosilylation for instance requires hydrogen-terminated surfaces wheras silanization, depends on
hydroxyl-terminated surfaces. Phosphonic acid chemistry is different from that in that it has been proposed that
the formation of organophosphonate monolayers requires surface OH groups only as initial bonding sites, and
does not depend on them for full coverage. It has also been shown that water contamination of the surface does
not preclude phosphonic acid grafting. Thus, the self-assembly of phosphonic acids is a robust process and can
be achieved even if the introduction of OH groups on the substrate can only be partially achieved. This may
simplify fabrication of self-assembled monolayer of phosphonic acids and also makes them feasible candidates
for monolayer formation on any oxide material.[41, 74]
Simple immersion of oxide surfaces in phosphonic acid solutions may result only in physisorption through
hydrogen bonding and van der Waals forces. Subsequently annealing the adsorbed phosphonic acid film
at temperatures between 120°C and 140°C, is widely considered to achieve covalent bonding.[71] During
annealing, stable P-O-M linkages (where M is the metal atom of the metal oxide) form through deprotonation
of both phosphonate hydroxyl groups. These covalent bonds greatly improve the stability of the monolayer.
A schematic of this process, leading to bidentate binding of the phosphonic acids is shown in Figure 2.1.1.
Dissolution and precipitation are however also processes increasingly occurring with increasing temperature
and may compete with the formation of covalent bonds to the surface. Reaction conditions, such as temperature,
concentration, pH, nature of the solvent and sequence of heating and immersion processes are therefore to be
taken into account, when optimizing SAM formation. An additional P-O-M bond may be formed from the
phosphoryl oxygen to the metal. This might either be through coordination [75] or through an acid-promoted
condensation reaction [76]. Phosphonate SAMs on various oxides have in fact been shown to favor the
formation of tridentate coordinates, which might be the reason for the exceptionally high stability of phosphonic
acid based self-assembled monolayers as compared to e.g., thiols. [76–81]
Molecules with some particular head groups suffer from potential dimerization of the headgroup. Examples

are the formation of disulfides from thiols [82] as well as the homocondensation of silanes [83]. This can lead
to the formation of aggregates within the solution and ultimately multilayers on the substrate surface as well as
to significantly altered adsorption dynamics. Phosphonic acids, in contrast, do not rapidly homocondense and
are hence likely immune to aggregation issues. [75, 84]
In addition to the above presented advantages, the phosphonic acid surface bond has shown to be exceptionally
thermally and aquatically stable on a variety of substrates. [66, 85] Wan et al. have for instance shown that
while for a variety of phosphonic acids the anchoring groups were hardly affected by annealing up to 773
K, breakup of the bond between anchoring group and the rest of the molecule was observed at much lower
temperatures. [85]
An overview by Queffélec et al. [86] details synthetic routes and deposition methods to yield phosphonic acid
grafted surfaces.
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Figure 2.1.1 Proposed binding mechanism of phosphonic acids to metal oxide surfaces. M:metal, O:oxygen,
P:phosphor, H:hydrogen, R: residue, + and - denote positive and negative charge. Second phosphonic acid is greyed
out for clarity. a) Initial situation with phosphonic acids physisorbed to a metal oxide layer, that presents one adsorbed
hydroxyl group at the solid-ambient interface. This hydroxyl group is sufficient to initiate monolayer formation. b)
Deprotonation of the first hydroxyl group and proton transfer to the OH group at the surface resulting in surface bound
H2O. c) H2O disassociates from the surface and evaporates (as sufficient temperature), phosphonic acid forms first bond to
the surface, resulting in a monodentate complex. d) Deprotonation of the second hydroxyl group and proton transfer to the
oxygen of the oxide. e) Open oxygen binds to the metal, yielding a bidentate complex and a surface bound hydroxyl group.
Since this resembles the situation in a), the same process can continue with the next phosphonic acid that is physisorbed
to the surface (grey). Theoretically one hydroxyl group might hence be enough to form a covalently bound monolayer of
phosphonic acids on a metal oxide surface. Self-assembly might hence be independent of achieving high surface coverage
of OH prior to exposure to the SAM forming molecule. In practice, the surface is often nevertheless enriched with OH
to increase the efficiency and quality of SAM formation. Ordered monolayer formation is further driven by dispersion
interactions between neighbouring organic moieties. Adapted from [41]
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2.1.2 Electrical Contacting Schemes

Within the field of molecular electronics, wiring the self-assembled monolayers to the outside world in a reliable,
stable and reproducible fashion remains one of the biggest technical challenges. This challenge has been present
for almost half a century with Mann and Kuhn being the first to report having found a reliable contacting scheme
with permanent, solid contacts in 1971. [87] Up until today, a truly reliable, universal method has not yet
been found. This has hindered progress in fundamental understanding of structure-property relationships and
ultimately technological advances.
While the assembly of monolayers onto conducting substrates or thin oxides is well established, the application
of top-contact electrodes remains a daunting challenge. In the following, a selective overview of methods
that have been proposed as contacting schemes for molecular monolayers is presented. For a more detailed
discussion of various contacting schemes the reader is referred to [6, 7] and [88].

Temporary Contacts

Damaged induced by depositing the top contact is often thought to be the major limitation in forming top-contact
electrodes. One possible remedy is to use temporary contacts that are less destructive to the molecules.
Well-established techniques to study charge transport with temporary contacts of other materials can readily be
transfered to the study of molecular monolayers. This includes scanning probe techniques, such as conductive
atomic force microscopy (C-AFM) as well as scanning tunneling microscopy (STM). While they are mostly
deployed to study single molecular junctions, wider probe tips can also be used to contact molecular monolayers,
yielding devices that include a small number of molecules sandwiched between two contacts. [89–92]
Another way to form temporary contacts is the use of highly conductive liquids. Most prominently, mercury
(Hg) drop electrodes and eutectic gallium indium (EGaIn) electrodes have been used to contact monolayers.
A mercury drop electrode is formed by pushing a defined volume of Hg from a reservoir through a capillary. The
high surface tension of Hg then leads to the formation of a droplet, that deforms when coming into contact with
an other surface, forming a circular contact area. Molecular monolayers can then be contacted by contacting
the substrate and the Hg reservoir. Many molecular junction experiments using a mercury top-electrode have
been reported. [57, 72, 93–95] While the high surface tension prevents direct diffusion of mercury through
the monolayer, the vapor pressure of Hg at room temperature is very low. Thus, Hg vapor can diffuse through
the monolayer, and potentially react with the bottom contact material. Since Hg is is reactive towards many
common substrate materials, such as gold, silver and II-VI semiconductors, amalgamation strongly limits the
usefulness of contacting monolayers on these substrates with a mercury drop electrode, even though it works
reasonably well for monolayers on oxides [96, 97]. This drawback and the fact that mercury is toxic lead to
the development of an alternative temporary liquid contact. To date, mercury drop electrodes have widely been
replaced by eutectic gallium indium (EGaIn, pronounced ’e-gain’). Mixtures of 75 wt.% gallium (Ga) and 25
wt.% indium (In) yield an eutectic. Eutectics are mixtures of materials that exhibit melting temperatures that
are lower than those of all of their individual consitutents. For EGaIn the melting temperature is found to be at
≈ 15 °C. [98] This makes EGaIn a room temperature liquid metal alloy that exhibits high conductivity and can
hence be used as soft contact to electrically characterize SAMs.[99] EGaIn contacts are formed via pushing a
defined volume of the material through a metallic syringe and directly contacting that syringe. EGaIn is also a
non-Newtonian liquid, which allows it to be moulded into cones with well defined contact area. As compared to
Hg drops, EGaIn contact areas are smaller, biocompatible and do not penetrate through SAMs, independent of
the substrate material. However, they are covered by an ill-defined gallium oxide film [99], which complicates
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theoretical transport calculations.
Temporal contacts are a facile method to form a contact/SAM/contact sandwich configuration for multiple repeat
measurements. General drawbacks include the comparatively large area of the contacts and a change of contact
area with temperature. [100]. They are also limited to lab use. For industrial application of ensemble molecular
electronics, permanent contacts are crucial.

Permanent Contacts

In order to apply a solid-state top contact to SAMs, several strategies have been pursued. One strategy is the
introduction of a conductive interlayer. The following concepts have most prominently be researched so far:

• Nanoparticle Interlayers: SAMs are designed with an ambient facing head group that exhibits an affinity
towards a material that is available in nanoparticle form. For instance, di-thiols can be grafted onto a
gold surface, such that they exhibit an ambient facing thiol group. Subsequent incubation of the substrate
in a gold nanoparticle dispersion immobilizes the nanoparticles on the SAM via S-Au bond formation.
This in turn, makes evaporation of any top contact feasible, since the nanoparticles mitigate potentially
destructive effects of the condensation of the evaporated material. [101–103] This method has shown to
result in the successful formation of metal-SAM-metal junctions with high yields. [104] A variant of this
method is the synthesis of metallic nanoparticles or nanoislands directly on the monolayer film from a
single precursor. This thermally induced decomposition of an organo-metallic compound (TIDOC) is for
instance realized by incorporating a thermally sensitive organic gold complex as ambient facing moiety.
Annealing at moderate temperature after self-assembly then leads to the formation of gold nanois-
lands that can serve as seeding layer for electroless metal deposition or direct metal evaporation. [105, 106]

• E-beam deposited carbon (eC): Focused electron beam induced deposition (FEBID) can be employed to
fabricate carbon interlayers on top of molecular monolayers. In general, FEBID is a maskless lithographic
technique that utilizes the electron beam-induced decomposition of molecules in the gas-phase to non-
volatile compounds. An electron beam is scanned over a sample and precursor molecules are delivered
by a gas-injection system to achieve localized deposition of the decomposition product. [107] It has
been shown that this technique is suitable to graft e-beam deposited carbon (eC) from a naphtalene pre-
cursor without damaging the underlying monolayer. This technique is independent from ambient facing
moiety that carbon is directly deposited on and the resulting carbon layer was found to be stable. [108, 109]

• Spin-coated polymer interlayers: Deposition of a conducting, organic polymer interlayer can be used
to protect the monolayer. For instance, spin-coating the well-known conducting polymer poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) on top of a self-assembled monolayer
has been shown to avoid the formation of shorts upon the thermal deposition of gold. [110–112]
However, contact formation between polymers and molecules in the monolayer is reported to be poor
[113, 114] and also highly dependent on the ambient facing moiety of the SAM [112]. While the ease
of fabricating polymeric interlayers speaks for them, the introduction of conducting polymers into an
ensemble molecular stack, also introduces additional challenges that come with the use of conducting
polymers in general. This includes their often poor conductance as well as their poor stability under
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ambient conditions. [111, 115]

• Atomic layer deposition of interlayers: Atomic layer deposition (ALD) presents another potential
route to utilize specific ambient facing moieties to deposit an interlayer on molecular monolayers. In
ALD, atomic monolayers of materials are deposited through repeated exposure of typically two separate
precursors. The two precursors that react to the desired product are never simultaneously present within
the chamber, except at the deposition surface. First, the chamber is flooded with the first precursor and
a self-limiting reaction with the surface occurs, leaving surface bound reaction products. The chamber
is then pumped and flooded with an inert gas before it is flooded with the second precursor, that in turn
reacts with the reaction product of the first precursor such that the surface is primed for the first precursor
again. Since the reaction of the first precursor typically depends on an ambient facing moiety, that the
second precursor generates on the surface, SAMs with that particular moiety can also be used as a starting
point. Atomic layer deposition of metal oxides (namely Al2O3, ZnOx and MnOx) on SAMs with ambient
facing functional groups OH, COOH, and SH has been shown to be feasible at temperatures <100°C.
[116, 117] Ensemble molecular devices using this fabrication scheme have also been demonstrated. [116]
While being compatible with CMOS processes and large scale production, low temperature ALD of metal
oxides introduces an additional oxide layer in the ensemble molecular device, increasing its complexity
and decreasing the conductivity of individual junctions. Within this work, a first attempt to grow TiO2

on SAMs of alkylphosphonic acids with an ambient facing carboxyl endgroup have shown first successes
(see Appendix).

Most of these contacting schemes are, however, incompatible with current fab scale nanofabrication techniques
or increase device fabrication time and device complexity and decrease device conductance. A simple method
of forming an electrically conductive top contact to SAMs is still highly sought after. This issue and a potential
solution to this challenge will be elaborated further in Chapter 8.
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2.2 Charge Transport through Self-Assembled Monolayers

Understanding the charge transport mechanisms through molecular monolayers is crucial to developing an
understanding of ensemble molecular devices. However, despite the decades long study of charge transport
through molecular monolayers, the study of molecular junctions and devices still lacks a widely accepted,
generic description of the current-voltage characteristics. A detailed discussion of transport models is, for
instance covered in works by Vilan et al., most prominently in [6, 118] and [119].
To analyze the charge transport across a molecular monolayer, several charge transfer mechanisms have to
be considered. Most notably, tunneling and hopping have been considered as dominant transfer mechanisms
through single molecules and molecular monolayers of various molecules.
A clear distinction between those two mechanisms is often difficult. However, temperature dependence of
transport is often considered a distinguishing property of hopping transport. [120] As will be derived below,
tunneling is in general not inherently temperature dependent. However, this distinction through temperature
dependence alone can become more complex, when taking temperature dependent energy broadening effects
into account. For one, broadening of the Fermi-Dirac distribution in the electrodes with increasing temperature
may change the relative alignment between the molecular frontier orbital and the Fermi level, i.e., the tunneling
barrier height. Hence, an increasing temperature might decrease the effective barrier. This can lead to an
increased conductance with increasing temperature, even for pure tunneling transport. [121] Further, physical
properties of SAM anchoring layers, such as oxides, that might influence charge transport in a direct or in an
indirect way might also be temperature dependent. Recently for instance, the permittivity of TiO2 was found
to increase with decreasing temperature. [122] Assuming a dual layer capacitor for an oxide/SAM system,
this would decrease the electrical field across the SAM with decreasing temperature, ultimately resulting in a
decreased tunneling current at a fixed voltage.
Since a very clear distinction between hopping and tunneling does most likely not perfectly reflect any experi-
mental situation, a more realistic view would include a continuous transition between those extremes. In order
to practically model transport and compare charge transfer across multiple types of molecular junctions, the
following, more practical distinction is frequently assumed: The type of transport is governed by the difference
between the Fermi level and the frontier orbital (LUMO for electron transport, HOMO for hole transport).
When this difference is small, hopping conduction may take place. When it is large, charge transport occurs
predominantly by tunneling. [120] Since for all molecules studied in this work, the difference between Fermi
level of the electrodes and HOMO/LUMO is comparatively large, the dominating charge transfer process was
assumed to be tunneling.

2.2.1 Tunneling

Tunneling is an illustrative term for the quantum physical effect that a particle can move from one side of a barrier
of finite height to the other, even if its energy is insufficient to overcome the barrier. To quantitatively decribe it,
the wave function of said particle has to be considered. The wave function 𝜓 of a quantum-mechanical system,
e.g., a charge carrier, is a complex-valued probability amplitude that the possible results of measurements made
on the system can be derived from. The probability density 𝜌 = |𝜓 |2 gives the probabilities of locations of
the particle. Since the wave function is governed by the Schrödinger equation, solving it for a moving charge
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carrier within a potential landscape, including a barrier, allows one to calculate tunneling probabilities. In its
one-dimensional, time-independent form, the linear partial differential equation reads:

𝐻𝜓(𝑥) = 𝐸𝜓(𝑥) (2.2.1)

Here, 𝐻 is the Hamiltonian and 𝐸 the energy of the particle. When considering moving charge carriers within
a potential landscape, the following Hamiltonian is used:

𝐻 = − ℏ2

2𝑚∗
𝑑2

𝑑𝑥2 +𝑉 (𝑥) (2.2.2)

Here, the first term describes the kinetic energy and 𝑉 (𝑥) the potential. ℏ is the reduced Planck constant, 𝑚∗ is
the effective mass and 𝑑2/𝑑𝑥2 is the second derivative with respect to the location 𝑥. Solutions to this equation
describe the propagation of a single charge carrier within the potential 𝑉 (𝑥). The solution of the Schrödinger
equation for a free moving particle with the given Hamiltonian can be written as the superposition of right and
left moving waves

Ψ(𝑥) = 𝐴 · 𝑒 𝑗𝑘𝑥 + 𝐵 · 𝑒− 𝑗𝑘𝑥 (2.2.3)

where 𝑘 is the wavenumber that is related to the energy of the wave. With V(x), the effective mass of the
carrier 𝑚∗ and appropriate boundary conditions the Schrödinger equation can be solved and the probabilities of
locations of the charge carrier can be calculated.
When analyzing a tunneling barrier in a one-dimensional system, the situation can be broken down into three
regions: the region before the tunneling barrier, the tunneling barrier and the region behind the tunneling barrier.
The probability of a charge carrier tunneling through the barrier is then described by the ratio of the absolute
square of the wave function before and after the barrier. For a finite rectangular barrier and one charge carrier
an analytical solution can easily be determined, as outlined below.
The situation becomes increasingly more complex, the more complex the potential landscape is and the more
charge carriers are considered. Taking into account various effects that might be present in any given system, a
myriad of tunneling models, that apply to specific situations and boundary conditions, have been developed.
In the following, an analytical solution to the rectangular tunneling barrier is derived to reveal some general
observations with regards to charge carrier tunneling. More complex models that are often used within the field
of molecular electronics will then be described to complete the picture. Specifically, the Simmons model and
the Gruverman model will be given and their scope is briefly disussed. Lastly, a computational approach to deal
with the complexity of a many electron system is presented. Namely short introductions to density functional
theory (DFT) and the non-equilibrium green function (NEGF) approach that are used in combination within
the TranSIESTA software package to calculate the electronic transfer properties from the chemical structure of
molecules based on first principles, will be given.

Rectangular Barrier

A rectangular potential barrier can be described by:

𝑉 (𝑥) =

𝑉0 for 𝑥 ∈ [−𝑎, 𝑎]

0 else
(2.2.4)
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This potential landscape can be divided into three regions I: before the barrier, II: within the barrier, and III:
behind the barrier. The wave function within the three regions is then defined by:

𝜓𝐼 (𝑥) = 𝑒 𝑗𝑘𝑥 + 𝑅𝑒− 𝑗𝑘𝑥 (2.2.5)

𝜓𝐼 𝐼 (𝑥) = 𝛼𝑒𝑘𝑥 + 𝛽𝑒−𝑘𝑥 (2.2.6)

𝜓𝐼 𝐼 𝐼 (𝑥) =
|𝜓𝐼 𝐼 𝐼 |
|𝜓𝐼 |

𝑒 𝑗𝑘𝑥 = 𝑇𝑒 𝑗𝑘𝑥 (2.2.7)

(2.2.8)

Here, R is the reflection coefficient describing the ratio of the amplitude of the wave that gets reflected at the
barrier, T is the transmission coefficient describing the ratio of the amplitude of the wave that gets transmitted
into the barrier, 𝛼, 𝛽, 𝐴 and 𝐵 are parameters describing the wave propagation and have to be solved for. The
wave function 𝑘 is related to the energy of the charge carrier 𝐸 via the dispersion relations:

𝑘 (𝐸) =

√

2𝑚∗ (𝑉0−𝐸)
ℏ

for 𝑥 ∈ [−𝑎, 𝑎]
√

2𝑚∗𝐸
ℏ

else
(2.2.9)

Here, ℏ is the reduced Planck’s quantum, 𝑉0 is the barrier height, 𝐸 the energy of the wave and 𝑚∗ the effective
carrier mass. The functions 𝜓𝐼−𝐼 𝐼 𝐼 have to be continuous and differentiable at the mutual boundaries of two
adjacent regions. Therefore:

𝜓𝐼 (−𝑎) = 𝜓𝐼 𝐼 (−𝑎) (2.2.10)

𝜓𝐼 𝐼 (𝑎) = 𝜓𝐼 𝐼 𝐼 (𝑎) (2.2.11)
𝑑

𝑑𝑥
𝜓𝐼 (−𝑎) =

𝑑

𝑑𝑥
𝜓𝐼 𝐼 (−𝑎) (2.2.12)

𝑑

𝑑𝑥
𝜓𝐼 𝐼 (𝑎) =

𝑑

𝑑𝑥
𝜓𝐼 𝐼 𝐼 (𝑎) (2.2.13)

With these boundary conditions and using the identity sinh (𝑎) = 1
2 (exp (𝑎)−exp (−𝑎)) the tunneling probability

𝜏(𝐸) becomes:

𝜏(𝐸) = |𝜓𝐼 𝐼 𝐼 |2
|𝜓𝐼 |2

=

(
1 +

𝑉2
0

4𝐸 (𝑉0 − 𝐸)
sinh2 ^(𝐸)𝑑

)−1

(2.2.14)

with: ^(𝐸) =
√︁

2𝑚∗(𝑉0 − 𝐸)
ℏ

(2.2.15)

This result exemplifies important characteristics of tunneling:

1. 𝜏(𝐸) > 0∀𝐸 : There is tunneling at all energies. Most notably, charge carriers can tunnel through the
barrier even if their associated energy is lower than that of the barrier.

2. 𝜏(𝐸) < 1∀𝐸 : Even if the energy of a charge carrier is higher than that required to overcome the barrier,
the probability of charge transport from one side to the other is not 1. This means that some charge
carriers are reflected by the barrier, even if their energy is sufficient enough to overcome the barrier in a
classical model.
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3. The tunneling probability decreases exponentially with barrier thickness.

4. The tunneling probability is temperature-independent.

Realistic tunneling barriers are, however less ideal than the assumptions within this model. More complex
models are hence needed to describe more complex system. [123]

2.2.2 WKB based models

If the situation of a metal-insulator-metal junction is considered, one approach to describe the net tunneling
current density is to consider the tunneling probability 𝜏(𝐸) as well as the fermi-functions of the right electrode
𝑓 (𝐸, 𝐸𝐹,𝑟 ) and the left electrode 𝑓 (𝐸, 𝐸𝐹,𝑙). The net tunneling current density can then be calculated as the
difference of tunneling from left to right (𝐿 → 𝑅) and from right to left (𝑅 → 𝐿):

𝐽 = 𝐽𝐿→𝑅 − 𝐽𝑅→𝐿 =
4𝜋𝑚𝑞
ℎ3

∫ 𝐸𝑥,𝑚𝑎𝑥

𝐸𝑥,𝑚𝑖𝑛

∫ ∞

0
𝜏(𝐸) [ 𝑓 (𝐸, 𝐸𝐹,𝑙) − 𝑓 (𝐸, 𝐸𝐹,𝑟 )]𝑑𝐸𝑥𝑑𝐸⊥ (2.2.16)

Here, 𝑚 is the electron rest mass, 𝑞 is the electronic charge, ℎ is Planck’s constant. 𝐸𝑥 represents the total
energy corresponding to the longitudinal momentum and 𝐸⊥ represents the total energy corresponding to the
perpendicular momentum. The terms left and right are arbitrarily chosen and interchangeable.
Using the Wentzel–Kramers–Brillouin (WKB) approximation of a slowly varying barrier, the tunneling proba-
bility 𝜏(𝐸) can be expressed as:

𝜏(𝐸) = 𝑒 −4𝜋𝑑
ℎ

∫ 𝑑

0

√︁
2𝑚∗(𝜙 − 𝐸)𝑑𝑥 (2.2.17)

where 𝑚∗ is the effective mass of the charge carrier in the barrier, 𝑑 is the width of the barrier and 𝜙 is the
barrier height.
Starting from these assumptions various models using additional assumptions about the shape of the barrier have
been developed. Most notably Simmons derived a simple equation for tunneling through a barrier of trapezoidal
shape at bias 𝑉 < 𝜙:

𝐽 (𝑉) = 𝑎

𝑑2

[(
Φ − 𝑉

2

)
𝑒
−𝑑𝑏

√︃
𝛼(Φ−𝑉

2 ) −
(
Φ + 𝑉

2

)
𝑒
−𝑑𝑏

√︃
𝛼(Φ+𝑉

2 )
]

(2.2.18)

Here, 𝑑 is the tunneling distance (barrier thickness), 𝑉 the applied voltage, Φ the barrier height, 𝛼 the ideality
factor and 𝑎 = 𝑒

4𝜋2ℏ2 as well as 𝑏 = 2
√︃

2𝑚
ℏ2 with the reduced Planck’s constant ℏ and the electron rest mass

𝑚.[124] This can be further simplified to the simplified Simmons Equation 𝐽 = 𝐽0𝑒
−𝛽𝑑 . 𝐽0 is termed charge

injection current density, 𝛽 is called tunneling attenuation factor or tunneling decay coefficient and 𝑑 is the
thickness. This equation is particularily useful since 𝑑 can be experimentally determined or varied (e.g., by
increasing the number of repeating units in a molecule) and only two parameters 𝛽 and 𝐽0 are used to fit the
data.
However, there is no theory for correlating molecular structure to experimental values of 𝐽0 and 𝛽. In lack of
a more developed theory, the Simmons equation has been adopted as quasi-standard for studying the charge
tunneling across organic molecules. This is mainly due to that fact, that the reduction to the simplified
Simmons equation 𝐽 = 𝐽0𝑒

−𝛽𝑑 reduces the modeling problem to the determination of just two parameters from
experimental data and that these two parameters have proven to be useful in comparing contacting schemes
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for ensemble molecular junctions. In particular, these values are often determined by simply measuring the
experimental current density at a chosen evaluation bias for SAMs of varying alkyl chain length (in 𝑛𝐶: number
of carbons) and then fitting the above exponential equation to the 𝛽(𝑛𝐶) data set. It has been shown, that the
values for 𝛽 determined this way, are in the range of 0.5 − 1.5 𝑛𝐶−1 for a wide range of contacting schemes
- including single molecule measurements, alkyl-thiols on gold or silver measured with both eutectic indium
gallium [100, 125, 126] and mercury drop electrode [120, 127–129] It is important to note, that using the
Simmons model to extract physically meaningful values from current voltage spectroscopy of SAMs is under
debate. [6, 119, 130, 131] The model was developed for single molecules and may be inappropriate to model
charge transport across monolayers, especially for those comprised of organic SAMs that have more complicated
constituents than a simple alkyl chain. Nevertheless, more complex tunneling models can often be reduced to the
form of the simplified Simmons equation with assumptions that are valid in the low voltage regime, effectively
hiding more complex fitting parameters within 𝐽0 and 𝛽. [131] The large number previously reported values for
𝐽0 and 𝛽 of specific molecule classes, together with the fact, that SAMs that were characterized by a plethora of
techniques seem to exhibit very similar values of the experimentally determined values of 𝛽, justifies the usage
of the simplified Simmons model as a tool to verify successful monolayer formation as well as to verify the
feasibility of novel contacting schemes. This is particularly the case for alkylphosphonic acids.
Note that tunneling currents are often plotted on a log10 scale in a semi-logarithmic plot before a linear
regression is performed to yield 𝛽. To result in the same 𝛽 as in the simplified Simmons equations, the data
has therefore be fitted to 𝐽 = 𝐽010−𝛽 ·𝑑/2.303. Since log10(𝑒) = 0.434 and 1/log 𝑒 = 2.303, the slope determined
from log10 scale plots has to be multiplied by 2.303 to yield the correct 𝛽 value.
In this work, the Simmons tunneling model has been implemented as model with the python package lmfit to
fit and evaluate measurement data. The code is available at https://github.com/JuMaD/TM-py and is
subject to change.

Asymmetric Barrier Shape

Brinkman, Dynes, and Rowell (BDR) have used the WKB approximation to develop a model describing tunneling
through an asymmetric barrier. [132] Asymmetric refers to the situation in which the Fermi energies at both sides
of the barrier differ before establishing equilibrium, which leads to a built-in potential. In particular that reflects
the situation where both electrodes are made from materials exhibiting different work functions, ultimately
leading to a trapezoidal barrier. Their model has been refined with the application of ferroelectric tunneling
barriers in mind by Gruverman et al.[133], yielding the following expression for the direct (non-resonant)
tunneling current 𝐼𝐷𝑇 :

𝐼𝐷𝑇 = 𝑆 · 𝐶 ·
exp

(
𝛼

[
(𝜙2 − 𝑒𝑉

2 ) 3
2 − (𝜙1 + 𝑒𝑉

2 ) 3
2

] )
𝛼2

(
(𝜙2 − 𝑒𝑉

2 ) 1
2 − (𝜙1 + 𝑒𝑉

2 ) 1
2

)2 · sinh
(
3𝑒𝑉

4
𝛼

(
(𝜙2 −

𝑒𝑉

2
) 1

2 − (𝜙1 +
𝑒𝑉

2
) 1

2

))
(2.2.19)

With 𝐶 = −(32𝜋𝑒𝑚∗)/(9ℎ3), 𝛼 = (8𝜋𝑑
√

2𝑚∗)/(3ℎ(𝜙1 + 𝑒𝑉 − 𝜙2)), where 𝑆, 𝑑, ℎ, 𝑒, 𝑚∗ are the area of the
contact interface, the barrier thickness, Planck’s constant, the elementary charge, and the effective carrier
mass within the barrier, respectively, and 𝜙1 and 𝜙2 refer to the barrier heights on both sides of the barrier.
The equation is only valid in the small voltage-regime (𝑒𝑉/2 < 𝜙𝑖 ,∀𝑖) and for comparatively thick barriers
(𝑑 · ((2𝑚/ℏ)2 ·𝜙)1/2 >> 1)[133] Since the later assumption can not be satisfied by typical monolayer thicknesses
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≈1-4 nm, the anchoring layer oxide and the self-assembled monolayer were considered as one effective barrier
when this model was employed.

2.2.3 Embedded Dipoles

Self-assembled monolayers featuring dipolar units and the proposed charge transfer through them have been
subject to recent studies. The introduction of dipole moments to SAMs has so far been most frequently done by
the attachment of dipolar groups as ambient facing moieties. In contrast to that, molecules with an embedded
dipole incorporate polar groups into the backbone of the SAM forming molecule. This comes with the advantage
of decoupling the tuning of the electrostatic properties of a SAM from its ambient facing chemical identity.
SAMs with an embedded dipole were found to alter workfunctions of substrates [134], charge transfer through
a SAM [135] as well as transition dipole moments [136].

Tailoring the work function by introduction of a SAMs with a dipolar component has been widely employed
for organic electronic devices. [37] Work function changes up to 0.9 eV have been experimentally verified.
Work function and interfacial energy modifications utilizing SAMs have been demonstrated for metal surfaces
[137], organic/metal and organic/organic interfaces [138] as well as oxide surfaces [139].

The Helmholtz Equation relates the average dipole moment in z-direction `𝑧 to a work function shift Δ𝜙. For
a SAM with the surface density 𝑛 it reads:

Δ𝜙 =
𝑛`𝑧

𝜖𝑟 𝜖0
(2.2.20)

Here, 𝜖0 is the vacuum permittivity and 𝜖𝑟 the relative permittivity of the SAM.

Studies of SAMs with an embedded dipolar unit, so far focused on fixed orientation of the dipole per
monolayer and varied the dipole direction as well as magnitude via varying the dipole inducing substituents
in the aromatic unit of the molecule. The dipole induced changes in work function of surface [135] and
conductance of SAMs [136] have at least in part been attributed to collective electrostatic effects of aligned
dipoles affecting the delocalization of the frontier states of the individual molecules. [140] The orientations of
the fixed dipoles in these monolayers can not be altered by an external stimulus and are assumed to be almost
perfectly aligned.

The concept pursued in this work builds on embedded dipolar units, but goes beyond short, symmetric
molecules as studied in the aforementioned work. The functionality of the envisioned ensemble molecular
devices is ingrained in the chemical structure of the SAM constituents. The embedded dipolar unit is
linked via a conformationally flexible linker to the substrate. This allows the dipolar unit to be reversibly
reoriented in an electrical field, which potentially allows tuning the average dipole moment perpendicular to
the substrate. Due to this flexible linker, the dipole SAM orientation is assumed to follow a distribution rather
than being perfectly aligned. Further, the envisioned molecules are designed to feature a structural asymmetry
that induces an asymmetry within a molecular junction and may result in different built-in voltage drops
across such a junction. These two features potentially result in SAMs of this molecule acting as electrically
switchable tunnel barriers. To use a simplified, descriptive picture: The goal is not to exploit the change in
delocalization of the frontier states, but rather to provide a tunneling barrier with one part of the molecule and
to utilize the work function altering capacity of embedded dipoles on one side of this tunneling barrier to flex-
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ibly tune the height of the barrier on that side. This should ultimately allow tuning of the tunneling barrier shape.

2.3 Computational Methods

To evaluate whether experimentally determined current density - voltage traces fit to existing transfer models,
this work utilizes different models on these three scales:

1. Single molecule: TranSIESTA approach

2. Molecular ensemble: Molecular dynamics simulations

3. Monolayer device including the oxide layer: Parallel plate, double-layer capacitor model combined with
the Gruverman tunneling model

For the first two, computational methods are deployed and an introduction to the general concept behind them
are outlined below. For calculations at the device level, the device is modeled as double-layer capacitor to
calculate the voltage across the monolayer. Then, the Gruverman model that is described above is used to
calculate the transfer current density. Details of this model are given in Chapter 7.

2.3.1 Density Functional Theory & TranSIESTA

TranSIESTA is both an ab initio method and a tool to calculate the electronic structure and forces acting on
the atoms of multi-atomic systems that are connected to semi-infinite electrodes. It considers the influence an
applied voltage bias and is also used to calculate electronic transport through molecules. TranSIESTA is built on
SIESTA (Spanish Initiative for Electronic Simulations of Thousands of Atoms), a method to perform efficient
electronic structure calculations of molecules and solids based on density functional theory (DFT).[141] DFT
is based on the theorems:

1. The ground-state properties of a many-electron system are determined by an electron density that depends
only on three spatial coordinates.

2. The energy functional for this system is minimized by the ground-state electron density.

3. The many-body problem of interacting electrons in an external potential can be reduced to a problem of
non-interacting electrons moving in an effective potential.

The latter effective potential typically includes the external potential, the effects of Coulomb interactions as
well as exchange and correlation interactions.

An electronic state in an 𝑁-electron system can generally be described by the wavefunction Ψ( ®𝑟1, .., ®𝑟𝑁 ) and
satisfies the many-electron time-independent Schrödinger equation with the Hamiltonian �̂� = [𝑇 +�̂� +�̂�], where
𝑇, �̂� , �̂� are the kinetic energy, the potential energy and the electron-electron interaction energy, respectively,
and ®𝑟𝑖 are the location vectors to all of the electrons within the system. The Schrödinger equation then reads

�̂�Ψ = [𝑇 + �̂� + �̂�]Ψ = 𝐸Ψ (2.3.1)
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This many particle system is not separable into a simpler equation, mostly due to the fact that �̂� includes the
interaction between all electrons. Approximating the solution of this differential equation requires specialized
methods - such as the Hartree-Fock method - which are connected with a large computational effort that increases
with the number of electrons to be considered. It is hence virtually impossible to calculate these solutions for
large, complex systems such as self-assembled monolayers.
Density functional theory (DFT) maps this multi-body problem to a single-body one by introducing the electron
density 𝑛(®𝑟) as a function of the wave function. Here ®𝑟 points at the location in space the electron density
is calculated for. Since functions of functions are called functionals this method is called density functional
theory. The introduction of this functional ultimately transforms one equation for many, interacting electrons
into a system of many equations for one electron each. Introducing the functional 𝑛(®𝑟) to equation 2.3.1 results
in the so called Kohn-Sham equations that describe this auxiliary non-interacting system:[

− ℏ2

2𝑚
∇2 +𝑉 (®𝑟) +

∫
𝑛(®𝑟 ′)
|®𝑟 − ®𝑟 ′ | 𝑑

3𝑟 ′ +𝑉𝑋𝐶 [𝑛(®𝑟)]
]
𝜙𝑖 (®𝑟) = 𝜖𝑖𝜙𝑖 (®𝑟) (2.3.2)

Here, 𝑖 ∈ [0, 𝑁], ℏ is the reduced Planck’s quantum, 𝑚 the electron rest mass, the first term in brackets is
the kinetic energy, the second term is the external potential, the third term describes the electron-electron
Coulomb repulsion and the last term corresponds to the exchange-correlation potential including all many-body
interactions. Note that this equation has to be solved for each electron within the system and that 𝑖 in the equation
stands for the 𝑖-th electron. Solving these equations yields the orbitals 𝜙𝑖 which in turn make up the electron
density:

𝑛(®𝑟) =
𝑁∑︁
𝑖=1

|𝜙𝑖 (®𝑟) |2 (2.3.3)

Since equations 2.3.3 and equations 2.3.2 are interdependent, the Kohn-Sham equations have to be solved
iteratively after an initial well-educated guess for 𝑛(®𝑟). Due to this iterative nature of the calculation, the result
is always an approximation. [142]
Several expansions to this general concept exist. One of them, the so called generalized gradient approximation
(GGA), is used to account not only for the electron density, but also its derivatives with respect to the location.
To improve the accuracy of the solution, hybrid methods are applied. A common hybrid method, also used for
calculations presented in this work, is called B3LYP. It combines GGA (a DFT method) with the Hartee-Fock
method (a method to solve the Schroedinger Equation directly) to get more accurate solutions. [142, 143]

System under Bias

When adding electrodes and an external bias to the system under study, a constant perturbation is added to
the right side of the Schrödinger equation 2.3.1 and the system is in non-equilibrium. This makes another
expansion of the formalism necessary. The so called non-equilibrium Green’s function (NEGF) formalism,
which also uses a functional to get around the computational complexity of the many interactions, is typically
used to deal with this perturbation.

TranSIESTA combines several of the above mentioned methods and more to yield high accuracy in transfer
calculations while maintaining reasonable computational cost.[144–147] A more detailed discussion of
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the NEGF formalism as well as the TranSIESTA formalism is beyond the scope of this work. The inter-
ested reader is referred to [148, 149] for more details on TranSIESTA and to [142] for a primer on DFT in general.

2.3.2 Molecular Dynamics

Molecular dynamics (MD) refers to simulations in molecular modeling in which the interactions between atoms
and molecules as well as their motion in space are iteratively calculated. Since the computational effort to apply
quantum mechanical methods for molecular systems, that typically consist of a vast number of atoms, is too
large to yield results within reasonable time scales, MD simulations rely on numerical methods to approximate
solutions . Most notably, force fields are used to describe the forces that act on each atom within the simulation
volume.

The general procedure for MD simulations is as dipole-induced:
First, a volume element is populated with the atoms and molecules to study. Then, for each atom the forces
acting on each atom due to its neighbors are calculated and the particles are moved in space according to these
forces in very small time steps. After few iterations, the sample volume reaches thermal equilibrium. MD
simulations are often carried out under periodic boundary conditions: each atom leaving the simulated volume
on one side re-appears on the opposide side and all interactions take place across these boundaries as well. To
this end, identical copies of the simulated volume are placed next to each other.
Force fields are a computational method to parameterize the potential energy landscape. When a specific force
field is referred to, both the functional form of the force field as well as a specific (defined) parameter set are
meant. Force fields often contain terms for contributions to the potential energy mediated by chemical bonds
as well as terms for contributions that are not mediated by chemical bonds. A force field and its parameters are
chosen such that they can reproduce certain aspects of the molecular system as accurately as possible. Force
fields offer the advantage of modeling relatively large systems in a computational cheap way. The physical
accuracy of the result from the simulation however crucially depends on how well the chosen parameter set
fits the system under investigation. It is important to note that the initial description of a system will always
be inaccurate to some degree and long MD simulations hence suffer from cumulative errors in numerical
integration. [150–152]

MD simulations in this work have been carried out by Falk May (Merck KGaA, Darmstadt), making use of the
GROMACS package. They have been performed for SAMs of the molecules QM15 and QM32. As a force field,
a version of Optimized Potential for Liquid Simulation (OPLS) with an additional torsion potential was used.
The atomic charges on the phosphonate group of the molecules was set to zero and the phosphonate atoms were
replaced by H. The molecules were optimized by a variant of B3LYP to confirm that the employed force field
reproduces the molecular dipole vectors correctly. The SAM was constructed within the simulation volume by
placing 92 molecules in it, constraining the bottom phosphonate atoms in the x-y plane and calculating a starting
point using the packmol package. [153] The SAM was then equilibrated for 20 ns using an isothermal-isobaric
(NPT) simulation while constraining the phosphonate oxygens in the x-y plane, resulting in a density of n = 3.6
molecules nm−2. In an NPT simulation the system is isolated from change in amount of substance (N), pressure
(P) and temperature (T). The NPT simulation in this work was monitored using the total energy and surface
density, which converged to within 1%. In order to prevent the molecules from aligning completely with the
electrical field when it was applied, the three phosphonate oxygens as well as the top carbon were constrained
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in their respective z positions during all following simulations. More details of the computational details of
this model as well as simulations performed to check its validity are available in the supporting information of
[154].
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3 Characterization Methods

In this chapter, the characterization methods used in this work will be described. To image the samples, a variety
of methods was used, namely atomic force microscopy (AFM), light microscopy, scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). Surface composition and thicknesses were probed via
several spectrocopic methods, such as variable angle spectroscopic ellipsometry (VASE), x-ray photoelectron
spectroscopy (XPS), fourier transform infrared spectroscopy (FTIR) and near-edge x-ray absorption spec-
troscopy (NEXAFS). Electrical characterization was carried out via current-voltage spectroscopy in a vacuum
cryo probe-station.

3.1 Imaging Methods

3.1.1 Atomic Force Microscopy

To capture and analyze the topography of a sample down to nanometer resolution, atomic force microscopy
(AFM) was used. For this purpose, a sharp tip at the end of a few micrometer long cantilever is brought very
close to the surface. The cantilever is then put into oscillation near its resonant frequency. The interactions
of the tip with the sample surface result in a change of amplitude and phase of the oscillation. This shift is
measured as a deflection of a laser that is reflected from the cantilever to a photo detector. Using a feedback loop
either frequency or amplitude are controlled to a fixed value when the sample is scanned below the cantilever.
[155, 156] There are three modes of operations, most commonly used to capture the topography of a sample,
namely:

1. non-contact mode: in which the tip never touches the surface and only short-range interactions of the
atoms of the tip and the surface cause a the shift in phase and amplitude. To image the topography while
avoiding destructive mechanical interactions between tip and surface, the lateral tip-surface separation is
held at a fixed value.

2. contact mode: in which the tip is in soft contact with the surface and the cantilever is directly deflected by
changes in height of the substrate. This significantly improves the resolution in z-direction. Typically, the
force that the tip exerts on the surface is kept constant. Destructive interactions between tip and surface
may occur.

3. tapping mode: in which the tip touches the surface with a low force at the end of each oscillation cycle.
This intermittent method combines the advantages of non-contact and contact mode, resulting in a high
resolution in z-direction with minimal mechanical interaction with the surface. [156]

Since the tapping mode is particularly useful to determine small roughnesses of mechanically "soft" surfaces, it is
commonly deployed to determine the surface roughness of SAMs. If the surface roughness does not significantly
vary between a measurement before and one after monolayer formation and the presence of molecules after
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Figure 3.1.1 Atomic Force Microscopy - general working principle illustrated within a picture of the AFM system used
in this work. Blue lines indicate the path light takes to the optical microscope that is used to navigate on the sample. Red
lines indicate the laser light path. Starting from the light source (laser diode) the beam is guided via a two-mirror system
to the tip of the cantilever on the probe holder. Then, light gets reflected and is steered via a two mirror system to the 4
quadrant detector, which then detects the amplitude and the phase of incoming light. When tips are exchanged, the laser
has to be re-aligned using the two laser aim adjustment knobs to hit the tip. Then, the detection mirror adjustment knobs
are used to correct for tilt in the tip orientation so that the beam hits the middle of the 4 quadrant detector again. Adjusted
from [157]

monolayer formation can be confirmed through other methods - e.g., contact angle, XPS or FTIR, a dense
layer of molecules covering the substrate can be assumed. In this work, unless specifically otherwise stated, all
AFM topographies were taken using a Bruker Nano Dimension V AFM in tapping mode. AFM tips fabricated
from diamond like carbon (DLC) of type TAP190DLC from Budget Sensor were used for all images. The
experimental setup including a sketch of the AFM working principle is shown in Figure 3.1.1. Recorded
topographies were analyzed using Bruker’s Nanoscope Analysis software. The plane fit function was used to
account for tilt within the image and level the images in x and y direction. The roughness of samples was
analyzed using the root mean square roughness 𝑅𝑞 value which is defined as:

𝑅𝑞 =

√√√
1
𝑁

𝑁∑︁
𝑖=1

𝑦2
𝑖

(3.1.1)

where 𝑁 is the number of measurement points recorded within the area to be analyzed and 𝑦𝑖 is the deviation of
a measured height from the average within this area. Areas with exceptionally high deviation from the average
height - i.e., potential dust particles on the surface - were treated as outliers and omitted from the determination
of 𝑅𝑞 by choosing a detection window that did not include those outliers.

AFM scratching

One method to determine monolayer thicknesses is AFM scratching. The general idea of AFM scratching is to
use an AFM in contact mode with a drive amplitude that is effectively pressing the tip on the surface, scratching
away any potential layer that can not withstand the force that acts on it. The region on the sample is then imaged
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Figure 3.1.2 AFM scratching method - Topography on the left is taken in tapping mode after the smaller, quadratic
area in the middle has been exposed to AFM in contact mode using a deflection set-point of 212 mV. A histogram of
the data within the blue rectangle is shown on the right. Open circles indicate data points whereas red and green lines
represent Gaussian fits of the two observable peaks. The difference in peak positions of those two fits is then reported as
layer thickness. Scales of topography and histogram are shifted since for the topography a (color) scale starting at 0 with
the lowest value is the most useful whereas in the histogram a scale relative to the plane fit height is useful to determine
whether the plane fit and the average height of the monolayer coincide.

by AFM in tapping mode for a larger area, revealing the pristine as well as the scratched-away surface. After
plane-fitting, a histogram of the height distribution of the region that has been scratched away as well as the
laterally adjacent areas to the left and right is analyzed. Due to statistical variations the two dominant heights
’scratched away’ and ’pristine’ follow a Gaussian distribution. The maximum values of these distributions were
fit using OriginLabs Origin’s Quick Fit -> Gaussian Fitmethod and the distance between both maxima
was reported as layer thickness. An example for the area typically used to determine the histogram as well as
the Gaussian fits to the histogram are depicted in Figure 3.1.2. To ensure the substrate is not scratched in the
scratching process, the maximum drive voltage of the cantilever before the substrate is scratched is determined
separately. In general, AFM scratching can only be performed if the driving voltage that damages the substrate
is well below the voltage, that allows scratching of the layer on top. Scratching experiments with DLC tips on
bare TiN surfaces to determine the maximum drive voltage for the AFM scratching experiments were performed
by Gagandeep Singh. The maximum driving voltage that did not damage the substrate was found to be 212 mV.
All AFM scratching of SAMs on TiN was therafter performed at this voltage.

3.1.2 Light Microscopy

To magnify objects with dimensions in the microscale, optical microscopes are often used. They achieve a
magnification of an object through a relay lens system. The object to be imaged is placed in focus of the
objective lens that creates a magnified image of the object. The eyepiece is then focused on the resulting
image, magnifying it and relaying it to the eye of the observer or a camera. In modern compound microscopes,
objective and eyepiece consist of multiple lenses in order to correct for imperfections in image formation, as
for instance chromatic aberration, spherical aberration and field curvature. [158] To image the surface on a
strongly absorbing surface, the sample is illuminated from the top. Illumination path and imaging path often
overlap inside a microscope.
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The microscopic method that includes all light reflected from the surface is called bright-field microscopy.
Contrast in bright-field images comes from differences in reflection and absorption across the sample. Contrary
to that, in dark-field microscopy, contrast is due to scattering. The unscattered light from the sample is excluded
and only the scattered light is imaged. This is achieved by illuminating the sample with light that is not collected
by the objective. Due to the dark background, this method can also be used to detect the presence of particles
below the diffraction limit. In the dark-field image, light scattered from smaller particles can appear as a larger
dot or disc in the image. [159]
Bright-field and dark-field microscopy are complementary methods with different strengths and weaknesses.
What is apparent in a bright-field image may not be visible in dark-field and vice versa. In this work, bright-field
microscopy was used to get a general overview of microscopic structures. Dark-field microscopy was used to
judge the effectiveness of cleaning processes and to have a quick method of determining whether small particles
that could induce shorts are present on the bottom electrode before dip-coating.

3.1.3 Transmission Electron Microscopy

The resolution of illuminated, diffraction-limited imaging systems is governed by the Abbe diffraction limit. It
describes the minimum distance 𝑑𝑚𝑖𝑛 two distinct features must have to still be distinguishable after optical
imaging. It is given by:

𝑑𝑚𝑖𝑛 =
_

2𝑛 sinΘ
(3.1.2)

Where _ is the wavelength of light, 𝑛 is the refractive index of the medium, in which light is traveling to the
objective and Θ is the maximum half-angle of the cone of light that can enter or exit the objective. Refractive
index and half-angle are often described together as the numerical aperture NA = 𝑛 sinΘ of the optical system.
Hence, the resolution of an imaging system can be improved by either increasing the numerical aperture of the
optical system or by reducing the wavelength. An increase in NA is for instance typically achieved by immersing
specimen and objective in a transparent oil of high refractive index. [158, 159]
As discovered by DeBroglie, electrons have an associated wavelength that is much smaller than that of ultra-
violet light. At the same time, this associated wavelength means that similarly as light, electrons can be diffracted
and the general concept of magnification through diffraction, that a light microscope utilizes can be transferred
to electrons. Using electrons instead of photons drastically improves the resolution that can be achieved with a
microscope. Taking relativistic effects into account, the associated wavelength of an electron is

_𝑒 =
ℎ√︃

2𝑚𝑒𝐸 (1 + 𝐸

2𝑚𝑒𝑐
2 )

(3.1.3)

where ℎ is Planck’s constant, 𝑐 is the speed of light, 𝑚𝑒 is the rest mass of the electron and 𝐸 is its kinetic
energy. Typical acceleration voltages of modern TEMs are between 100kV and 300kV and therefore result in
electron wavelengths between 3.7 pm and 2 pm. Compared to the minimum photon wavelengths typically used
in light microscopy, this results in an increase in resolution by approximately five orders of magnitude.
In a transmission electron microscope, transmitted electrons are imaged. Since electrons get scattered easily
the sample to be imaged has to be very thin - often below 100 nm. To image a cross-section of a vertical stack
of layers, a focused beam of gallium ions is typically used to mill through the layers and cut and lift out a thin
slab, often referred to as TEM lamella. This thin slab is transferred to a TEM window that acts as a larger scale
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physical support of the lamella while not adding to the scattering cross-section. The slab is then often further
thinned with the ion beam until it becomes transparent to electrons.
The TEM microscope itself operates on a general principle that is very similar to that of an optical transmission
microscope: An electromagnetic field is generated, condensed to illuminate the sample in a homogeneous
way and after transmission, absorption and refraction through the sample again focused to an image recording
system. In case of a TEM, the field is generated by an emission source that is connected to a high voltage,
emitting electrons by thermionic or field emission. The condenser and objective lens systems are realized using
electrical and magnetical fields.
The objective lens focuses elastically scattered electrons that leave the specimen under the same angle on the
same point. Using an aperture, scattered electrons can be excluded from the image and only non-scattered end
up forming the image.
The elastic, incoherent scattering of electrons is goverened by Rutherford scattering. It describes the cross
section for elastic scattering as a function of atomic number 𝑍 of the scattering atom. Since the cross section
increases with increasing 𝑍 and the number of scattering events increases with the thickness 𝑡 of the specimen,
the intensity at the detector decreases with increasing 𝑡 and 𝑍 . Hence, contrast in TEM imaging is achieved
by atomic number and object thickness. Consequently, it is often referred to as mass thickness contrast. This
mechanism is illustrated in Figure 3.1.3.

Figure 3.1.3 Mass thickness contrast in a transmission electron microscopy image. Both thicker and higher-Z areas of
the specimen (right part of the image) scatter more electrons off axis than thinner or lower-Z ones (left part of the image).
Consequently, fewer electrons from these areas pass the aperture and reach the imaging plane making these areas appear
darker in the final image. Adapted from [160]

In the case of imaging TEM lamellas of amorphous layers, all layers are of the same thickness. This allows
for a simple distinction of layers with a high contrast in atomic number. Table 3.1 lists the atomic numbers
of all atoms present in the layers imaged via TEM in this work. Since the atomic numbers of atoms present
in the organic layer are much lower than that of the metals used as contacts, a high contrast between those
layers is to be expected. In this work, TEM imaging of devices with Pb top contact was performed by Samurai
Semiconductor Services, Japan. There, a Hitachi High-Tech HD-2300A with an acceleration voltage of 200
kV was used. Lamellas were prepared at a thickness of 80 nm. Images of crossections of a device with Ti
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Table 3.1 Atomic numbers of atoms predominantly present in the stacks imaged via TEM in this work.

Atom Atomic Number

Ag 47
Al 13
Au 79
C 6
F 9
H 1
N 7
O 8
P 15

Pb 82
Ti 22

top contact were taken by Oscar Recalde, Technical University Darmstadt. There, a JEOL ARM200F with
an acceleration voltage of 200 kV was used. Lamellas were prepared at a thickness of 60 nm using a JEOL
JIB-4600F dual-beam FIB.

3.1.4 Scanning Electron Beam Microscopy (SEM)

Scanning electron beam microscopy is a surface characterization method that does not require thin samples. For
SEM imaging, the specimen is irradiated with a focused electron beam and the interactions of the impinging
electrons with the sample surface are then analyzed. The three most prominent interactions of surface and
electrons are:

1. Backscattering of primary electrons. When high energy electrons hit a surface, some of them are
elastically back-scattered by atoms at the specimen surface. Similarly to TEM imaging, contrast is
achieved by chemical composition of the surface via the atomic number of surface atoms.

2. Ejection of secondary electrons. Beam electrons eject secondary electrons from conduction or valence
bands of the atoms at the surface of the specimen. Since those electrons are typically of low energy -
orders of magnitude lower than that of the beam electrons, applying some sort of a filter to collect only
low energy electrons is necessary to achieve a good image quality. This is the most common imaging
method for SEM.

3. X-ray radiation. Some of the secondary electrons generated by incident x-ray radiation stem from lower
energy levels within the surface atoms. When the incident electron beam passes through the sample
creating secondary electrons, it leaves multiple of the sample’s atoms with vacancies in the electron shells
where the secondary electrons used to be. If these vacancies are in inner shells, the atoms are not in a
stable state. To stabilize the atoms, electrons from outer shells drop into the inner shells. To dissipate
the excess energy the outer shell electron has with respect to the lower vacancy state x-rays are emitted.
These x-rays can subsequently be measured and analyzed.
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Since these interactions occur within the interaction volume of electron beam and surface and its diameter is
limited, the beam is scanned over a fixed area of the surface and measurement results are stitched to form an
image of the surface. SEM does not require an optical system to make up an image and is thus not limited by
the diffraction limit that applies to optical microscopy and TEM. It is rather only limited by the smallest spot
diameter that can be achieved when focussing the electron beam. [161]

SEM imaging shown in this work was performed with help from Sabrina Artmeier at the Zeiss NVision
40 Dual Beam SEM system at the Zentrum für Nanotechnology und Nanomaterialien in Garching. There,
the in-lens detector, located inside the beam column, was used to detect low-energy back-scattered secondary
electrons originating from the interaction volume at the top of the sample surface.

3.2 Variable Angle Spectroscopic Ellipsometry

Variable angle spectroscopic ellipsometery (VASE) was used to determine the thickness of various inorganic
and organic layers. Ellipsometry measures the change of polarization of light upon reflection on a surface and
compares it to a model based on the Fresnel equations.
In an ellipsometer, light emitted by a light source gets linearly polarized by a polarizer. It is then focused on
the sample. After reflection, the light passes a rotating second polarizer and then reaches a detector. This
way, the complex ratio 𝜌 of the reflection coefficients 𝑟 for p- and s-polarized light can be measured. Since
any polarization state can be described by the combination of these two orthogonal linear polarizations, any
change in polarization can be measured this way. The combination of two orthogonal linear polarizations with
random phase and amplitude results in elliptical polarization. This is what gave ellipsometry its name. [162]
The working principle is illustrated in Figure 3.2.1.
After measurement, 𝜌 is commonly expressed in terms of the ellipsometric quantities Ψ and Δ, that are defined

Figure 3.2.1 Working principle of ellipsometry as an overlay over the Alpha SE system deployed in this work. Red
lines indicate polarization direction, blue light indicates light path. Light is linearly polarized behind the light source.
The orthogonal components of light are in phase. When the light interacts with the sample, s- and p-polarized light are
reflected differently. This results in a random phase relationship between s- and p-components and hence in elliptical
polarization that can be measured by a rotating, linear polarizer. Since the reflection coefficents for s- and p-polarized light
depend on layer thickness, optical constants and layer sequence, using an optical model enables non-contact measurement
of these entities. Adapted from [163].
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by the following equation:

𝜌 =
𝑟𝑝

𝑟𝑠
= tan(Ψ)𝑒 𝑗Δ (3.2.1)

The reflection coefficient 𝑟 is the ratio of the reflected wave’s electric field complex amplitude and that of
the incident wave. Likewise, the transmission coefficient 𝑡 is the ratio of the transmitted wave’s electric
field complex amplitude and that of the incident wave. Ψ accounts for the amplitude ratio of incident and
reflected wave whereas Δ is related to the difference in phase between s- and p-polarization. Only in an
ideal bulk material, 𝜌 can be directly inverted to yield the optical constants. For any multi-layered system,
the measured data has to be compared to a model. The model considers the optical constants, thicknesses
and layer sequence of the sample. Parameters of that model are then iteratively varied and the resulting
ellipsometric quantities are calculated using the Fresnel equations until the calculated values sufficiently
match with the experimental data. This optimization problem is often solved using regression. However,
using regression on all parameters in the model quickly becomes too computationally expensive or can
fail to find the global minimum. Therefore fixing multiple parameters to known or physically reasonable
values before regression is important. Sometimes, a grid-search is applied to find the global minimum. In
a grid search a set of values for each parameters is used to define a full-factorial grid as starting points
for multiple regressions. Minimum errors of all starting points are then compared to yield their global minimum.

For each iteration of the regression, Ψ and Δ have to be calculated using the Fresnel equations. They describe
the transmission and reflection of light incident on an interface between different media, depending on its
polarization. A plane wave that is incident at an angle of \𝑖 is transmitted at an angle \𝑡 and reflected at an
angle \𝑟 . In the case of an ideal dielectric material, with an extinction coefficient of ^ = 0, the Fresnel equations
relate reflection 𝑟 and transmission coefficents 𝑡 for s- and p-polarized light to the refractive indices 𝑛 of both
materials that the wave propagates in and the angles \𝑖 and \𝑡 :

𝑟𝑠 =
𝑛1 cos(\𝑖) − 𝑛2 cos(\𝑡 )
𝑛1 cos(\𝑖) + 𝑛2 cos(\𝑡 )

(3.2.2)

𝑡𝑠 =
2𝑛1 cos(\𝑖)

𝑛1 cos(\𝑖) + 𝑛2 cos(\𝑡 )
(3.2.3)

𝑟𝑝 =
𝑛2 cos(\𝑖) − 𝑛1 cos(\𝑡 )
𝑛2 cos(\𝑖) + 𝑛1 cos(\𝑡 )

(3.2.4)

𝑡𝑝 =
2𝑛1 cos \𝑖

𝑛2 cos \𝑖 + 𝑛1 cos \𝑡
(3.2.5)

If light is incident on two or more parallel interfaces, multiple transmissions and reflections occur. The light
reflected from a sample with multiple parallel interfaces is therefore always a combination of multiple, interfering
reflections and transmissions. Since the thickness of each layer can be expressed in terms of the phase change
it induces, the phase-dependent interference of light connects the measured ellipsometric quantities to the layer
thicknesses. The measured quantities 𝑟𝑠 and 𝑟𝑝 are calculated from a superposition of many internal reflections.
These multiple reflections are the reason why the measured quantities are not directly invertable and why
regression quickly becomes time consuming.
Alternatively to fixing as many parameters as possible to physically sound values, parameter sparse models can
be used to model layers with unknown optical constants or thicknesses. One such simple approximation of the
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variation of the refractive index of a material with wavelength is given by the Cauchy equation and represented
as Cauchy layer within the data analysis software. It is typically given as:

𝑛 = 𝐴 + 𝐵

_2 + 𝐶

_4 (3.2.6)

Here, 𝐴.𝐵 and 𝐶 are parameters of the model, whereas _ is the wavelength of light. The Cauchy approximation
does not necessary fulfill the Kramers-Kronig relation that connects refractive index 𝑛 and extinction coefficient
^ via a Hilbert transformation. In practice this means that after fitting of 𝐴, 𝐵 and 𝐶, both optical constants
have to be checked for physical consistency.
As outlined above, optical models of ellipsometry depend on a multitude of parameters. It is therefore beneficial
for the physical accuracy of the model to measure as many quantities as possible. This is typically done by
varying the angle and wavelength at which the ellipsometric quantities are recorded, effectively overdefining
the optical model.
In this work, all VASE measurements were performed using a J.A. Woollam Alpha SE system, that utilizes
wavelengths from 300 to 900 nm and allows measurements at three angles of incidence (65°, 70° and 75°).
Data analysis was performed using the CompleteEase software package, also supplied by J.A. Woollam Alpha.
Whenever possible, available text book data for optical constants was used to model layers. Readily available
data was used directly for Si and SiO2 [164]. For TiN layers, the Lorentz oscillator model within CompleteEase
was used as a starting point, transformed into a B-Spline model and then fit to TiN reference samples [165].
Organic layers were modeled as a Cauchy layer with 𝐶 = 0 and 𝑘 = 0. This is an idealized assumption of
no absorption within the layer that is valid for large band-gap materials or ultra-thin layers with neglectable
absorption, such as self-assembled monolayers. [163]. For aluminum samples, available spectroscopic data
[166] was used as a starting point for a Cauchy layer where 𝐴 and 𝐵 were fitted using a multi-sample analysis.
This means that while the thicknesses of several substrates were allowed to vary independently, the values for 𝐴
and 𝐵 were kept constant across all samples, but were at the same time fit to achieve the best mean square error
for all data across all substrates.
In literature, it has been common practice to determine a molecular monolayers thickness via ellipsometry using
a measurement at one fixed wavelength and at one fixed angle. The refractive index (or the 𝐴 parameter within
the Cauchy model) is then assumed to be a fixed value in the range of 1.4 to 1.6. [57, 163, 167]. No further
dispersion of the refractive index is typically taken into consideration.
Using multiple angles as well as multiple wavelengths leads to more data points that are more complicated to
fit with such a simplistic model and therefore less prone to over-fitting. Self-assembled monolayers provide
some particular challenges for the application of ellipsometry. For one, at very low thicknesses, if both 𝑛 and 𝑑
are parameters in the model, they become highly correlated. It is then safe to say that the optical thickness 𝑛𝑑
is accurate, but deviations of 𝑑 from expected values can be directly connected to a small change in 𝑛. [168]
This alone combined with the consenus range of assumed refractive index of SAMs can account for thickness
variations > 14%. Additionally, interface effects at the interface of substrate and SAM can have a crucial
impact on 𝜓. Missing or incorrect modeling of the SAM-induced variations in 𝜓 can lead to a significant
overestimation of the SAM thickness.[169, 170] Taking these limitations into account, VASE is still a useful
building block in routine self-assembled monolayer analysis, especially when combined with complementary
methods for determining the thickness of the layer. In particular, it presents a simple, fast and non-destructive
quality control method, when analyzing similar SAMs on the same type of substrate.
Since liquid crystals exhibit an anisotropic refractive index, modeling of liquid crystal self-assembled monolayers
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might depend on the orientation of the molecule on the surface. In fact, others have shown, that advanced VASE
methods, can yield useful information including ordinary and extraordinary refractive index, twist distribution
and tilt angle distribution of the liquid crystal moiety for liquid-crystal thin films. [171, 172]

3.3 Spectroscopic Methods

Spectroscopic methods study the physical and electronic structure of matter on an atomic or molecular level by
observing the interaction between matter and electromagnetic radiation. In this work, spectroscopic methods
based on the absorption of electromagnetic radiation have been used.
The general principle of absorption spectroscopy is based on the principle that radiation gets absorbed by
matter, if its energy fits the energy difference between an occupied and a not fully occupied energy level within
that material. Irradiating material with radiation of a known spectrum and then measuring the spectrum after
interaction of that radiation with the sample enables the determination of energy level differences within the
sample. Combined with theoretical calculations or reference measurements, individual atoms, molecules or
binding states can be identified.

The energy 𝐸 of electromagnetic radiation is inversely related to its wavelength _:

𝐸 =
ℎ𝑐

_
(3.3.1)

where ℎ is Planck’s constant and 𝑐 is the speed of light. Hence, different physical modalities require different
forms of radiation to be probed. For example, the fine structure of atoms has to be probed with x-ray radiation
whereas the energy separation generated by stretching vibrations of two or three atoms that are covalently bound
require infrared radiation to be probed. [173]

3.3.1 Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectroscopy is used to study molecules or functional groups of molecules, since the vibrational
frequency of molecular bonds is in the range of the frequency of infrared light. It is a well-developed tool to
identify substances. Within the field of self-assembled monolayers it is also a well-established tool to quantify
the order of a molecular monolayer, since CH stretching vibrations of alkyl chains are very sensitive to packing
density and presence of defects. In particular, the asymmetric CH2 stretching vibration at 𝑘 ≈ 2918 cm−1 is
a useful indicator for this order. It has been shown, that a more ordered SAM, the more the CH2 stretching
vibration peak shifts towards lower frequencies. A SAM of a molecule with an alkyl chain that exhibits the
asymmetric CH2 stretching vibration at or below 2917 cm−1 is considered of exceptional quality, between 2918
cm−1 and 2926 cm−1 it is considered to have a high quality and above that the SAM is considered heavily
disordered. [174, 175] Some of the vibrational modes that are present in many molecules used for molecular
monolayers of this work are listed in Table 3.2.
In a Fourier Transform Infrared spectrometer, the fact, that location and frequency are connected via a Fourier

transformation is exploited to translate the technical challenge of high resolution in frequency domain to an
easier one within the location domain. Light from a broadband source is passed through a specimen and then
through an interferometer, for instance a Michelson interferometer, as depicted in Figure 3.3.1. Then, the
resulting intensity is recorded. By shifting one of the mirrors in the interferometer, an intensity profile 𝐼 (𝑑),
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Table 3.2 Frequency range for modes of particular interest for molecules used in this work. a for vibration, 𝛿 for in-plane
bending. Adapted from [173]

vibration characteristic frequency (𝑐𝑚−1) relative intensity

aCH 3100-2800 strong
aOH 3650-3000 strong
aC−−C 1900-1500 weak
aC−−O 1820-1680 very strong
𝛿CH3 1370-1470 medium
aC−F 1400-1000 strong

aP−OH 950 -
aP−O 1132 -
aP−−O 1280 -

where 𝑑 is the translation of the mirror compared to its initial state, is recorded. Applying the Fourier transform
to 𝐼 (𝑑) yields 𝐼 ( 𝑓 ), where f is the frequency of light. Comparing this measurement to a measurement without
a sample in the light path, results in the absorption spectrum of the sample, typically expressed in wavelength.
The three main advantages of FTIR compared to regular IR spectroscopy are

1. Multiplex advantage: Since information of all wavelengths is collected simultaneously, for a given scan
time the signal-to-noise ratio is increased. Similarily, at given resolution the scan-time is decreased.

2. Throughput advantage: Compared to a dispersive instrument, no entrance or exit slits are necessary.
This way, the throughput in a FTIR spectrometer is limited only by the diameter of the beam coming from
the source right after a circular aperture. Since this circular aperture lets more light through than a slit,
the resulting measurement has a higher signal-to-noise ratio.

3. Wavelength accuracy advantage. The wavelength scale can be calibrated by a coherent laser beam
passing through the interferometer. This calibration method is more stable and accurate than calibration
methods that rely on mechanical movement of diffraction gratings as used in dispersive spectrometers.
Hence, generally speaking, the wavelengths are more accurate in an FTIR spectrometer than in a dispersive
spectrometer.

Self-assembled monolayers are often bound to substrates that are not sufficiently transparent to infrared light.
Hence, placing the substrate covered with a monolayer into the beam path is not feasible. Instead, a method
called attenuated total reflection (ATR) is deployed. The infrared light is guided through an optical waveguide
by total internal reflection. The evanescent field behind the reflecting interface can then interact with a sample
brought into close proximity of the surface. The light inside the waveguide gets attenuated through these
interactions, hence the name attenuated total reflection. The penetration depth of the evanescent field into
the specimen in contact with the ATR waveguide decreases with increasing difference of refractive indices
of waveguide and specimen. For a large refractive index crystal the penetration depth into almost any other
material is therfore very short. This is particularly advantageous for self-assembled monolayers, because the
background of the substrate becomes less relevant. Attenuated total reflection also enables the measurement
of absorption characteristics of thin layers on substrates that absorb in the infrared, since transmission of the
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Figure 3.3.1 Working principle of a Michelson interferometer-based Fourier transform interferometer. Light from
a source is split into two paths using a beam splitter (BS). The resulting two beams are reflected back from one mirror
each and interfere at the beam splitter that in turn re-directs the combined beam through the sample to a detector. Moving
one of the mirrors by distance 𝑑 results in an interference pattern I(d) at the detector. This interference pattern can then
be Fourier transformed to yield I(f). Comparing I(f) for measurements with and without sample results in the infrared
absorption spectrum of the sample.

probing radiation through the substrate is not necessary.
To analyze an FTIR spectrum, the peaks in a spectrum are compared to reference values of known substances,

that can be found in a multitude of reference tables. Since peak positions depend on the local surroundings of
the molecule, reference values are often given in a broader range, termed characteristic frequencies. To identify
unkown substances several algorithms that looks at identifying features first and then searches for support of
the first hypothesis within the spectrum are used. [176] Peak positions of the CH2 stretching vibrations as well
as their width are important information in determining the quality of a self-assembled monolayer. Peaks in
infrared spectra are most commonly determined by fitting a region of interest to the Voigt function. The Voigt
function𝑉 (ã;𝜎, 𝛾) is defined as the convolution of a Gaussian𝐺 (ã;𝜎) and a Lorentzian function 𝐿 (ã; 𝛾). Here,
ã is the wavenumber, 𝜎 is the standard deviation of the Gaussian function and 𝛾 is the full-width-half-maximum
(FWHM) of the Lorentzian. The Voigt function allows to fit broadening effects, that are accounted for through
either the Gaussian function (Doppler broadening) or Lorentzian function (natural and collision broadening) as
well as in any combination of them. Taking into account all of these broadening effects leads to a lower mean
square error of the fit and more accurate values of peak position and width than Gaussian or Lorentzian fits to
the same data.[177] All fits to ATR-FTIR data in this work were performed using OriginLabs Origin’s quick
fit function with a Voigt function as objective function. Regions of interest were adjusted until a convergence
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of 𝜒2 < 1 · 10−9 was achieved. Here, 𝜒2 = 1
DOF

∑
∀𝑖 (𝑑𝑖 − 𝑓𝑖)2 with the degrees of freedom DOF (number of

datapoints - number of parameters of the model), values from measurement 𝑑𝑖 and values as predicted by the
model 𝑓𝑖 . ATR-FTIR measurements were performed at a Bruker Vertex 70v system at Walter Schottky Insitute,
Garching.

3.3.2 X-Ray Photoelectron Spectroscopy

In x-ray Photoelectron Spectroscopy (XPS) the photoelectric effect is exploited to characterize the elemental
composition of a surface. Typically, a monochromatic x-ray beam is directed on a surface where the x-ray
photons remove characteristic, inner core-shell electrons from the atoms of the surface under investigation. The
ejected electrons leave the sample with a kinetic energy 𝑊𝑘𝑖𝑛 that is the difference between the energy of the
incoming x-ray 𝑊𝑥𝑟 and the binding energy of the electron within the atom 𝑊𝑏. When the electron hits the
detector, this energy is further reduced by the workfunction difference between sample and detector ΔΦ. In
total:

𝑊𝑘𝑖𝑛 = 𝑊𝑥𝑟 −𝑊𝑏 − ΔΦ (3.3.2)

Ejected electrons are typically collected via a system of lenses and analyzed by a hemispherical electron energy
analyzer. It consists of two conductive hemispheres that bend the trajectories of incoming electrons through an
electric field that is applied between the two hemispheres. The radii of electrons then depend on their kinetic
energy when entering the hemisphere. The detector at the end of the hemispherical electron energy analyzer then
provides a mapping between the position of the arriving electrons and their kinetic energy. Typical x-ray photon
energies of lab-scale XPS devices are between 100 and 200 eV, whereas synchrotron sources may reach much
higher energies. Since XPS spectra are recorded at fixed photon energies, higher energies may reveal stronger
bound electrons, but may also lead to irreversible damage of the surface. At high energies, the measurement
spot size of the impinging beam and the spectra acquisition time are optimized to yield enough ejected elec-
trons for the sensitivity of the detector while avoiding noticeable damage to the samples caused by radiation load.

An XPS spectrum is mainly constituted of a series of narrow peaks that correspond to certain core-levels.
These levels can be shifted, when elements are in different binding configurations.
Some of the peaks in XPS data are not due to the ejection of an electron by direct interaction with the
incident photon. One example are the Auger peaks that present in a spectrum due to the decay of a more
energetic electron into the vacant hole created by the x-ray photon, together with the emission of an electron
with an energy matching the difference between the states involved in the spectrum. In this work, the KLL
peaks of O1s and C1s are observed. They are termed KLL since these peaks are present due to the filling of
the 1s state (K shell) by an electron from the L shell coupled with the ejection of an electron from an L shell.[178]

Spectra on insulating surfaces are shifted by charging effects. These spectra are therefore commonly charge-
corrected by using a well-known binding energy as reference. [179] The binding energy scale of the spectra
measured at Walter Schottky Institute, Garching, were calibrated to the hydrocarbon C1s peak at 284.8 eV
whereas the spectra measured at the Helmholtz Zentrum Berlin were calibrated using the Al2p emission line of
the underlying substrate at 74.1 eV.
Binding energy spectra can also be used to determine the thickness of an organic layer. It can be derived from
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the attenuation of a signal that is connected to an atom at the bottom of this layer. Photoelectrons at the interface
are subject to inelastic scattering events when passing through another solid. As long as the inelastic mean free
path of photoelectrons, typically in the nanometer range [180], is longer than the layer thickness, the attenuation
of the intensity can then be used to calculate the layer thickness. The photoelectron attenuation within a solid
obeys the Lambert-Beer law [181] which reads:

𝐼 (𝑑)
𝐼0

= 𝑒
− 𝑑

_(𝐸𝑘𝑖𝑛 ) (3.3.3)

Here, 𝐼0 is the intensity at the interface, 𝐼 (𝑑) is the intensity at a point where the photoelectrons travelled a
distance 𝑑 through the material and _(𝐸𝑘𝑖𝑛) is the inelastic mean free path of the photoelectrons, which is
energy- and material-dependent. For molecules with an alkyl backbone on Au [182] and Si[183] , the empirical
inelastic mean free path has been previously determined to be

_(𝐸𝑘𝑖𝑛) = 0.9 nm + 0.0022
nm
𝑒𝑉

· 𝐸𝑘𝑖𝑛 (3.3.4)

Since to the best of the author’s knowledge no empirical values for phosphonic acids on oxides are available,
the above formula was also adopted for alkylphosphonic acids on TiN. The Ti2p peaks were used to perform
these calculations. Intensities were determined as integrated intensities of the respective binding energy peaks.

In this work, XPS spectral analysis was performed at two different setups. XPS spectra of alkylphosphonic
acids on TiN were acquired by Domenikos Chryssikos at Walter Schottky Institute using a home-built setup
equipped with a non-monochromized XR50C-ray source and a Phoibos 100 hemispherical analyzer under a
pressure of 6 · 10−9 mbar, a voltage of 12.5 kV and an emission current of 20.0 mA. Survey spectra were aquired
at a step size of 1.0 eV and with a dwell time of 0.5 s using a single scan. Single-peak spectra where then
acquired at a step size of 0.1 eV with dwell times of 1 s. A pass energy of 30 eV was consistently used.
XPS spectra of QM15𝐹 and QM32 on aluminum oxide on silicon oxide were acquired by Christian Seim at the
HE-SGM beamline at the synchrotron radiation facility BESSY II within the Helmholtz Zentrum Berlin. [184]
A moderate photon flux provided by this beamline is well suitable for radiation-sensitive samples. To diminish
the radiation load of the samples, the spectra acquisition time was minimized by reducing the spot size to 2 mm
x 0.2 mm. Measurements were performed at a base pressure of 2 · 10−9 mbar. Survey spectra were acquired
at photon energy 750 eV to cover the predicted monolayer elements and silicon substrate region. The energy
resolution was 0.3 eV. High Resolution X-Ray Photo-Electron Spectra (HR-XPS) of Al2p, P2p, C1s at 350eV
excitation energy and F1s at 750eV excitation energy were also acquired at the same beam line.

3.3.3 Near-Edge X-Ray Absorption Fine Structure (NEXAFS) Spectroscopy

Near-edge x-ray absorption fine structure (NEXAFS) spectroscopy can be used to determine the orientation of
molecules on a surface. Similarly to XPS, NEXAFS utilizes x-ray irradiation of a surface to draw conclusions
about its constitution. In contrast to XPS, NEXAFS is not generating photo electrons, but stimulating electrons
to higher energy levels and then monitoring the decay of electrons to this newly vacant level. When electrons
from a higher level fill up the vacancy, their excess energy is released either via the emission of a photon or
transferred to an other electron in the same atom that then leaves the atom. These electrons are called Auger
electrons. In NEXAFS, either the emission of x-ray photons or emission of Auger electrons is monitored to
determine the absorption spectrum of the sample. Due to experimental reasons, monitoring the emission of
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Auger electrons has become the more common method. [185] For NEXAFS spectroscopy first, the absorption
edge is determined by increasing the energy of the impinging x-ray beam. Since an x-ray photon can only
be absorbed if the energy is at least sufficient for the electron to reach a higher, unoccupied state, for any
given atom or molecule, the x-ray absorption remains zero up until this characteristic edge and then suddenly
increases. The energy value at which this sudden increase occurs is called the absorption edge. In the energy
region close to it, absorption depends on how many unoccupied states are available for the electron. Hence,
absorption spectroscopy in this energy regime is particularly useful to determine the fine structure of a surface.
This is also what gives NEXAFS its name. Since the Auger electrons generated by this process have a decay
length of few nanometers, NEXAFS spectroscopy only probes a few nanometers at the surface of a substrate.
Since the energy of the excitation beam is scanned in NEXAFS, a synchrotron source is required to perform
these measurements. [185] NEXAFS is very sensitive to the bonding environment of the absorbing atom and is
commonly used especially to characterize different fine structures for carbon in different molecular groups.
The absorption of x-rays by molecules depends on the orientation of their transition dipole moment with respect
to the electric field vector of the incident beam. This difference in absorption of perpendicular and parallel
polarized radiation is called dichroism. It is particularily pronounced in aromatic moieties and hence enables
probing the average tilt of these within a SAMs. Hence, NEXAFS can contribute to a better understanding of
self-assembled monolayers. Specifically the ability to probe the orientation of functional units within monolayers
is crucial when the electronic functionality of monolayer devices depends on this orientation. This information
can then be used to validate molecular dynamics simulations that in turn contribute to a deeper understanding
of structure-function relationships in ensemble molecular electronics.[186]
Due to the dichroic effect, the intensity of the NEXAFS resonances 𝐼 relates the angle of incidence of the
polarized x-ray beam \ to the average tilt angle of the transition dipole moment 𝛼 via the following equation

𝐼 (\) ∝ 𝑃𝑐𝑜𝑠2(\)
(
1 − 3

2
𝑠𝑖𝑛2(𝛼)

)
+ 1

2
𝑠𝑖𝑛2(𝛼) (3.3.5)

Here, 𝑃 denotes the degree of polarization of the x-ray beam. This equation can be re-written as

𝐼 (\) ∝ 𝑃𝑐𝑜𝑠2(\)
(
𝑐𝑜𝑠2(𝛼) + 1

2𝑃
𝑡𝑎𝑛2(\)𝑠𝑖𝑛2(𝛼)

)
(3.3.6)

In this form, it is immediately evident that for \ = arctan (
√

2𝑃) the absorption is independent from the
orientation of the transition dipole moment. For 𝑃 ≈ 1 this so called magic angle is \ ≈ 55◦. The absorption
intensity measured at this angle is crucial for data analysis, since it provides a scaling factor for all physical
and experimental constants and allows the comparison of different measurements. Without any preferable
orientation of molecules on a surface, recording NEXAFS spectra at this ’magic’ angle is sufficient.[185] If
a preferential orientation however, is to be expected, this orientation can be determined by determining the
average tilt angle of the transition dipole moment of surface bound molecules. By measuring 𝐼 (\) at multiple
angles of incidence and fitting the resulting data to the above equation, the average tilt angle of the transition
dipole moment 𝛼 can be determined. Since the transition dipole moment of the aromatic 𝜋∗ level is orientated
perpendicular to the molecular plane of the aromatic ring, the average tilt angle 𝛽 of the aromatic ring can be
calculated from 𝛼, as long as the so-called twist angle 𝛾 is known. The twist angle describes the rotation of the
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aromatic moiety around its axis with respect to the plane spanned by this axis and the surface normal. [187,
188] The relationship between these three angles is [185]:

𝑐𝑜𝑠(𝛼) = 𝑠𝑖𝑛(𝛽)𝑐𝑜𝑠(𝛾) (3.3.7)

If the twist angle is not known, reasonable assumptions have to be made. For the molecules under consideration
in this work, a twist angle of \ ≈ 0 is set to simplify calculations. Polarized NEXAFS and polarized IR spectra
complement each other and can be used to collectively determine 𝛾 and hence unambiguously calculate 𝛽. This
method has been applied to various monolayers, especially for the tilt of aromatic moieties.[185, 189–194] In
this work, the analysis is also focused on the aromatic rings since they contribute the majority of the overall
transition dipole moment of the molecules that have been studied.
NEXAFS spectra to calculate the orientation of the polar group of QM15𝐹 and QM32 within a monolayer
on aluminum oxide were recorded by Christian Seim at the HE-SGM beamline at the synchrotron radiation
facility BESSY II within the Helmholtz Zentrum Berlin. The NEXAFS/XPS apparatus at the end-point of the
synchrotron was designed and built by PREVAC, Poland. [188]
The spectra were recorded at the carbon K-edge in partial electron yield mode with retarding voltages of -150
V. As the primary x-ray source, linearly polarized synchrotron light with a polarization factor of 88% was
used. The angle of incidence of the x-rays was varied between the normal (90°) and grazing (20°) incidence
geometry in 10-20° steps. The energy resolution was 0.3 eV. The photon energy (PE) scale at the C K-edge was
referenced to the pronounced 𝜋∗ resonance of highly oriented pyrolytic graphite at 285.38 eV. [195] To extract
quantitative information about the monolayers, the following normalization procedure was used additionally:
First, the constant background signal without illumination was determined and later subtracted from the spectra.
Then the spectrum of a substrate without monolayer was recorded and later subtracted from the spectra of the
monolayer covered substrates. The spectra were corrected for the photoelectron dependence of the incident
photon flux by division through the spectrum of gold and reduced to the standard form (zero intensity in the
pre-edge region and the unity jump in the far post-edge region). This data analysis procedure reveals information
that can be attributed exclusively to the monolayer on the substrate.

3.4 Current-Voltage Spectroscopy

All electrical measurements were performed using a Keithley 2635B source measure unit (SMU). Communica-
tion to the Keithley 2635B was established via the Virtual Instrument Software Architecture (VISA) protocol
and the SMUs were connected via GPIB. First measurements were performed with a Python script based on
the package pymeasure and later measurements were performed using LabView software qMem developed and
continuously improved by Simon Schwarzkopf of Merck KGaA, Darmstadt. If not otherwise specified, the
following conditions were used for IV-sweep measurements: Integration time: 400 ms, dwell time: 100 ms,
step size: 50 mV. Here, integration time describes the duration of the current measurement at each voltage and
dwell time is the time delay between applying the voltage and starting the current measurement. All voltages
applied via the Keithley 2635B were done so in a ’floating’ configuration. This means that there was no fixed
ground on either of the two terminals and voltages are always relative to the other contact and not relative to a
defined zero potential.
Electrical measurements were post-processed with a Python script, that is part of this work. It is mainly
based on the Python packages Pandas, NumPy and PyPlotLib. The script re-arranges sweeps so odd and even
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number sweeps are grouped. This is advantageous to cluster high and low resistive states when a memris-
tive device is voltage sweeped. Furthermore the script automatically calculates and plots the on/off ratios,
Fowler Nordheim Plots, normalized differential conduction (ndc) plots and current as well as current density
vs voltage statistics. The comprehensivly documented code of this datawrangling.py script is available
at https://github.com/JuMaD/qmDataWrangling and still subject to change after submission of this
work.

3.4.1 Vacuum Cryo Probe-Station

Two-terminal electrical characterizations of solid state devices were performed using a vacuum probe station.
Most characterizations were performed inside a Lakeshore TTPX probe station, that was later replaced by the
for all two-terminal measurement purposes identical Lakeshore CRX-6.5K. Both probe stations consist of a
vacuum chamber with four flexible probe-arms mounted to it and are themselves mounted on a shock-free table
to minimize mechanical noise. The vacuum chamber is connected to a Pfeiffer vaccuum pump station that
evacuates the chamber and a nitrogen supply that is used to flood the chamber and to keep water adhesion to
the inside of the chamber to a minimum during sample exchange. To contact the contact pads on the fabricated
chips, probes that have a tip of tungsten with diameter 25 µm mounted to a temperature stable ceramic.
The vacuum chamber itself consists of two layers: the outer vacuum chamber and the inner radiation shield.
Probe tips are connected via mini coaxial cables to a feed-through coax to triax connector. The inner guard of
the outside facing triax is connected to the probe station radiation shield. This way, the probe station itself is
designed with following the principle of a triax cable, ultimately reducing the noise of measurements inside
the probe station to a minimum. The sample stage that is made out of copper as well as the outer shell of the
vacuum chamber are set to a common ground.
Quartz windows are incorporated in both radiation shield and outer shell and a long working distance
microscope is mounted above the stage to allow magnified observation of samples and tips within the probe
station. Imaging is facilitated via a ring light and the quartz windows were covered with a light blocking sheet
during electrical measurements to avoid any potential absorption phenomena influencing the measurement.
The general setup of the probe station is illustrated within a picture of the LakeShore CRX-6.5K probe station
in Figure 3.4.1 whereas the electrical configuration is shown in more detail in Figure 3.4.2.

At the TTPX probe station, a capillary below the sample stage is connected to gas in- and outlets to allow
for cooling liquids, such as He and N2 to cool down the stage to cryogenic temperatures. At the LakeShore
CRX-6.5K probe station, the base is directly connected to a refrigerator that is cooled down using an external
He compressor, forming a closed cycle system that can be cooled down below 10 K within approximately 4
hours. Temperature control for both probe stations is established through heating coils that are controlled via a
Lakeshore 336 temperature controller. In both probe stations the probe mounts are thermally anchored to the
stage, whereas the probe arm is thermally anchored to the radiation shield.
In this work, two terminal IV-measurements at the probe station were conducted at room temperature under a
base pressure of ≤ 5 · 10−6 mbar.
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Figure 3.4.1 Cryo probestation measurement setup. Upper image shows the LakeShore CRX-6.5K cryo probestation
together with the periphal measurement equipment. SMUs are connected to the probes via Triax Cables that are connected
to the Triax connectors of the probestation. Lower image shows a closer look at the opened up probe station, showcasing
the 4 probes, the measurement stage, the outer and inner shell as well as 6 devices under test (DUT).

40



Figure 3.4.2 Crossection schematic of the probestation setup used for two terminal measurements. The sample is placed
on a grounded Cu stage. Contacts on top of the sample are contacted via probe tips that are fed through the probearms
to a triax connector that is then connected to a Keithley 2635 SMU. The SMU is then controlled via a LabView program.
The sample stage is enclosed by a two-chamber system. The outer chamber functions as vacuum chamber, whereas the
inner one acts as radiation shield that is connected to the inner guard of the triax connector (as indicated by the blue lines).
Dashed lines inside the triax connector illustrate the inner and outer guard and the connections of the probestation parts
to it.
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Figure 3.5.1 Definition of the contact angle of a liquid on a solid. When a droplet of a liquid is placed on top of a surface,
an equilibrium contact angle Θ𝑐 forms due to liquid-solid interfacial energy 𝛾𝐿𝑆 , the solid-vapor interfacial energy 𝛾𝑆𝑉
and liquid-vapor interfacial energy 𝛾𝐿𝑉 . Adapted from [200].

3.5 Water Contact Angle

Measuring the water contact angle of a surface has been proven to be a quick method for quality control of
self-assembled monolayers. [37, 57, 196–199] When a liquid drop comes into contact with a solid surface,
cohesive forces within the liquid cause the drop to avoid contact with the surface and adhesive forces between
the liquid and the solid cause the liquid to spread across the surface. When these forces come to an equilibrium,
a droplet is formed on the surface. The angle between the tangent to the liquid’s outline and the solid surface,
determined at the position where the liquid-vapor interface meets the surface, is called contact angle. The
definition of this angle is shown in Figure 3.5.1.
The equlibrium contact angle Θ𝑐 is related to the liquid-solid interfacial energy 𝛾𝐿𝑆 , the solid-vapor interfacial

energy 𝛾𝑆𝑉 and liquid-vapor interfacial energy 𝛾𝐿𝑉 via the Young equation[201]:

𝛾𝐿𝑉 cos \𝑐 = 𝛾𝑆𝑉 − 𝛾𝐿𝑆 (3.5.1)

Keeping the liquid and the vapor the same, the contact angle becomes a simple figure of merit for a change
in interfacial energies at the liquid-solid and vapor-solid interfaces. Since the surface facing moieties of bare
surface and monolayer often significantly differ with respect to their surface energy, a change in water contact
angle is a useful measure to indicate successful monolayer formation.[202] Many experiments have determined
the water contact angle of alkyl monolayers with ambient facing methyl moieties at >100° whereas for typically
hydroxy-terminated oxide surfaces, contact angles of 50° have been reported. [203, 204].
The solid surface is termed hydrophilic, if the water contact angle is smaller than 90°, and hydrophobic, when
it is larger than that. Clean oxide surfaces are therefore hydrophilic, whereas surfaces with a methyl terminated
SAM are hydrophobic.[200] In the sessile drop method, a defined volume of the test liquid is dropped onto the
surface, completely detaching from the syringe it is deposed off of.
In this work, static water contact angle measurements with the sessile drop method were recorded and analyzed
at room temperature on a OCA-20 contact angle measurement system from DataPhysics Instruments GmbH
(Filderstadt, Germany) with SCA20 analysis software. Reported contact angles are averages of 3 measurements
on on each surface. De-ionized water from a Millipore system was used as a test liquid in all cases.
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4 Fabrication

In this chapter, the fabrication methods deployed in this work will be briefly outlined. These include sputter
coating, self-assembled monolayer growth, vacuum evaporation and optical lithography.

4.1 Thin Film Deposition

4.1.1 Sputter Coating

Sputter-deposition is a type of thin-film deposition that is mainly used for dielectrics and metals. The material
to be deposited and the substrate are placed in a process chamber facing each other. After evacuation of the
champer, a gas-mixture of argon and nitrogen is supplied as bleeding gas. An external field then induces a
plasma within the chamber. Ar+ ions inside this glow discharge plasma are then accelerated towards the target
that is strongly negatively biased compared to the substrate. The accelerated ions hit the target surface, ejecting
of the target material from the surface. Atoms with sufficient energy reach the substrate and are deposited there.
[205, 206] In this work, sputter-deposition was performed by Fraunhofer EMFT to fabricate the TiN and Al
coatings on the Si/SiO2 wafers as well as to fabricate the AlSi reinforcement at the pad area of the 1D-crossbar.

4.1.2 Self-Assembled Monolayer Growth

Organophosphonic Acid Monolayer Fabrication

A detailed description of the self-assembly process of phosphonic acids is given in chapter 2.
Unless otherwise stated, monolayers in this work were grafted from 1 mM solutions of the respective molecules
in tetrahydrofuran (THF). Dipcoating was performed in 20 ml glass vials that were filled close to the maximum
and sealed air tight to reduce the potential influence of oxygen on monolayer formation. Samples were kept in
the solutions at room temperature (≈ 23 °C) for 72 hours before they were taken out, blown dry in a dry nitrogen
stream and subsequently heated on a hotplate at 130 °C for 1 hour. Samples were subsequently left to cool
down for 5 min and then rinsed for 20 s in a 1 ml/s stream of ethanol (EtOH), deposited from a glass syringe
exlusively used for that purpose. This rinsing step was introduced to wash off potentially unbound molecules as
well as excess THF. Samples were then blown dry in a dry nitrogen stream and heated on a hotplate at 130 °C
for 10 s to remove residual EtOH.

4.1.3 Vacuum evaporation

In a vacuum evaporation process - also commonly referred to asphysical vapor phase deposition, the source
material is heated, typically within a crucible, under high vacuum. It then resublimates or condensates on the
substrate. The substrate is placed upside down above the crucibles containing the material to be evaporated.The
process is executed in vacuum to lower the melting and boiling points of the materials as well as to decrease
the mean free path of atoms. Typically, the pressure is decreased to a value where the mean free path of the
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evaporated atoms is much larger than the size of the evaporation chamber, resulting in a highly directional flux
of atoms, that avoid scattering events with impurity atoms present in the chamber. [206]

Materials are heated either via supplying a high current through the crucible holder, effectively heating the
crucible via joule heating, or via directing an electron beam onto the material inside the crucible. The former
method is commonly referred to as thermal evaporation while the latter is commonly referred to as e-beam
evaporation. E-beam evaporation has several advantages over thermal evaporation. Since the electron beam is
typically focused to a small spot on the source material and the crucible is cooled by water, the heated area is
confined to a small spot within the source material. This eliminates any unwanted contamination from peripher-
als that might be contaminated with materials other than the source material. Additionally, e-beam evaporation
is expected to lead to less thermal load for the sample during evaporation. [207, 208] A shutter separates the
source from the substrate and allows to control the start and end of the end point of the process. Using oscillating
quartz crystals in close vicinity of the substrate, the layer thickness of the resublimated material can be tracked.
In combination with the shutter, an exact adjustment of the layer thickness as well as the evaporation rate is
possible. The material flux from source to substrate depends on the net evaporation rate, the angular distribution
function of the material, the shape and material of the crucible as well as the geometry of the deposition chamber.

Within this work, the deposition of aluminium as bottom contact layer was performed within a Leybold L560
system at Walter Schottky Institute, Garching. Two tungsten coils were placed in-between electrical contacts to
form a thermal heater. Four 5 mm long jugs of 99.99% aluminum (supplied by Kurt J. Lesker) were placed
inside the coils. Vacuum pressure was typically in the range of 6 · 10−7 mbar to 6 · 10−8 mbar. Liquid nitrogen
was supplied to the double-walled cryogenic vacuum chamber in order to freeze out air moisture. Evaporation
rate was kept between 2 nm/s and 4 nm/s.
The deposition of the Pb/Ag bi-layer was performed within a Balzers evaporator at the Department of Hybrid
Electronic Systems, Munich. Tungsten boats placed in-between electrical contacts to form thermal heaters
within the same vacuum chamber. Three to five ball-shaped jugs of lead and silver were placed inside the
respective crucibles. Cold water was supplied to the double-walled vacuum chamber in order to ’freeze’
adsorbates at the inner side of the chamber. Deposition rate was keept at ≈10 nm/s for Pb and at ≈ 5 nm/s for
Ag. The substrate was moved from one evaporation source to the other without breaking the vacuum via a
rotation mechanism inside the chamber.
The deposition of Ti/Au top contacts was performed within a Leybold L560 system at the Zentrum für
Nanotechnologie und Nanomaterialien, Garching. Ceramic crucibles were placed within a rotating revolver and
filled with titanium jugs (supplied by Kurt J. Lesker) and gold jugs (supplied by Kurt J. Lesker ) respectively.
The materials were subsequently heated by exposure to an electron beam. Vacuum pressure was typically in the
range of 1 · 10−7 mbar to 2 · 10−8 mbar. Liquid nitrogen was supplied to the double-walled cryogenic vacuum
chamber in order to freeze out air moisture. Deposition rates were kept as low as possible - which corresponds
to rates between 0.05 nm/s and 0.15 nm/s. At the Ti evaporation step, the shutter was kept in-between source
and substrate after Ti started to evaporate (as observed by a slight pressure increase and the deposition rate from
a QCM that was not shielded by the shutter) until the pressure inside the chamber stopped decreasing. The
decreasing pressure was seen as an indicator for the reaction between Ti atoms evaporating from the source and
potentially still present oxygen in the chamber. The steady state of pressure during evaporation of Ti atoms was
seen as an indicator that oxygen within the chamber is likely ’used up’ and the species reaching the substrate is
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in fact Ti and not TiO2.

4.1.4 Shadow Mask Evaporation

A shadow mask can be used to structure evaporated materials directly at evaporation instead of afterwards via a
lithographic process. The mask is placed in-between the evaporation source and the substrate. It is comprised
of a thin membrane with small windows. The evaporated material is then blocked by the membrane and locally
deposited directly onto the substrate through the windows. Hence, the deposited layers are already structured
on the substrate and no further processing of the substrate to structure the evaporated material is necessary.
However, the mask has to be as close and as parallel to the substrate as possible in order to avoid any imaging
effects, since the windows within the mask effectively act as aperture. [209] Shadow mask evaporation is
beneficial for direct evaporation of metallic top contacts to self-assembled monolayers since it avoids any
chemical, thermal or optical processes that would be necessary in a lithographic process and that might put the
structural integrity of the monolayer at risk.
In this work, all top contacts were structured via shadow mask. The shadow masks used in this work were 10
µm thick nickel masks supplied by Temicon GmbH, Dortmund. The smallest feature on these masks was 5 µm
wide. This was the minimum feature size available at a commercial manufacturer at the time. However, shadow
mask evaporation is, in principle, not limited by this feature size. It has been shown, that substrate-aligned lines
of 10-15 nm width can be structured using shadow mask evaporation and this process is - in principle - suitable
for nano-sized devices. [210]
In this work, the nickel masks were aligned to the substrate using a custom-made shadow mask alignment
kit (Idonus, Hauterive). A mask chuck and a substrate chuck including a connection to a vacuum pump hold
the mask and substrate in place. These chucks are in turn fixated via screws within adapter plates, allowing
them to be placed inside a Karl Süss MA-6 mask aligner. Alignment markers on mask and substrate were
aligned using the MA-6 system and brought into contact. The chucks were then fixed to each other using
screws that were passed through one spring and one ball bearing each. Springs are used to keep the force at the
four screwing locations similar, whereas the ball bearings minimize the rotational forces on the chucks while
screwing. This reduction in external mechanical forces after alignment secures the alignment of the two chucks.
The combined chucks were then separated from their adapter plates and the chucks were carefully wrapped
in aluminum foil to prevent clogging of the movable parts through evaporated metal. A hole was carefully
punched into the foil to reveal the substrate opening of the mask chuck. Figure 4.1.1 shows the mask aligner and
all parts involved in the mask alignment process. Detailed images of the aligned chucks are shown in Figure 4.1.2.
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Figure 4.1.1 Image of the custom mask alignment setup including the Süss MA-6 mask aligner. Mask aligner is shown
in the middle. In the left part of the image, the mask chuck that is screwed to its adapter plate is highlighted, wheres the
substrate chuck screwed to its adapter plate is shown on the right. Both chucks are connected to the vacuum pump of the
MA-6 in order to keep substrate and chuck in place. The left adapter plate is placed upside down in the mask aligner top
part. The microscope of the mask aligner in conjunction with the micrometer positioning screws are used to move the
substrate adapter plate with respect to the mask adapter plate to align the alignment markers on substrate and mask. The
’check alignment’ feature is then used to bring mask and substrate into contact. Chucks are screwed together to fixate the
alignment and the combined chucks are then removed from the mask alignment system.

(a) (b)

Figure 4.1.2 Detailed picture of the shadow mask alignment kit. a) Picture of the chuck in the mask aligner where
both chucks are still connected to their respective adapter plates. Threads of the substrate chuck where the screws with
springs and ball bearings go to are highlighted in red. b) The combined substrate and mask chucks after alignment and
after removal from the adapter plates. This setup is then wrapped in aluminum foil and a hole is carefully opened up at
the position of the opening in the middle before being transferred to a PVD system. Gold coating at the position of the
opening is clearly visible in both pictures, whereas the rest of the chucks remained uncoated, as intended.
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Since mask aligner and Pb/Ag evaporation system were located across Munich, to reduce environmental
impacts on the sample, the aligned chucks were placed in a plastic desiccator with water absorbing silica gel.
Air was then removed from the desiccator using a membrane pump and the evacuated desiccator was placed
inside a Styrofoam box, partially isolating it from temperature changes. An image of this transport system
containing an aligned chuck is shown in Figure 4.1.3.

Figure 4.1.3 Shadow Mask Alignment kit transport box that was used to transport the aligned samples across the
city. Stryrofoam box serves the purpose of keeping the temperature inside the box as constant as possible, whereas the
desiccator and the silica gel inside the evacuated desiccator were introduced to reduce humidity inside. Foil and paper
were added to provide additional thermal isolation. This transport system aims to prevent condensation of water on the
sample that might happen due to repeated temperature changes when moving from a warm to a cold and then to a warm
environment again.
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4.2 Lithography

Lithography is a well-established method used to transfer patterns onto a substrate to protect selected areas of
the substrate during subsequent processing steps. Substrates are coated with a resist that hardens or breaks
down when exposed to specific radiation. In photolithography, resists are typically sensitive to UV light and
change their chemical properties when exposed to light. Typically, surface to be structured are coated with thin
films of resists within a yellow room where UV and blue light is filtered out. The thin film is then exposed
to UV light that is structured either through a photomask or via a laser scanner. Locally changed chemical
properties are then exploited using a developer. The developer removes either exposed or unexposed areas on
the sample revealing the previously transfered pattern as photoresist material on the substrate. For a positive
resist, the light exposed areas are removed in the development step, i.e., a positive of the mask remains on the
substrate. For a negative resist, the light protected areas are removed in the development step, i.e., a negative of
the mask remains on the substrate. A third category of resists are reversible resists that can be turned from a
positive to a negative resist - or vice versa - via a specific stimulus, such as heating to a certain temperature.
Additional processing steps such as pre-heating the thin film before exposure (soft bake) or post-heating
the pattern after development (hard bake) can be employed to improve the result of the pattern transfer and
hardening the remaining pattern to make it more resistant to subsequent processing steps. [211]
Bottom contacts in this work were structured via photolithography and subsequent etching of the unexposed
areas. The 1D crossbar chips fabricated at Fraunhofer were fabricated on a wafer scale using their standard
procedure. They were sawed into 8 mm x 8 mm chips. Prior to sawing, wafers were coated in a resist to protect
the surface from sawdust.
The crossbar aluminium bottom electrode chips were structured in a clean room using the following
procedure: Reversible photoresist AZ5214E (MicroChemicals, Ulm, Germany) was spin cast (600 rpm,
6000 rpm/s, 40 s) on 8 mm x 8 mm chips and subsequently pre-heated at 100 °C for 100 s. Typical film
thickness after spin coating was 1.6 µm. Pattern transfer was done via a chrome mask using a 200 W
mask aligner. Samples were exposed to UV light for 20 s. The developer AZ351B (MicroChemicals,
Ulm, Germany, 1 : 4 diluted with DI water) was used to develop the pattern. Development was stopped
in DI water. Results were checked with a microscope and development was repeated until patterns were
clearly developed. Then, a reversal bake was performed at 120 °C for 2 min and samples were exposed to
UV light for 30 s without a mask. A following hard bake at 120 °C for 1 min was performed to further
improve chemical stability. After cooling samples down to room temperature they were again immersed in the
developer AZ351B. This was done to exploit the fact that the developer is KOH based and prolonged exposure
of the samples lead to etching of the exposed aluminum on the surface, ultimately revealing the desired structure.

Before subsequent measurement or processing of the samples, all samples were cleaned using the following
procedure:

1. Dust removal: Samples were immersed in a volume >50 ml of DI water and cleaned within an ultrasonic
bath for 3 minutes. Samples were subsequently blown dry in a stream of dry nitrogen.

2. Photoresist removal: Samples were immersed in a volume >50 ml of acetone and cleaned within an
ultrasonic bath for 5 minutes. Samples were transferred to a second beaker with fresh acetone and
sonication was repeated for another 5 min.
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3. Removal of residual acetone: To avoid straining effect of drying acetone, samples were directly trans-
ferred from the acetone beaker to a beaker with isopropanol, keeping a thin film of aceton on the chip
during transfer. Samples were cleaned in an ultrasonic bath for 3 minutes and then blown dry in a stream
of dry nitrogen.
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5 Materials

In the following chapter, the materials used to fabricate monolayers and ensemble molecular devices within this
work will be specified. This includes substrates, alkyl phosphonic acids and liquid crystal-inspired molecules.

5.1 Substrates

In this work, different types of silicon substrates were used.
Highly doped Si wafers (4 inch, p-type boron, 〈100〉 surface, 𝜌 < 0.005 Ωcm, (525 ± 25)µm thickness, single-
side polished) covered by a 50 nm thick layer of thermally grown silicon dioxide SiO2 were purchased from
Active Business Company GmbH, Germany. These wafers were diced into 8 mm x 8 mm chips and used as
substrates for subsequent fabrication of the arrays of ensemble molecular devices, exclusively used in Chapter
7.
For contact angle and AFM measurements, Si(250µm)/SiO2(850nm)/Al(50nm) substrates with sputter-deposited
aluminum were obtained from Siegert Wafer GmbH (Aachen, Germany).
All 1D crossbars as well as surface characterizations of Al and TiN surfaces were fabricated on highly doped
Si wafers (8 inch, (525 ± 25) µm thickness, single-side polished) covered by a 530 nm thick layer of thermally
grown silicon dioxide SiO2 that were purchased from Fraunhofer EMFT, Germany.

5.2 Alkyl Phosphonic Acids

Molecules with a long alkyl chain have been used as a universal test bed of (ensemble) molecular electronics. In
this work, alkylphosphonic acids have been used to test phosphonic acid binding to native TiN surfaces and to
test the feasibility of the TiN/../Ti contacting scheme. A series of alkyl phosphonic acids, namely hexyl- (C6),
octyl- (C8), decyl- (C10), dodecyl-(C12), tetradecyl-(C14) and hexadecyl-phosphonic acid (C16) were obtained
from Sigma Aldrich.

5.3 Liquid crystal-inspired molecules

Liquid crystals (LCs) are an additional phase (a so called mesophase) between liquid and crystalline solid phase.
In this phase, the liquid consistency is maintained while a degree of long-range positional and orientational
order can be observed. This phase was first observed by Friedrich Reinitzer in 1888. It was termed liquid
crystal by Otto Lehmann in 1889 since it posseses characteristics of both a liquid, and a crystal. Liquid crystals
became technologically relevant, when their optical anisotropy was discovered. Particularily technologically
relevant is the combination of the possibility to align molecules within a liquid crystal by applying an external
electrical field and their birefrigerence - the polarization and direction dependent refractive index. Sandwiching
a layer of liquid crystals between two perpendicularily oriented linear polarizers allows the modulation of the
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Figure 5.3.1 Concept of the electrical field induced dipole switching. Switching from anti (blue, left) to syn (red,
right) conformation of the QM15 molecule is depicted as an example for the general concept. Atoms are color coded:
grey: carbon, white: hydrogen, red: oxygen, green: fluorine. Electrical dipole orientation is displayed as a bold blue or
red arrow with the arrow pointing from negative to positive charge. The dipole orientation with respect to the surface
normal z (angle 𝜗) is directly connected to the orientation of the carbon-fluorine bond. An applied electrical field induces
orientation change of the molecule via coupling of the dipole to the field. Molecular orientations are described by tilt
angle of the long molecular axis 𝛽. The orientation of the aromatic moiety is defined by the angle between its normal
vector and z (angle 𝛼) as well as by its rotation around the long molecular axis by the angle 𝛾. Here, 𝛼 is perpendicular to
the paper plane and not depicted. A change in the z-component of the dipole moment `𝑧 . Figure as published in [154].

transparency of this stack via an electrical field that is applied to the liquid crystal layer. This yields an electro-
optical modulator that can, e.g., be used to modulate brightness of a pixel in a display or to quickly modulate
the intensity of laser light without the use of movable parts.
Liquid crystals also exhibit dielectric anisotropy. This means that their dielectric constant 𝜖 depends on the
direction of the external field. The dielectric constant can be split into two components: One that is parallel
(𝜖 ‖) and one that is perpendicular ( 𝜖⊥) to the directional vector, often called director. The difference of the two
components of the dielectric constant is then calculated via Δ𝜖 = 𝜖 ‖ − 𝜖⊥. Liquid crystals composed of materials
with Δ𝜖 > 0 are termed dielectrically positive liquid crystals, whereas materials with Δ𝜖 < 0 are termed
dielectrically negative liquid crystals. In this work, functional groups derived from common, dielectrically
negative crystals have been used. [212, 213]
Recently, the interest in liquid crystals has expanded beyond their use in electro-optical modulators and displays.
The have been shown to exhibit advantageous properties e.g., as active component of organic field effect
transistors [214, 215]. However, to the best of the author’s knowledge, this work is the first to demonstrate their
use in molecular electronics in general and in ensemble molecular electronics with solid contacts in particular.
The dipolar SAM molecules were inspired by dielectrically negative liquid crystals. Namely, the compounds
QM15𝐹 , QM69𝐹 and QM85𝐹 feature a difluorinated phenylcyclohexane unit, that is commonly used in liquid
crystals. [212] The general concept of switching the dipole moment in the direction perpendicular to the
substrate of a SAM is exemplified using QM15𝐹 as an example in Figure 5.3.1. The molecules studied in this
work are displayed in Figure 5.3.2. Liquid crystal building blocks were obtained from Merck KGaA, Darmstadt,
Germany) and together with other reagents from Specific Polymers, Castries, France. The synthesis of all
QM-labled substances was performed by Colour Synthesis Solutions, Manchester, UK. Details of the synthesis
of QM15𝐹 and QM32 are supplied in the Supplementary Information of [154].

For all conductance switching molecules the parameters that govern the charge transfer through them, namely
thickness, dipole-induced energy shift in z-direction, HOMO and LUMO were calculated by Peer Kirsch using
GAUSSIAN. All molecules were found to have two energetically stable conformers - consequently named syn
and anti. From values resulting from the calculations, the differences between the two molecular conformers
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(a)

(b)

(c)

(d)

Figure 5.3.2 Structures of liquid crystal-inspired molecules used in this work. a) QM15 and reference compound
QM32 are intended to investigate the general principle of using a conformationally flexible dipolar unit as conductance
switching moiety. b) QM69 and reference compound QM102 feature a decreased molecular length, an aromatic instead of
an aliphatic linker between head and functional group and two methyl groups intended to increase the difference in dipole
moment in z-direction between syn and anti state. c) QM72 features a dibenzofuran moiety as dipolar unit d) QM85 is a
shortened derivative of QM15 that a methyl unit intended was added to.
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were also calculated. Results for single molecules are listed in Table 5.1, whereas the differences between the
conformers for each molecule are listen in Table 5.2. Note that the thickness was calculated from the contour
length and the calculated tilt angle - that is the angle between the surface and the main axis of the molecule.
For the ’first generation’ molecule QM15𝐹 , the differences between the conformers are negligible for the
parameters length, HOMO and LUMO. Only the dipole induced energy shift difference ΔΔΦ has a significant
value. For all molecules the HOMO and LUMO differences between the conformers are < 0.02𝑒𝑉 which is
negligible for the tunneling models used to model transport later in this work.
The length differences however increase to potentially significant values between 0.1 nm (QM69𝐹 ) and 0.62 nm
(QM72𝐹 ). The difference in dipole induced energy shifts calculated for single molecules range from 84 meV
(QM72𝐹 ) to 915 meV (QM69𝐹 ).

5.3.1 Nomenclature

For reasons of confidentiality as well as brevity, liquid crystal-inspired molecules have been given unique
identifiers (UID) that consist of the prefix QM and a two to three digit number. Since in this nomenclature
it is not immediately evident, whether the molecule was designed to have a significant dipole moment, the
unique identifiers were expanded by an additional letter corresponding to the atom responsible for that dipole
moment in superscript if this was the case. Since all molecules presented in this work achieved their increased
dipole moment by adding a difluoro unit to the aromatic moiety, all molecules designed to provide conductance
switching functionality are signified by a capital F in superscript: 𝐹 . The non-fluorinated molecules are
identified by their UID only. In particular, no superscript is added.
Molecules with an intentionally increased dipole moment and their reference compounds (that only differ in that
dipolar unit) are unfortunatly not identifiable through any systematic in their UID. However, in this manuscript,
only comparisons between 𝐹 molecules and their references as well as between several 𝐹 molecules are made.
Hence, it should be evident to the reader which molecules are the reference compounds of which fluorinated
compounds.
Figure 5.3.2 also includes the nomenclature of all liquid crystal-inspired compounds used in this work. It serves
as a dictionary to map the UID to the compounds.

Table 5.1 Calculated properties of molecules with a flexible dipole. Only properties that might have an influence
on charge transfer are listed. ΔΦ is the molecular dipole induced shift of the vacuum energy level calculated from the
Helmholtz equation with surface density 𝑛 = 3.1 and dielectric constant 𝜖𝑟 = 3.

Compound `𝑧 ΔΦ HOMO LUMO tilt angle thickness 𝑑 length 𝑙
/ D / meV / eV / eV / ° / nm / nm

QM15 anti 0.02 9 -5.91 0.09 31.59 2.57 3.02
syn -0.71 -275 -5.94 0.07 34.95 2.41 2.94

QM69 anti -1.62 -630 -6.35 -0.93 47.94 1.21 1.80
syn 0.73 285 -6.25 -0.74 47.90 1.22 1.82

QM72 anti 0.47 184 -5.42 -0.69 41.43 2.55 3.40
syn 0.26 100 -5.42 -0.69 19.63 3.12 3.31

QM85 anti 0.23 89 -5.80 0.15 32.06 2.06 2.43
syn -0.70 -274 -5.86 0.13 32.10 2.04 2.41

54



Table 5.2 Calculated property changes of molecules with a flexible dipole between their two stable conformers. ΔΔΦ
is the difference in induced energy change between the two stable conformers of the molecule anti and syn (ΔΔΦ = ΔΦ

(anti)-ΔΦ (syn), where ΔΦ are calculated from the Helmholtz equation). Δ HOMO and Δ LUMO are the differences of
HOMO and LUMO between the two conformers and Δ𝑑 is the change in layer thickness between the two conformers.

ΔΔΦ ΔHOMO ΔLUMO Δ tilt angle Δ𝑑 Δ𝑙

/ meV / eV / eV / ° / nm / nm

QM15 284 0.03 0.02 -3.36 0.16 0.08
QM69 915 -0.10 -0.19 0.04 -0.01 -0.02
QM72 84 0.00 0.00 21.80 -0.57 0.08
QM85 363 0.06 0.02 -0.04 0.01 0.01
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6 Chip Layouts

In order to clearly and distinctively describe the experimental setup, some nomenclature is necessary. Unfortu-
nately, in the field of devices based on molecular monolayers, depending on the author, different words for the
same entities are used and a common nomenclature is lacking. One example to illustrate this, is the difficulty
of naming the physical entity comprised of a monolayer sandwiched between two electrical contacts of any
sort. There is often no clear distinction between device and junction. To describe the fact, that a self-assembled
monolayer is studied, the words self-assembled monolayer, monolayer, molecular, molecular-array, large-area
molecular and ensemble molecular are often combined with either device or junction. The sometimes added
based concludes the word kit that leads to a vast number of descriptors for the same entity.
In this work, the nomenclature, coined by Vilan et al. is adapted. A physical entity comprised of a self-assembled
monolayer sandwiched between two contacts of any sort will be termed ensemble molecular junction (NmJ)
which is in contrast to the single molecular junction (1mJ). To stress the fact that the monolayer is sandwiched
between solid contacts that are connected via leads to either other junctions or contact pads, the term ensemble
molecular device (EMD) - or simply device - is used. [6]
The vertical sequence of materials that constitute a junction will be referred to as stack. The entirety of contacts,
devices and interconnections and their positions and orientations on the substrate will be referred to as chip
layout.

6.1 Initial Chip Layout: 8 x 8 Crossbar Array

The initial chip layout was conceived by Achyut Bora. It features 8 x 8 crossbar arrays for 6 different junction
areas. Eight leads for the bottom contacts are placed in parallel to each other and in perpendicular to 8 leads
placed in parallel for the top contacts. Each lead is connected to its own contact pad on one side of the lead.
This way, 64 junctions of square area are formed between the intersecting leads of each junction area. For the
three larger areas - with edge length 50 µm, 35 µm and 20 µm leads are of rectangular shape. For the three
smaller areas - with edge length 15 µm, 10 µm and 5 µm the leads were kept at 35 µm and only dented in the
area close to the supposed junctions. This was intended to keep the lead resistance low. A three dimensional
illustration of the crossbar array concept is shown in Figure 6.1.1a. A detailed sketch of dented junctions is
provided in Figure 6.1.1b.
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(a) (b)

Figure 6.1.1 Crossbar Array: a) Three dimensional sketch of the basic concept of a crossbar array. Top contact leads
(orange) and bottom contact leads (blue) are placed in perpendicular and together with each volume directly between them
(green) form a junction. b) Detailed sketch of 4 dented junctions in an array. At the area of overlap of top and bottom
contact, a small edge-width can be achieved with bigger leads by denting the leads in vicinity to the junction position.

6.2 Improved Layout: 1D Crossbars

The initial layout comes with several draw-backs that were addressed in an improved chip layout.
In the initial layout, an electrical short in one device would render a whole row and a whole column of devices
unable to be characterized. Depending on the distribution of electrical resistances of the devices within an
array, so called sneak paths could also be present. A sneak path is a path for the current to flow from one
contact to the other through more than one device. Since all sneak paths can be seen as resistors in parallel
to the desired path, they have to be of much higher resistance to not alter the measurement in the desired path
significantly. This situation is illustrated in Figures 6.2.1a and 6.2.1b. Typically, the effect of sneak paths is
mitigated by introducing an additional selector in series with each device. These selectors can be passive -
diodes - or active - transistors. They are used to intentionally decrease the conductance of all nodes within the
grid that are not addressed as compared to the resistance of the addressed node. Within the field of memristors,
resulting junctions are then termed 1D1R or 1T1R, where D stands for diode, R for resistor and T for transistor.
[161] While asymmetric placement of an aromatic unit along an aliphatic chain might induce an asymmetry that
might in fact already provide enough rectification, this rectification would be dependent on molecular design.
To decouple the potential rectifying property ingrained in the different molecular designs explored in this work
from their functionality as molecular switches, sneak paths should be avoided.

In order to avoid both, the sneak path and the device malfunction problems described above, the chip layout
was re-designed under the constraint of not adding complexity in fabrication or measurement. This can be
achieved by a layout where each device has a unique pair of contacts. To achieve this in an area efficient fashion,
contact pads for bottom and top contacts were placed in two parallel rows. Both rows share the same spacing
between contact pads in the same row and off-set by half of the spacing between each other. Each contact pad
was connected to two perpendicularly oriented, rectangular leads. In the upper contact pad row the leads point
to the right and down and in the lower contact pad row they point up and to the right. This way, between each
pair of top and bottom contact pad, there is only one device while at the same time the number of contact pads
is minimized. This also has the advantage, that characterizing a sequence of devices requires movement of
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(a) (b)

Figure 6.2.1 Sneak path in an array a) Desired path (green) and example sneak path (red). Every node in the grid is a
memristor, black lines are leads. b) Equivalent circuit of a), only considering the displayed sneak path. All junctions in a
sneak path have an equivalent resistance 𝑅𝑖 that is connected in parallel to the memristor resistance 𝑅𝑀 , hence influencing
the overall resistance between points A and B. Adapted from [216]

only one probe tip in only one direction at a time. Compared to the initial layout this speeds up the contacting
process, reduces wear on the pads and would allow using an automatic prober - even if that probe could only
move automatically in one direction. Figure 6.2.2 illustrates the concept of this 1D crossbar.

Figure 6.2.2 1D crossbar concept: Top (orange) and bottom (blue) contact are reinforced by a larger contact pad. The
areas of overlap constitute the devices or junctions (green). Devices are numbered from left to right. This layout is
continued to the right for a total of 20 devices and to the bottom for a total of 6 junction areas.

With a lower aspect ratio of the leads as compared to the initial layout, the use of dented leads is also redundant
and was therefore dismissed. This renders the layout more robust to alignment errors when aligning the shadow
mask to the substrate. To enable the characterization of devices within an array, two crossbar arrays were placed
on the chip: One 1x4 array and one 2x4 array.
In order to be able to experimentally determine the resistivity of the leads, resistance bars were also added.
These resistance bars are contacted via contact pads on both sides and designed to match the widths present in
the devices. Resistance bars for both, bottom and top contact material were added.
The alignment markers for the alignment of the shadow mask to the substrate were also improved by increasing
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the margin between the markers on chip and mask. At the opposing edges of the chip a large-area square and
a large-area triangle were added on the chip and shadow mask respectively. These visual orientation markers
facilitate alignment and further handling of the chip without the need for magnifying equipment, hence also
speeding up the alignment procedure and facilitating placement of the chips in a standardized way inside the
probe station. Figure 6.2.3 shows the improved chip layout, including 1D crossbars, resistance bars, the two
crossbar arrays, two different alignment markers and visual orientation markers.

Figure 6.2.3 Improved Layout: Blue: bottom contact, orange: top contact. a) Visual orientation markers b) Alignment
marker - only the top structure is visible since the bottom structure directly beneath it is slightly smaller c) 1D crossbars:
20 devices of 6 different junction areas d) Resistance bars e) Crossbar arrays. Boxes with dashed lines are to indicate
different areas of the device in this illustration only and have no physical representation.
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7 Conductance Switching in Liquid
Crystal-Inspired Ensemble Molecular
Junctions

In this chapter, the concept of utilizing ensemble molecular devices based on liquid crystal-inspired molecules
as electrically switchable tunneling barrier is thoroughly investigated. Since both, aluminum oxide as
substrate and lead as top contact metal to self-assembled monolayers [22] have been previously reported,
the aluminum oxide / SAM / lead / silver stack was chosen to fabricate solid-state devices. Successful
SAM formation of the ’first generation’ molecules QM15𝐹 and QM32 on plasma-treated aluminum sur-
faces, was confirmed via AFM, WCA, VASE, and XPS. The orientation of the dipolar unit of QM15𝐹 was
probed via NEXAFS. Crossbar arrays with the aforementioned stacks were then fabricated and electrically
characterized. Integrity of the monolayer after top contact formation was confirmed via TEM crossection
imaging. Experimentally determined tunneling currents were finally compared to single molecule calculations,
molecular dynamics simulations as well as to a device model based on the Gruverman model. This chapter
closely relates to the work that is currently under review [154]. AFM, WCA and VASE measurements
in this chapter were performed by Sebastian Resch, NEXAFS and XPS measurements were performed by
Christian Seim and Alexei Nefedov at the HE-SGM beamline of synchrotron facility BESSY II (Berlin),
TEM cross-section imaging was performed at Samurai Semiconductors (Japan), molecular dynamics simula-
tions were performed by Falk May and TranSIESTA and GAUSSIAN calculations were executed by Peer Kirsch.

The basic concept of conductance switching through liquid crystal-inspired molecules was conceived as
dipole-induced: The potentially conductance switching molecule combines a tunneling barrier, implemented
as alkyl chain, with an asymmetrically embedded dipolar unit, implemented as difluorophenyl cyclohexane.
The dipole induced energy shift then alters the height of the tunneling barrier on one side of the barrier. Since
the dipolar unit is placed on a flexible linker, it is able to align with an external field. Hence, the dipole
direction and with it the magnitude in the direction normal to the attached electrodes, becomes electrical field
controlled. Since this magnitude of the dipole moment is directly connected with the induced energy shift
via the Helmholtz equation, the barrier on one side of the alkyl chain is expected to become electrical field
controlled. The tunneling current through a barrier with two distinct barrier heights on each side of the barrier
in turn depends on the height of both barriers as well as on the width of the barrier. Keeping the overal width as
well as the height on one side constant and the barrier on the other side electrical field controlled should hence
ultimately result in electrical field controlled conductance switching that is dominated by the effect of dipole
reorientation.
In order to test the general feasibility of this concept within an ensemble molecular device, devices with
QM15𝐹 sandwiched between aluminum oxide and lead were conceived. On top of the lead electrode, silver
was added as a capping layer to slow down potential oxidation of lead in air during post-fabrication transport,

61



measurement and storage. To provide electrical contact on both sides, aluminum, covered by a native oxide
under ambient conditions, was chosen as bottom contact material.
First, surface grafting of QM15𝐹 and its reference compound QM32 on plasma-oxidized aluminum (as well
as on ALD-deposited AlxOy) was performed and resulting layers were analyzed using a plethora of surface
characterization methods. Then, ensemble molecular devices with QM15𝐹 and QM32 were fabricated
and characterized by recording current-voltage traces and calculating current density-voltage (J-V) traces.
Computations on single molecule, monolayer and device level to further the understanding of the conductance
switching mechanisms were then performed and compared to experimental results.

7.1 Surface Characterization

First, the potential to form self-assembled monolayers of the two liquid-crystal inspired molecules QM15𝐹 and
QM32 was explored. To this end, substrates with ambient facing aluminum or aluminum oxide layer were treated
with an O2 plasma at 150 W for 1 min and then directly immersed in 1 mM solutions of the respective molecule.
The coating vessel was sealed airtight afterwards and samples were immersed for 72 h at room temperature (T
= 22 °C). Samples were then taken out of the solution, blown dry in a N2 stream and subsequently heated on
a hotplate at 120 °C for 1 h. They were left to cool down, rinsed in a steady stream of ethanol at ≈10 ml/s,
blown dry with a N2 stream and subsequently heated for another 10 min at 120 °C. Samples were then analyzed
using high resolution XPS, NEXAFS, AFM and water contact angle. For each measurement method, different
samples were used. Details on the types of aluminum or aluminum oxide surfaces used for each measurement
modality are given in the respective sections below.
Water contact angle (WCA) analysis was performed as a first indicator of successful monolayer formation.
Atomic force microscopy (AFM) measurements were performed to investigate the uniformity of the potentially
formed SAMs. High resolution XPS spectra were recorded to confirm the presence of the respective molecules
on the treated substrates. NEXAFS measurements at varying angles and the analysis procedure outlined in
Chapter 3 were performed to determine the average tilt angle of the aromatic moiety within the monolayer.

7.1.1 WCA, AFM and VASE

For WCA, AFM and VASE analysis, Si(250µm)/SiO2(850nm)/Al(50nm) substrates were treated with an 80 W
oxygen plasma for 1 min to achieve a thin oxide layer on top of the substrate. Molecules QM15𝐹 and QM32
were then grafted from 1 mM solutions in THF onto the substrate using the standard procedure outlined in
Chapter 4.
Water contact angle measurements were performed using a MobileDrop GH11 (Krüss GmbH, Germany). For
each measurement, 2 µl de-ionized water was dispensed manually. The contact angle on both sides of the
droplet was measured, using the Advance software of the instrument. The angles were then averaged and the
measurement was repeated at least two times per sample to yield the overall average WCA of the sample.
For atomic force microscopy, substrates were imaged with Park NX20 AFM system from Park Systems in
non-contact mode at a scan rate of 0.7 Hz. PPP-NCHR tip (Park Systems) with nominal force constant 42 N
m−1, resonant frequency 330 kHz, and tip radius < 10 nm, typically 7 nm, was used.
VASE measurements of the layer thickness was performed using a Woollam M-2000 Ellipsometer (J. A. Wool-
lam Co.), wavelength range 245-1000 nm. Measurements were performed at incidence angles of 65°, 70° and
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Table 7.1 Surface characterization of various substrate-SAM combinations.

Surface WCA /° Roughness RMS /nm SAM Thickness /nm

AlxOy 84 ±2 0.4 0
AlxOy/QM15𝐹 108 ±2 0.1 3.3±0.1
AlxOy/QM32 109±2 0.1 3.3±0.1

75°. Analysis was done fitting the AlxOy substrate with an optical model containing a Si substrate (Si_JAW
model), a native SiO2 layer (NTVE_JAW model) of 1.38 nm and an AlxOy layer (AlxOy (Cauchy) model) of 2.81
nm thickness, where the latter value was determined from fitting VASE measurements of pristine substrates to
layers with the mentioned optical constants. For the SAM film a Cauchy model (A = 1.450, B = 0.01, C = 0)
with Urbach absorption (k-amplitude = 0.01213, exponent = 1) was assumed. Two samples of each material
were fitted simultaneously in a multi sample analysis and results were averaged. Due to the challenges of VASE
with respect to measuring the thickness self-assembled monolayers, outlined in Chapter 3 and further evaluated
in the next chapter, the determined values were taken as comparative measure rather than absolute value. For
both types of molecules, the same parameters (A, B, C in the Cauchy model and Urbach absorption constants)
were chosen.
Table 7.1 summarizes the results of the inital surface characterizations from WCA, AFM and VASE measure-
ments.

The difference in water contact angle from 83.6° (AlxOy) to 108.4° (AlxOy/QM15𝐹 ) and 109.3° (AlxOy/QM32)
can be ascribed to the surface facing moiety changing from hydroxyl on the bare substrate to methyl on both
the SAM coated samples. The low surface roughness and measured thickness of the coated samples in the
range of the length of the molecules confirm successful monolayer formation. The similarity of the result of the
VASE measurement with the same optical constants also indicates a high similarity of the monolayers of both
molecules with respect to all parameters that potentially influence the optical constants, such as, e.g., surface
density.

7.1.2 XPS

X-ray photoelectron spectra were recorded for one sample per molecule. To that end, monolayers of QM15𝐹

and QM32 were grown on ultra-thin ALD deposited aluminum oxide.
The substrates were prepared by deposition of a thin AlxOy layer on top of a boron-doped 6 inch silicon wafer.
Silicon oxide was removed prior to AlxOy deposition by a short dip in aqueous hydrofluoric acid (1% v/v,
DI water, 1 min, room temperature). Aluminum oxide was then deposited via atomic layer deposition. The
resulting AlxOy layer thickness was measured by VASE and found to be ≈3 nm thick. The wafer was then diced
into 8 mm x 8 mm chips. Two of these chips were then immersed in 1 mM solutions of QM15𝐹 or QM32 in
THF for 72 h. Samples were kept in air tight sealed vessels for 72 h, then dried in a N2 gas stream, annealed for
1 h at 120 °C. They were then rinsed with 10 ml of ethanol and subsequently blown dry in a N2 gas stream.
Figure 7.1.1 shows the XP survey spectra of both samples. Since both molecules share several characteristics
in their chemical constituents, so do the recorded XP spectra.
Peaks and orbital splittings that are characteristic for the substrate can be observed for both samples. Specifically,
they both show peaks at 74.1 eV (Al2p), an orbital splitting at 99.0 eV and 102.9 eV (Si2p) as well as at 120.3
eV (Al2s). These are typical for AlxOy and AlSiOx directly confirming the presence of a thin AlxOy layer on
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Figure 7.1.1 XPS spectra of the first generation of liquid-crystal inspired molecule grafted AlxOy surfaces acquired
at 780 eV excitation energy. Red: QM15𝐹 and green: QM32. Since both molecules differ only in the presence or absence
of fluorinated carbon, their spectra only differ significantly at the carbon-bound fluorine peak at 689.9 eV. Similar figure
submitted to [154]

top of the silicon substrate.
The presence of molecules with a phosphonic acid anchoring group was confirmed by a weak phosphorus signal
at 133.2 eV (P2p), which is characteristic for a PO3

– group and is expected for a surface-bound phosphonic acid
group. The presence of organic constituents was confirmed via the presence of the C1s peak at 285.0 eV that is
typical for both aliphatic and aromatic carbon. The O1s peak at 532.4 eV is expected for both, the mixed oxide
layer and the oxygen atoms in the SAM itself. Together, these three peaks confirm the presence of a carbon
based, surface-bound phosphonic acid on the samples.
Both molecules differ in the presence or absence of organic fluorine. This is also observed in the XPS spectrum.
Only the sample grafted with QM15𝐹 shows a F1s signal at 689.9 eV, typical for organic fluorine. The data
originating from QM32 does not show a peak at this position. This confirms the presence of the intended
molecules on the studied samples.
To further investigate the differences between the two samples, High Resolution X-Ray Photo-Electron Spectra

(HR-XPS) of Al2p, P2p and C1s at 350 eV excitation energy as well as F1s at 750 eV excitation energy were
acquired. The results are displayed in Figure 7.1.2. The phosphorus and the aluminum spectra confirm the
phosphonate binding for both samples with no significant differences between the spectra of QM15𝐹 and QM32
grafted samples. The carbon and fluorine spectra highlight the subtle differences between the two samples.
The C1s peak of the QM15𝐹 sample shows a shoulder at ≈287 eV, most likely originating from the C-F bond
within the molecule. The C1s peak of the QM32 sample shows no such shoulder. The F1s is only present in the
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(a) Al2p (b) P2p

(c) C1s (d) F1s

Figure 7.1.2 High resolution XPS spectra of QM15𝐹 and QM32 grafted AlxOy surfaces at positions characteristic for
a) Al2p b) P2p c) C1s and d) F1s. Red open circles: QM32, black open circles: QM15𝐹 . Excitation energies were 750
eV for the F1s signal and 250 eV for all others. Al2p and P2p signals are highly similar whereas C1s and F1s signals show
characteristic differences for the two SAM forming molecules. In the C1s signal, only for QM15𝐹 grafted surfaces the
C-F shoulder at ≈287 eV is visible. The F1s signal is nearly flat for QM32 and shows a signal for QM15𝐹 . These results
point towards the intended molecules being present on the corresponding substrates. Figures submitted to [154]
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spectrum from the QM15𝐹 sample and clearly absent in the spectrum of the QM32 sample.
Overall, the XPS spectra qualitatively confirmed the presence of the intended molecules on the respective
surfaces and point towards successful monolayer formation.

7.1.3 NEXAFS

Near-edge absorption fine structure measurements with polarized X-ray radiation were performed for the samples
that were previously analyzed using XPS. The carbon K edge was chosen as absorption edge for further analysis.
Measurements were performed and referenced as described in Chapter 3. Figure 7.1.3 displays the NEXAFS
spectrum at several angles of incidence, including the magic angle \ = 55◦.
The electronic structure of the unoccupied molecular orbitals can be derived from the spectrum taken at the
magic angle to eliminate the influence of orientation effects. The dominant resonances within the spectra for
QM15𝐹 and QM32 at ≈286 eV and ≈289 eV can be assigned to the C1s 𝜋∗1,2 and 𝜋∗3,4 transition. This orbital
splitting is well known and described, for instance in [217]. Additional resonances can be found at ≈290 eV,
≈293 eV, and ≈300 eV. These are tentatively assigned to C1s 𝜎∗ transitions. [218]

In order to calculate the angle between the E-field of the incident x-ray and the average transition dipole
moment of the molecules within the SAMs under investigation, the recorded spectra were analyzed using the
procedure outlined in Chapter 3. To this end, the intensity of the first 𝜋∗1,2 was plotted against the X-ray incidence
angle for both molecules and the data was fit to sin(𝛼). The data as well as the fit are displayed in Figure 7.1.4.
The fit resulted in a transition dipole tilt of 𝛼 = 67°. To calculate the average tilt angle of the aromatic ring 𝛽,
the twist angle 𝛾 was set to 0°. Given that cos(𝛼) = sin(𝛽)𝑐𝑜𝑠(𝛾) this yields 𝛽 = 23°.
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Figure 7.1.3 C-K edge NEXAFS spectra for QM15𝐹 (upper panel) and QM32 (lower panel) for different X-ray angles
of incidence, including the magic angle 55°(green). The assignment of resonances is noted above corresponding peaks.
Spectra at angles other than the magic angle significantly differ from that at the magic angle, indicating the presence of an
aromatic moiety with a preferential orientation on the surface. Similar figure submitted to [154]

Figure 7.1.4 Intensities of the first 𝜋∗1,2 resonance versus x-ray angle of incidence for QM15𝐹 (green) and QM32 (red),
as well as a fit to equation 3.3.6 that yields 𝛼 = 67°, that ultimately determines the average tilt angle of the aromatic ring
𝛽 = 23°. Figure submitted to [154]
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7.1.4 Surface Characterization Summary

In summary, aluminum oxide surfaces immersed into 1 mM solutions of QM15𝐹 and QM32 in THF exhibit:

• increased contact angles as compared to bare aluminum oxide surfaces,

• decreased roughnesses as compared to bare aluminum oxide surface,

• similar VASE-derived thicknesses,

• XPS resonances at energies that are characteristic for atoms within the molecules, and

• a clear x-ray angle of incidence dependence of the first 𝜋∗1,2 resonances that dipole-induced a theoretically
predicted trend in NEXAFS measurements.

Combined, these results strongly indicate the successful formation of self-assembled monolayers of QM15𝐹

and QM32 on aluminum oxide surfaces.
Additionally, the average tilt angle of the aromatic ring, as calculated from the NEXAFS measurements, was
found to be the same for SAMs QM15𝐹 and its reference compound QM32. This indicates a similar distribution
of molecular orientations for both compounds. Hence, differences in electrical characterizations are unlikely
to be the result of significantly different initial local surroundings induced by potentially different monolayer
formation.
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7.2 Ensemble Molecular Device Characterization

It has been shown by others, that monolayers of phosphonic acids can be grown on plasma-oxidized aluminum
[219] as well as naturally oxidized aluminum [196] and that physical vapor phase deposited lead forms top
contacts on methyl-terminated SAMs without compromising device functionality. [22] A plasma oxidized
aluminum/SAM/Pb/Ag stack was hence conceived to measure the response of SAMs of liquid crystal-inspired
molecular monolayers to an electrical stimulus. To this end, 50 nm of aluminum was vapor deposited on a
previously cleaned Si/SiO2 wafer, that was subsequently cut into 8 mm x 8 mm chips. The bottom electrodes
were then structured using the procedure outlined in Chapter 4. Chips were then cleaned, exposed to oxygen
plasma at 80 W for 60 s and finally immersed in 1 mM solutions of QM15𝐹 or QM32 in completely filled
and sealed vials for 72 hours. Samples were then taken out from the solutions, heated at 120 °C for 1 h and
subsequently rinsed in THF. After samples were blown dry in a N2 stream, a shadow mask was aligned following
the procedure outlined in Chapter 4. For the top electrode, 300 nm Pb and 100 nm Ag were physical vapor
phase deposited without breaking the vacuum between the subsequent evaporation steps. To allow the sample
to cool down in-between the evaporation steps, there was a 5 min break between those two steps. Samples were
then transported in a desiccator filled with silica gel to the probe station in order to minimize the exposure time
of the samples to ambient atmosphere.

7.2.1 Electron Microscopy

To confirm integrity of the monolayer after top contact evaporation, TEM crossectional imaging was performed
for devices with QM15𝐹 or QM32 sandwiched between Al/AlxOy and Pb/Ag as well as for a reference device
without any molecule. The resulting images of the FIB-cut lamellae are shown in Figure 7.2.1. The lamellae
originating from devices with embedded monolayer exhibit a light layer in-between the two darker regions,
whereas the lamella originating from the reference device (without monolayer) only shows the two darker
regions. Since contrast in TEM images stems from mass and thickness and over the area of one lamella the
thickness is constant, lighter areas indicate atoms with lower mass. Since the atom mostly constituting the
SAM - carbon - has a much lower mass than the surrounding Pb and Al, the lighter region can be ascribed
to the SAM. As can be seen in the image, the lighter region is intact over the whole imaging region. This
indicates successful perseverance of the integrity of the monolayer after condensation of the Pb atoms on top.
Measuring the thickness of the lighter region using the size reference within the image yields a SAM thickness
of 3.4 ± 0.5 nm. This is in very good agreement with the thickness previously measured using VASE (3.3 nm)
and the value calculated using geometric optimization in GAUSSIAN (anti:2.78 nm, syn:2.81 nm), taking the
tilt angle of the molecule into account. Structural integrity of the top electrodes was investigated by taking
SEM images of the finished device array and single junctions. Figure 7.2.2 displays colorized SEM images of
both a whole crossbar array as well as a single junction. These images show structurally intact electrodes at the
junctions as well as between junctions.
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(a) (b) (c)

Figure 7.2.1 TEM images of FIB-cut lamellae of Al/AlxOy/../Pb/Ag stacks cut from 15 µm x 15 µm junctions a) without
molecule, b) with QM15𝐹 sandwiched between the electrodes and c) with QM32 sandwiched between the electrodes.
Light grey horizontal stripes in b) and c) are indicative of an organic layer. Dashed blue lines are meant to guide the eye.
Figure as submitted to [154].

(a) (b)

Figure 7.2.2 Colorized SEM images of Al/AlxOy/QM15𝐹 /Pb/Ag junctions of a) a crossbar array of 25 µm x 25 µm
junctions (green: top electrode, blue: bottom electrode) b) a single 50 µm x 50 µm junction (turquoise: top electrode,
blue: bottom electrode). Both show structural integrity of the electrodes both at and next to the overlap of top and bottom
electrodes. Figure b as published in [154]
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7.2.2 Current Voltage Spectroscopy

Ensemble molecular junction with embedded SAMs of QM15𝐹 were electrically characterized by applying a
voltage to the top versus the bottom contact and varying this voltage in a cyclic manner. Starting from zero,
the voltage was first increased to 3.0 V. The sweep direction was then reversed until the maximum voltage of
opposite polarity, before sweeping back to zero. This cycle was then repeated, typically until 10 cycles were
complete. The sweep speed was 50 mV s−1. Each cycle therefore corresponds to a measurement duration of
4 minutes. The maximum absolute sweep voltage was determined by ramping up the voltage on a ’sacrificial’
device starting from 0 V to 10 V and observing a sharp increase in current at ≈ 3.1 V. This was considered the
voltage at which the device exhibits electrical breakdown and the maximum voltage was chosen to be as close
to it as possible without risking device failure. From the data obtained through cycling the voltage, the current
density was calculated by dividing the current by the area of the device under test. Figure 7.2.3a displays the
average and envelopes of these J-V traces for an exemplary device. The current densities show a pronounced
hysteresis: depending on sweep direction and voltage history of the junction, a distinct high resistive state
(HRS) and low resistive state (LRS) can be observed. The states do not show an abrupt switching as typically
observed in other conductance switching material systems, such as, for instance electrochemical metallization
cells. The ensemble molecular junctions rather exhibit a gradual change of conductance with bias voltage. At
a reference voltage of -1.0 V the exemplary device shows a ON/OFF ratio of LRS-current density divided by
HRS-current density in the order of 102. Figure 7.2.3b displays the J-V traces of a reference device of the same
area, containing the non-polar, non-fluorinated reference compound QM32. Current densities are in range with
the LRS of the QM15𝐹 device. However, the reference junction does not exhibit such hysteresis. This presents
preliminary evidence, that the embedded molecular dipoles are indeed responsible for conductance switching
within the ensemble molecular devices.

To investigate whether this phenomenon can be observed repeatedly across multiple junctions, multiple
devices of the same area on the same chip were measured. Figure 7.2.4 displays the average and envelopes of the
averages from 6 different QM15𝐹 devices as well as the ON/OFF ratios versus voltage. To calculate this average,
the average currents of all devices were averaged. The average of six devices also shows a pronounced hysteresis
that dipole-induced the trend described for the exemplary device. The ON/OFF ratio of this average of averages
shows a clear voltage dependency with ON/OFF ratios of negative voltages consistently being higher than
those at the same absolute voltage with opposite polarity. The ON/OFF ratio exhibits a maximum of 303 at -1.8 V.

The repeatability of the switching process of the monolayer junction was probed by cycling one device
between the maximum voltages of opposite polarity for 100 times. The J-V traces of one 15 µm x 15 µm area
device as well as the current densities of the HRS and LRS state in each cycle at evaluation voltage V=-1 V are
displayed in Figure 7.2.5. On average, this device exhibited hysteresis for all 100 cycles. As shown in the figure,
the envelopes do not overlap for applied voltages from -1 V to 0 V, but do overlap outside this voltage window.
This means that for the 100 cycles presented here, only for voltages ∈ [−1; 0] V two conductance states can be
distinguished with a single measurement without knowing anything about the device’s history. Current density
versus cycle number was hence analyzed for a voltage within this window, namely V = -1 V. Current densities
continuously decreased for the HRS from 6.5 · 10−7 mA/cm2 at the first cycle to 1.93 · 10−7 mA/cm2 at the 97th
cycle. In other words, current density in the HRS decreased to 1/3 of its initial values after 100 cycles. Few
outliers breaking with this general trend can be observed at cycles 11, 22, 61, 62, 64, 98-100. The LRS current
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(a) (b)

Figure 7.2.3 a) Semi-logarithmic representation of the absolute current density-voltage (J-V) characteristics of an
Al/AlxOy/QM15𝐹 /Pb/Ag, 25 µm x 25 µm junction. Bold curves show the average of 10 cycles: light magenta for the
HRS and dark violet for the LRS. The thin curves below and above the average are the measured minimum and maximum
current traces (envelopes). c) Reference J-V data for a reference junction containing QM32, showing the average of 10
cycles. Envelopes are hardly visible due to low sweep-to-sweep variability. The offset on the voltage axis can be assigned
to capacitive charging currents. Adapted from figures published in [154]

(a) (b)

Figure 7.2.4 Average current density-voltage characteristics of 6 Al/AlxOy/QM15𝐹 /Pb/Ag devices, each of area 25
µm x 25 µm. Bold curves show the average of 6 devices: light magenta for the HRS and dark violet for the LRS. The thin
curves below and above the average are the measured minimum and maximum current traces (envelopes). b) ON/OFF
ratios versus voltage calculated for the data shown in a. Horizontal line indicates the maximum value. a) is adapted from
a figure submitted to [154]
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(a) (b)

Figure 7.2.5 Electrical characteristics of a 100 cycle measurement of an Al/AlxOy/QM15𝐹 /Pb/Ag device of area 25
µm x 25 µm. a) Current density-voltage characteristics. Bold curves show the averages: Red for the LRS and blue for the
HRS. The thin curves below and above the average are the measured minimum and maximum current traces (envelopes).
Envelopes of HRS and HRS overlap for V ∉ [−1; 0]V b) Current density at V=-1 V versus cycle number, extracted from
the data summarized in a). Red for LRS and blue for HRS. Grey horizontal line marks the HRS current density of the
first cycle. All but one of the data points for HRS are lower and all datapoints of the LRS exhibit a higher current density.
HRS and LRS are therefore clearly distinguishable for all but one cycle.

density at -1 V on the other hand shows a high sweep to sweep variance with current densities ranging over
almost four orders of magnitude (8.1 · 10−7 mA/cm2 to 1.3 · 10−3 mA/cm2). For all but cycle 62, LRS and HRS
are clearly distinct states. For practical applications of a conductance switching device, conductance states have
to be clearly distinguishable for as many switches between the states as possible. Taking the first cycle’s HRS
current density as reference, in all but one cycle HRS current density is below that value while LRS current
density is above it for all cycles. Overall this data suggests stable, repeatable switching between two clearly
distinguishable conductance states for at least 100 voltage cycles.

In summary, the electrical characterization of ensemble molecular devices with QM15𝐹 revealed a pronounced
hysteresis for seven devices, a voltage dependent average ON/OFF ratio with a maximum of 303.03 at -1.8 V
and consistent switching between two distinct conductance states for at least 100 cycles. In particular, this
means that conductance switching is observed across several devices and across several cycles. Devices with
unpolar, non-fluorinated reference compound QM32 did not show such hysteresis. As will be elaborated further
in the following, the observed bi-stable, gradual conductance switching can since be assigned to conformational
changes of the embedded molecular dipoles.
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7.3 Theoretical Calculations

In order to investigate the microscopic mechanism of the observed pronounced hysteresis, the anticipated
reorientation of the molecular dipoles in the external electric field is further studied.
First, to get an estimate of the energy required to switch between the two conductance states the intramolecular
rotational barrier of the fluorinated molecule was calculated.
Transfer current simulations based on density functional theory of single molecules between two gold point
contacts were performed for both conformers to examine the influence of electrical configuration change on
tunneling current.
Molecular dynamics simulations were performed to get some insight into the distribution of dipole orientations
of the molecule within a SAM and on the change of this distribution through the application of an external bias.
A model of the ensemble molecular device based on the Gruverman tunneling model was conceived and
experimental data was compared to it, in order to analyze whether reorientation of molecular dipoles can
account for the experimentally measured hysteresis.

7.3.1 Rotational Scan

The proposed microscopic mechanism of the observed pronounced hysteresis is an anticipated reorientation
of the SAM molecular dipoles. To achieve two clearly distinguishable states, there have to be somewhat
stable orientations of the 2,3-difluorophenylene unit, which presents the rotatable local dipole unit within the
molecule, ultimately causing a two-state change in the fluorine-associated dipole in z-direction. To investigate
whether QM15𝐹 exhibits those energetic minima, a potential energy profile of an isolated model compound was
calculated using density functional theory. The model compound which was used for these calculations as well
as the definition of the dihedral angle is shown on the right in Figure 7.3.1. The relative energy with respect to
the anti state was calculated for varying dihedral angles in Figure 7.3.1 using the M06-2X-D3/6-31G(d) level of
theory within GAUSSIAN 16, Revision C.01, Version 3. For the minima from these calculations, an additional
zero-point energy (ZPE) correction was performed. This is necessary since even at T = 0 K vibrational modes
lead to a non-zero energy of the system. The ZPE is calculated from a harmonic oscillator model as a sum
of contributions from all vibrational modes of the system and ultimately estimates the energy of the molecule
in its lowest vibrational state at T = 0 K, where it does not possess any translational or rotational energy yet.
Figure 7.3.1 displays the results of that potential energy profile. Two distinct minima can be observed. They are
separated by intramolecular barrier of 1.41 kcal mol−1 (2.38 kT at 298K) from anti to syn and 2.10 kcal mol−1

(3.54 kT at 298 K) from syn to anti. For a single isolated molecule this means that relatively unhindered rotation
can occur at room temperature. An important result from these calculations is, that while the single molecule
was designed to provide the electrical function, i.e., a rotatable dipolar unit, the effect can only be utilized
in devices at room temperature, when the molecule is used within an ensemble of molecules. Intermolecular
forces are hence crucial for device performance.
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Figure 7.3.1 Calculated conformational energy scan for the rotation of a simplified model compound around the
dihedral angle. Relative energy with respect to the energy of the anti-state (𝜑 = 180°) versus dihedral angle. Relative
energies of the maximum energy as well as of the syn-state (𝜑 = 0°), as well as the resulting energy barrier that needs
to be overcome to change the molecule from syn to anti-state are noted in the graph. While the solid line represents the
calculated results without zero-point correction, the annotated values originate from calculations including the zero-point
correction. Simplified model compound used to perform the calculations is shown on the right. Red color indicates the
atoms and bonds that span the two planes that define the dihedral angle 𝜑 (marked red). Figure as published in [154]

7.3.2 Molecular Ensemble - Molecular Dynamics

Detailed molecular dynamics (MD) simulations were performed in order to investigate the potential reorien-
tation of the dipolar unit of QM15𝐹 within a densely packed SAM and the energetic landscape influenced by
intermolecular forces connected with it.

Equilibration of the SAM

The SAM was set up with 92 instances of the QM15𝐹 molecule within in the MD environment and the system
was equilibrated in the NPT ensemble at T = 300 K, resulting in a surface density of n = 3.6 molecules nm−2.
As force field, a combination of OPLS and a torsion potential that was adapted to reproduce the rotational
energy scan from the previous section, was used. More details are described in Chapter 2. Figure 7.3.2 displays
a snapshot of the SAM with one molecule highlighted, including the definitions of tilt angle 𝛽, rotation angle
around the long molecular axis 𝛾 and the aromatic unit orientation angle 𝛼. The distribution of of tilt angle 𝛽
after equilibration is shown in the same figure.

Dipolar Reorientation with Electrical Field

The dipole reorientation within the SAM under the influence of an applied field was investigated using several
different sequences of applied electrical fields. To ease comparison with experimental data, the electrical field
was defined as positive, when a positive potential was applied to the top side of the junction. A positive field
vector hence points towards the substrate whereas a negative field vector points towards the top contact. Three
sequences of electrical fields were investigated. In summary, the SAM was simulated for 600 ns without an
applied electrical field (sequence 1), a sequence consisting of a 100 ns positive electrical field pulse after 100
ns of no applied electrical field (sequence 2) and a sequence consisting of sequence 2 followed by 100 ns of no
field applied and 100 ns of a negative electrical field. Sequence 2 and sequence 3 were both followed by an
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(a) (b)

Figure 7.3.2 Equilibrated SAM of QM15𝐹 . a) Snapshot including the definition of length 𝐿 and tilt angle 𝛽, rotation
angle around the long molecular axis 𝛾 and aromatic unit orientation angle 𝛼 that is defined as the angle between the
𝜋-system’s normal vector (pink) and the z-axis. b) Histogram of tilt angle 𝛽 of the SAM after equilibration. Figures
adapted from those submitted to [154]

additional 100 ns of the previously applied field (termed under field) as well as followed by an additional 400
ns (sequence 2) or 200 ns (sequence 3) of no applied field (termed after field). Hence, sequence 1 represents
the SAM in its initial state over time, sequence 2 probes potential molecular reorientation under field - i.e.,
switching to a second conductance state - and the stability of this state after the field is turned off again and
sequence 3 represents the proposed reversal of the reorientation, potentially leading to the initial conductance
state again. As has been shown for the equilibrated SAM through exemplifying the distribution of the tilt angle
𝛽, the angles 𝛼, 𝛽 and 𝛾 follow distributions within the SAM. This also leads to the dipole moment `𝑧 following
a distribution. A detailed analysis of these distributions can be found in [154]. For the purpose of clarity, here,
only the average dipole moment `𝑧 , per molecule, is displayed and analyzed.
For sequence 1, without an applied electrical field, the average dipole moment is `𝑧 = -0.1 D per molecule with
≈ 7% of the molecules in the energetically slightly favored anti-conformation. Neither the dipole moment nor
this fraction significantly change over 600 ns of calculations, as long as no field is applied. This state is termed
the initial state. After sequence 2, `𝑧 was found to saturate at -2.4 D per molecule when the field was still
applied (under field). Already 100 ns after application of the electrical field, 90% of this saturation value was
reached. This indicates fast switching of the molecular orientations. Turning the field off 100 ns after it was
turned on, `𝑧 relaxed to -0.3 D after 100 ns and did not significantly change for the remaining 300 ns of the
simulation. In this state after field, 64% of molecules were in the anti-state. This switched state is charaterized
by 13% fewer molecules in anti-state and a difference of 0.2 D per molecule as compared to the initial state.
In particular, this means that the switched state prevails after the field was turned off, and the average dipole
moment per molecule of the SAM can in fact be switched by applying an electrical field.
After sequence 3 under field, `𝑧 was found to saturate after 10 ns at +0.7 D. Turning the field off again (the after
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Figure 7.3.3 Molecular Dynamics simulation of a pulse sequence. Dipole moment `𝑧 averaged per molecule (left axis)
for electrical field pulses (right axis) over time t (error bars from fluctuations). Black curve: initial state without field. Red
curve (sequence 1): +10 V nm−1 electrical field turned on at t = 100 ns and turned off at t = 200 ns until 600 ns. Blue
curve (sequence 2): first 300 ns of sequence 1, then field same magnitude and opposing sign turned on t = 300 ns and
turned off again at t = 400s, returning the SAM to initial state. Sequence 2 reveals a polarization hysteresis compared to the
red state of Δ`𝑧 = -0.2 D. b) Dipole moment `𝑧 from pulse sequences as in a), but with varied electrical field ampliudes
𝐸𝑧 ∈ [0; 1; 5; 10] V nm−1 Dashed black line: `𝑧 under applied positive field (averaged for 200-300 ns), corresponding
to the situation marked by the dashed lower red line in a). Dash-dotted pink line: `𝑧 after the field is off (averaged for
300-400 ns), corresponding to the situation marked by the dash-dotted upper red line in a). Derived from figures submitted
to [154]

field sequence) brought the SAM to a state with 74% of the molecules in anti-state, which is close to the initial
77%. The average dipole moment per molecule furthermore switched back to its initial value of -0.1 D.
Comparing `𝑧 of sequence one with the `𝑧 values for the after field situation of sequence 2 and 3 three reveals
that a SAM of QM15𝐹 can be switched from its initial state to a state with a lower `𝑧 and back to the initial
value of `𝑧 , simply by applying electrical fields of opposite polarity. These simulations find a total polarization
hysteresis between the inital and the switched state of Δ`𝑧 = 0.2𝐷 for SAMs of surface density 3.6 molecules
nm−2 and 10 V/nm electrical fields applied at room temperature.
This finding is in qualitative agreement with the experimentally determined hysteretic behavior, displayed in
Figure 7.2.3a. Since both have most recently seen a negative field, the experimentally observed LRS state at 0 V
and the simulated switched state at t > 300 ns are comparable. Following the same argument, the HRS state at 0
V from the experiment and the state of the SAM after sequence 2 are also comparable. A quantitive difference
in the applied electrical field 𝐸𝑧 of a factor of 10 between simulation and experiment still remains. Hence,
sequence 1 was repeated for 1 V/nm and 5 V/nm. The resulting saturation values for `𝑧 under and after field
are displayed in Figure 7.3.3. The dipole moment in z-direction for both, the under field and after field situation
show a near-linear dependence of the polarization hysteresis on the applied field strength. From the assumption
that distinct `𝑧 states result in distinct conductance states, this result suggests, that multiple conductance states
within a SAM of liquid crystal-inspired molecules are accessible through varying the sign and magnitude of the
previously applied field. This suggests possible future applications of this systems in the area of in-memory or
neuromorphic computing.
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Surface density dependence of average dipole moment change

The single molecule calculations revealing nearly unhindered rotation of the molecule at room temperature
and the molecular dynamics simulations yielding stable SAM states, strengthens the previously mentioned
hypothesis, that intermolecular forces govern device performance, in particular the achievable on/off ratio, but
also retention.
Since the magnitude of intermolecular forces is a function of distance between the involved molecule, the
surface density - or coverage - of the SAM might also have an influence on the dipolar hysteresis. To investigate
whether this is in fact the case, molecular dynamics simulations of SAMs with varying surface densities were
carried out. Two different sequences of applied electrical field were applied to the SAM. In the first sequence,
SAM was simply left to equalibrate for 200 ns. As a second sequence, the SAM was left to equalibrate for 100
ns and then, an electrical field of 10 V/nm was turned on for 100 ns, turned off again, leaving the SAM for
another 200 ns to equalibrate. Figure 7.3.4a displays the average dipole moment per molecule in z-direction
following this simulation procedure. Δ`𝑧,under field was defined as the difference in saturation values of `𝑧 of the
initial state (0 field) and the SAM under field, whereas Δ`𝑧,after field was defined as the difference in saturation
values of `𝑧 of the initial state and the SAM after the field was applied and turned off again. Figure 7.3.4a
displays the calculated values for varying surface densities. From these simulations, a near-linear decrease of
Δ`𝑧,under field and a near linear increase of Δ`𝑧,after field can be observed. This is aligned with the image of
intermolecular forces increasing the rotational barrier, since the energy required to change the state is expected
to increase with increasing surface density. This should result in a lower probability of a state-change with
increasing surface density. Under an applied electrical field, alignment of the overall dipole moment with the
external field becomes less likely. After the field is turned off, re-orientation of the molecules also becomes less
likely. Hence, increased molecular interaction, mediated by an increased surface coverage, results in a lower
overall dipole moment of the SAM under field, but a higher one after field removal.

Overall, these results indicate that intermolecular steric interactions within the SAM are a determining factor
for the polarization hysteresis, which can might be translated into an improved molecular design to achieve
increased hysteresis and longer retention times.
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Figure 7.3.4 Surface density (n) dependence of average dipole moment change a) Average dipole change under an
applied 10 V/nm electric pulse from 100 ns to 200 ns. Definition of Δ`𝑧,under field as difference between the average
dipole moment of the SAM while the field is turned on and the average dipole moment of the SAM after equilibration.
Δ`𝑧,after field is defined as difference of the average dipole moment of the SAM after the field is applied and the average
dipole moment of the SAM after equilibration. b) Δ`𝑧,under field and Δ`𝑧,after field as calculated for three different surface
densities (n = 3.60 nm−2, n = 3.26 nm−2, n = 2.77 nm−2) show an approximately linear relationship for `𝑧 (𝑛). Data also
submitted in different form to [154]

7.3.3 Single Molecule Conductance - TranSIESTA

Since the orbital structure affects the molecular conductance, one additional effect that might lead to a different
conduction between the syn- and anti- conformers could be a conformational change induced change of the
electronic orbital structure. For other molecules, this effect has been investigated in a recent publication by
Belding et al. .[220] To investigate whether this effect plays a significant role in liquid crystal-inspired molecules,
single-molecule transmission calculations of simplified analogues were performed, using the TranSIESTA
approach. For these calculations, the phosphonic acid head group was removed from QM15𝐹 to yield compound
1 and from QM32 to yield compound 2. The model compounds were sandwiched between two gold electrodes
and coupled to the central gold atoms of the electrodes via van der Waals contacts with the most remote,
terminal hydrogen atoms. Using B3LYP/6-31G(d) level of theory, the frontier orbital energies were calculated
to be -5.91 eV (HOMO) and 0.09 eV (LUMO) for anti-1 (band gap 𝐸𝐺 = 6.01 eV), and -5.94 eV (HOMO) and
0.07 eV (LUMO) for syn-1 (Eg = 6.02 eV). Three dimensional sketches of the models as well as results of the
calculated transmission currents through single molecules versus voltage are shown in Figure 7.3.5. For the two
conformers of 1 the current at any given voltage differs by approximately one order of magnitude with the syn-
conformer exhibiting the higher transfer current. The transmission of the non-fluorinated compound 2 yielded
values very close to anti-1, indicating that the TranSIESTA method neglects any effects of the dipole moment
`𝑧 .
Comparing the transfer currents of single molecules in full syn- and anti- state represents the two extreme cases.
Since the molecular dynamics simulations showed a distribution of molecular orientations rather than SAMs
in two distinct states, the conductance changing effect of a change in the electronic orbital structure can be
expected to be less than the one obtained from the TranSIESTA calculations presented here. Albeit a change
in conductance from this conformational change induced electronic orbital structure change can be assumed to
occur, it alone can not explain the experimentally obtained orders of magnitude in conductance switching.
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Figure 7.3.5 Calculated single molecule currents of QM15𝐹 simplified model compound 1 in syn-1 and anti-1 configu-
ration as well as QM32 simplified model compound 2, sandwiched between two gold electrodes. Phosphonic acid groups
have been removed from QM15𝐹 and QM32 for TranSIESTA calculations. Atoms are color coded. Yellow: Gold (Au),
grey: carbon (C), white: hydrogen (H), red: oxygen (O), green: fluorine (F). a) 3D representation of the three studied
model systems b) theoretical current-voltage characteristics through the three single molecule systems. Red: Fluorinated
molecule in syn-state, blue: Fluorinated molecule in anti-state, Black: Non-fluorinated molecule. Figures as published in
[154]

7.3.4 Ensemble Molecular Device - Device Model

To estimate the change in tunneling current induced by the conformational state change of the SAM, which
results in a change of the shape of the asymmetric tunnel barrier, the following model was conceived: The
Al/AlxOy/SAM/Pb stack was modeled as two-barrier system comprising the (amorphous) aluminum oxide and
the organic layer as one effective tunneling barrier that has different barrier heights at both contacts, constituting
an asymmetric trapezoidal barrier. Charging, interface polarization and band-bending effects are not taken into
account in this model. Figure 7.3.6 depicts the approximated energy level diagram, assuming that the potential
drop across the dipole layer is reflected in a change in barrier height at the electrode, which is in contact with
the SAM. In order to model the direct (non-resonant) tunneling current 𝐼𝐷𝑇 of this system, the expression
derived by Gruverman et al.[133] and shown in Chapter 2 was used. Due to the closer vicinity of the HOMO
to the Fermi level, hole tunneling was assumed to be dominating [226] and therefore only the tunneling current
through the trapezoidal barrier determined by the valence band edge of aluminum oxide and the HOMO of
the molecule was calculated. On the aluminum side of the tunneling barrier, the difference of aluminum work
function 𝜙𝐴𝑙 and aluminium oxide valence band edge 𝑉𝐵Al𝑥O𝑦

constitutes the barrier height

𝜙1 = 𝑉𝐵Al𝑥O𝑦
− 𝜙𝐴𝑙 (7.3.1)

Since embedded dipoles are assumed to alter the shape of the tunneling barrier at the position where the induced
dipole is located [25] and the dipolar unit is closer to the SAM/Pb interface than to the oxide/SAM interface, the
barrier height on the AlxOy side is kept constant within all following calculations. In contrast, on the Pb side,
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Figure 7.3.6 Simplified equilibrium energy level scheme of Al/AlxOy/QM15𝐹 /Pb/Ag devices. Red: junction in LRS,
blue: junction in HRS. Used parameters: Metal work functions 𝜙𝐴𝑙 ≈ 𝜙𝑃𝑏 ≈ 4.25 eV, [221–223] aluminum oxide valence
band edge 𝑉𝐵𝐴𝑙𝑦𝑂𝑥

≈ −5.2 eV [224, 225], HOMO and LUMO energies in both, the syn and anti-state: HOMO = -5.73
eV, LUMO = -1.26 eV, all with respect to the vacuum level 𝐸𝑣𝑎𝑐 . Barrier heights 𝜙 and changes in barrier heights Δ𝜙

are discussed in the text. Note that the vacuum level position in the barrier region is sketched with respect to the plain
AlxOy and molecular orbital energy levels (light grey), without dipolar contributions. 𝑊 𝑓 denotes the Fermi level. Figure
as published in [154]
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the difference between the Pb work function 𝜙𝑃𝑏, the HOMO and the dipole orientation-dependent potential
drop Δ𝜙 constitutes the barrier height 𝜙2:

𝜙2 = −𝐻𝑂𝑀𝑂 − 𝜙𝑃𝑏 − ΔΦ (7.3.2)

Here, the energy shift induced by the dipole moment of the SAM in z-direction (`𝑧) is reflected in ΔΦ. This
shift is calculated using the Helmholtz Equation:

Δ𝜙 =
𝑛`𝑧

𝜖𝑟 ,𝑆𝐴𝑀 𝜖0
(7.3.3)

Here, n = 3.6 molecules nm−2 is the maximum molecule surface density from MD simulations, 𝜖0 is the vacuum
permittivity and 𝜖𝑟 ,𝑆𝐴𝑀 = 3 is the estimated relative permittivity of the SAM. The MD simulations yielded a
linear relationship between `𝑧 and the magnitude of the applied electric field across the monolayer. Linearily
interpolating the already calculated values yields:

`𝑧,𝐿𝑅𝑆 = 0.07 nm/V · 𝐸𝑆𝐴𝑀 · 3.33564 · 10−30 Cm (7.3.4)

`𝑧,𝐻𝑅𝑆 = (−0.05526 − 0.24029 nm/V · 𝐸𝑆𝐴𝑀 ) · 3.33564 · 10−30 Cm (7.3.5)

Here, 𝐸𝑆𝐴𝑀 is in V/nm, and the calculated `𝑧 is in SI units (Cm, 1 Cm ≈ 3 · 1029 D). To further simplify
calculations, the SAM is assumed to be in one of two distinct states: Either the state after the maximum (positive)
voltage (𝑉𝑚𝑎𝑥 = 3 V) or the minimum (negative) voltage (𝑉𝑚𝑖𝑛 = -𝑉𝑚𝑎𝑥 = -3 V) has been previously applied.
To calculate the absolute value of 𝐸𝑆𝐴𝑀 for these voltages, the oxide and SAM are modeled as two capacitors
connected in series. Assuming no charge accumulation at the SAM-oxide interface, the charges stored on both
capacitors are equal (𝑄Al𝑥O𝑦

= 𝑄𝑆𝐴𝑀 ) and therefore, the capacitances of oxide 𝐶Al𝑥O𝑦
and SAM 𝐶𝑆𝐴𝑀 are

connected via the voltage drops across oxide (𝑉Al𝑥O𝑦
) and SAM (𝑉𝑆𝐴𝑀 ). Since |𝑉𝑚𝑖𝑛 | = |𝑉𝑚𝑎𝑥 | and only the

absolute value of 𝐸𝑆𝐴𝑀 is of interest, calculations can be performed for𝑉𝑚𝑎𝑥 only. With𝑉𝑚𝑎𝑥 = 𝑉Al𝑥O𝑦
+𝑉𝑆𝐴𝑀

𝑉𝑚𝑎𝑥 =

(
𝐶𝑆𝐴𝑀

𝐶Al𝑥O𝑦

+ 1
)
· 𝑉𝑆𝐴𝑀 (7.3.6)

The capacitance of a parallel plate capacitor is given by:

𝐶 =
𝜖0𝜖𝑟 𝐴

𝑑
(7.3.7)

Here, 𝑑 is the distance between the conducting plates and 𝐴 is the surface area of each plate. Since the area
𝐴 and 𝜖0 are the same for both capacitors, they cancel out in the equation for 𝑉𝑚𝑎𝑥 . This leaves an equation
that connects the maximum voltage and the dielectric constants (𝜖𝑟 ,Al𝑥O𝑦

= 9.84 [227] and 𝜖𝑟 ,𝑆𝐴𝑀= 3) and
thicknesses of the oxide and SAM layer (𝑑Al𝑥O𝑦

≈ 3 nm, as derived from the TEM image shown in Figure 7.2.1
and 𝑑𝑆𝐴𝑀 = 2.81 nm from MD simulations):

𝑉𝑚𝑎𝑥 =

(
𝐶𝑆𝐴𝑀

𝐶Al𝑥O𝑦

+ 1
)
𝑉𝑆𝐴𝑀 =

(
𝜖𝑟 ,𝑆𝐴𝑀 𝑑Al𝑥O𝑦

𝜖𝑟 ,Al𝑥O𝑦
𝑑𝑆𝐴𝑀

)
𝑉𝑆𝐴𝑀 (7.3.8)

𝑉𝑆𝐴𝑀 =

(
𝜖𝑟 ,Al𝑥O𝑦

𝑑𝑆𝐴𝑀

𝜖𝑟 ,Al𝑥O𝑦
𝑑𝑆𝐴𝑀 + 𝜖𝑟 ,𝑆𝐴𝑀 𝑑Al𝑥O𝑦

)
· 𝑉𝑚𝑎𝑥 (7.3.9)
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With 𝐸𝑆𝐴𝑀 =
𝑉𝑆𝐴𝑀

𝑑𝑆𝐴𝑀
:

𝐸𝑆𝐴𝑀 =
𝑉𝑆𝐴𝑀

𝑑𝑆𝐴𝑀
=

(
𝜖𝑟 ,Al𝑥O𝑦

𝜖𝑟 ,Al𝑥O𝑦
𝑑𝑆𝐴𝑀 + 𝜖𝑟 ,𝑆𝐴𝑀 𝑑Al𝑥O𝑦

)
· 𝑉𝑚𝑎𝑥 (7.3.10)

Using the Helmholtz Equation 7.3.3 and plugging in the linear interpolations of `𝑧,𝐻𝑅𝑆 and `𝑧,𝐿𝑅𝑆 , shown in
Equations 7.3.4 and 7.3.5, the two distinct hole barriers become:

Φ2,𝐿𝑅𝑆 = −𝐻𝑂𝑀𝑂 −Φ𝑃𝑏 −
𝑛 · 0.07 𝑉𝑚𝑎𝑥

(
𝜖𝑟,Al𝑥O𝑦

𝜖𝑟,Al𝑥O𝑦 𝑑𝑆𝐴𝑀+𝜖𝑟,𝑆𝐴𝑀𝑑Al𝑥O𝑦

)
𝑛𝑚
𝑉

· 3.33564 · 10−30𝐶𝑚

𝜖0𝜖𝑟 ,𝑆𝐴𝑀
(7.3.11)

Φ2,𝐻𝑅𝑆 = −𝐻𝑂𝑀𝑂 −Φ𝑃𝑏 −
𝑛 ·

(
0.05526 − 0.24029𝑛𝑚

𝑉
· 𝑉𝑚𝑎𝑥

(
𝜖𝑟,Al𝑥O𝑦

𝜖𝑟,Al𝑥O𝑦 𝑑𝑆𝐴𝑀+𝜖𝑟,𝑆𝐴𝑀𝑑Al𝑥O𝑦

))
· 3.33564 · 10−30𝐶𝑚

𝜖0𝜖𝑟 ,𝑆𝐴𝑀

(7.3.12)

Here, all values of 𝑑 are inserted in nm. Using Φ1,Φ2,𝐿𝑅𝑆 and Φ2,𝐻𝑅𝑆 as derived above, the total thickness
𝑑 = 𝑑𝑆𝐴𝑀 + 𝑑Al𝑥O𝑦

= 5.81 nm, the effective mass 𝑚∗ = 𝑚0 as well as all other values as mentioned before in this
section, the ON/OFF current ratio at V = -1 V was directly calculated using the Gruverman formula, yielding
𝐼𝐿𝑅𝑆/𝐼𝐻𝑅𝑆 ≈ 7.2. This value is independent from the contact area A since it cancels out in the ratio.
This calculated ON/OFF ratio is significantly lower than the one observed from electrically characterizing actual
devices. At the same voltage the experimentally observable ON/OFF ratio is ≈ 180. The quantitative difference
between theory and experiment might, in part, be attributed to the simplifications made within model. Namely,
charging, interface polarization and band-bending effects were not considered, but might have significant impact
on device performance.

However, the analytical formula for the ON/OFF ratio critically depends on the numerical values of the
molecular surface density 𝑛 and the effective hole mass𝑚∗. To illustrate this, ON/OFF ratios were calculated for
multiple combinations of effective hole mass and surface density. The results are displayed as a contour plot in
Figure 7.3.7. Due to the excessive computational cost of calculating `𝑧 (𝑛), `𝑧 was assumed to be constant for
all 𝑛 within the calculations leading to the results displayed in 7.3.7. However, this does not critically dampen
the strong dependence of the calculated ON/OFF ratio. In fact, taking it into account would rather intensify the
strong dependence of the ON/OFF ratio on the surface density. The strong dependence of the ON/OFF ratio
on effective hole mass becomes particularily evident comparing the previously assumed effective hole mass
of 𝑚∗ = 𝑚0 to another one that is still in range of the reported values for alumina and organic compounds
𝑚∗ = 8𝑚0. [224, 228] Then, the ON/OFF ratio calculated from the model derived above would be in range
with the experimentally observed one. Assuming a specific value for the double barrier comprising amorphous
alumina and liquid crystal-inspired molecules, however, would be pure speculation. This approach is therefore
not pursued further here. However, it can be concluded that the experimental findings are qualitatively well in
line with the simplified model, that is fully based on well-educated assumptions. Furthermore, the sensitivity
of the ON/OFF ratio to the effective mass of the tunneling carrier might present an opportunity in later device
optimization, since it might present an additional, molecule-independent variable to increase ON/OFF ratio.
In particular, the choice of the oxide in this double-layer might influence the ON/OFF ratio of the resulting
ensemble molecular device.
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Figure 7.3.7 Dependence of the calculated ON/OFF current ratio on effective hole mass and surface density. The
green area marks possible parameter combinations for an ON/OFF ratio comparable to the one obtained from experiments.
Figure as published in [154]

7.4 Summary

Repeatable electrical-field induced conductance switching due to conformational reorientation of liquid
crystal-inspired molecules within ensemble molecular solid-state devices has been demonstrated. Current
density-voltage traces revealed a pronounced hysteresis that can be assigned to conformation-dependent varying
shape of an asymmetric tunneling barrier. Experimentally determined ON/OFF conductance ratios were in the
range of 102. The pronounced hysteris was found to be reproducible across seven devices as well as for 100
voltage cycles. The experimental data demonstrates the feasibility of exploiting the reorientaion of molecular
dipoles in an external field as electrical field-driven switch.

Density functional theory based rotational energy scans revealed two energetic minima with energetic barriers
that do not prevent the transitions between those two states at room temperature. Experiment and molecular
dynamic simulations on the other hand revealed static states of the SAM. For this reason, intermolecular forces
are likely responsible for the energetic barrier that is required for device functionality.

TranSIESTA calculations for single molecules revealed that the electronic structure change induced by the
conformational change alone is not sufficient to explain the experimentally observed ON/OFF conductance
ratios. Molecular dynamics simulations revealed distinct polarization states for SAMs after electric fields of
opposite polarity were applied. Feeding the dipole moments of these two states, into a two-layer model based
on the Gruverman model and using the Helmholtz equation to translate shifts in polarization to shifts in barrier
height yielded ON/OFF ratios comparable to the experimentally determined values, assuming an effective
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electron mass that is within the range of reported values for aluminum oxide. This device model, that is fully
based on reasonable assumptions, also revealed a striking dependence of the ON/OFF ratio of conductance on
charge carrier effective mass and molecular surface density. This dependency persists even for effective mass
and molecular surface density independent polarization hysteresis, making both quantities potential design
parameters for future devices.

Molecular dynamics simulations further revealed a dependency of the remnant polarization hysteresis on
surface density of the molecules within the SAM as well as on electrical field strength. The dependency on
surface density presents an additional argument that intermolecular interactions are an important parameter for
device optimization. The dependency on electrical field strength means that the number of distinct conduction
states is theoretically not limited to just two. The effect presented in this work hence has the potential to be
exploited for applications built on multi-state devices, such as neuromorphic or in-memory computing devices
as well as the physical implementation of pre-trained neural networks for edge-computing applications. [229,
230] First experimental data for similar molecules within an ensemble molecular device, that are presented in
Chapter 9 strengthen this hypothesis.
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8 Lead Free Metallic Solid State Top Contacts

This chapter briefly outlines the motivation to develop an alternative to the contacting scheme described in
chapter 7 and gives the rationale behind the choice of combining titanium nitride as anchoring layer and
titanium as top contact material. To explore the feasibility of the approach, first the formation of a monolayer
of alkyl-phosphonic acids (APA) on titanium nitride (TiN) was confirmed using CWA, VASE, FTIR, AFM and
XPS. Then, devices with monolayers of APA sandwiched between TiN and Ti were fabricated and electrically
characterized by current-voltage spectroscopy. The tunneling attenuation factor was derived from data of
devices with monolayers of APAs with varying chain length. The measured current density was further analyzed
by fitting representative J-V data to the Simmons Model. This chapter relates to the work presented in [231].
Electrical measurements were in part performed by Deepthi Devendra in the framework of her Master’s thesis.
XPS measurements were performed by Domenikos Chryssikos.

As shown in chapter 7 the combination of an aluminum oxide anchoring layer and a lead top contact
with a phosphonic acid monolayer sandwiched between them yields functional electronic devices. However,
this Al/AlxOy/SAM/Pb/Ag stack comes with several drawbacks. For one, the native oxide on aluminum
consitutes a large tunneling barrier that might be connected to an overall low current. With the aluminum work
function 4.25 eV[222, 223], aluminum oxide valence band edge -5.2 eV [224] and the previously reported
thickness of the oxide, current densities of the reference device featuring the native oxide surface and no
molecule were below 1 · 10−4 mA/cm2 for absolute voltages up to 3 V. This corresponds to absolute currents
below 0.1 nA for 25 µm x 25µm devices.

Aluminum Oxide Layer Thickness

To reduce the oxide layer’s impact on magnitude of tunneling current, it would be beneficial to keep it as thin
as possible. In order to analyze the impact of the plasma treatment of the aluminum/aluminum oxide surface
on oxide thickness, an experiment exposing physical vapor phase deposited aluminum surfaces to variety of
plasma treatment conditions was performed. Aluminum layers on substrates of silicon with a silicon oxide
layer were fabricated via PVD as described in chapter 4. Plasma power was varied from 50 W to 150 W and
plasma time was varied from 1 min to 10 min. Additionally, one sample was exposed to a 400 W oxygen
plasma for 1 minute and one sample was not exposed at all. The resulting samples were analyzed with VASE
and compared to an untreated sample. Figure 8.0.1 shows the results of VASE thickness fits of the oxide on the
Si/SiO2/Al/oxide stack. No significant change of oxide thickness with varying plasma treatment conditions
was observed. The average oxide thickness of all plasma treated aluminum samples was 4.35 nm ± 0.34 nm,
whereas the untreated reference sample was found to have an oxide thickness of 4.46 nm ± 0.43 nm. Others
have previously reported values for native oxide thicknesses in the range from 3 nm to 5 nm [232]. All measured
values fall in this region. It is therefore likely that the formation of a native oxide that occurs when exposing
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the aluminum surface to ambient conditions could not be influenced by any of the processing conditions
outlined above. However, others have found that the oxide thickness on PVD deposited aluminum films can be
a function of plasma power and duration. Oxide thicknesses were found to increase with increasing power and
duration. For instance Geiger et al. reported oxide thicknesses that were obtained from TEM imaging after
oxygen plasma exposure of aluminum surfaces to vary from 4.3 nm (10 W, 30 s) to 7.3 nm (300 W, 30 s). They
also found the thickness to saturate at a value of approximately 7 nm if the plasma duration was at least 30 s and
the plasma power was at least 50 W. [233] The observation that all plasma exposed aluminum surfaces in this
work show similar thicknesses is in agreement with their finding, since only plasma powers and durations that
satisfy these conditions were applied. This is also in good agreement with the Cabrera-Mott model, describing
self-limiting oxide-growth of aluminum oxide, mainly due to the small diffusivity of oxygen in aluminum
oxide. [234] Notably, in contrast to Geiger et al.’s finding, the thickness of the native oxide observed in this
work did not differ from the oxide thickness after plasma exposure. This difference might be explained by the
fact that the time to transfer samples from fabrication to measurement was approximately two hours in this
work and immediately after fabrication in the referenced work. This might have lead to oxide growth up to
the self-limited value on the samples presented above. The difference in total value of the saturation thickness
might be explained by the different measurement modalities and the strong model-dependency of derived film
thicknesses for very thin layers in VASE.

In summary, the oxide thickness was found to be independent of plasma treatment conditions. The formation
of the native oxide after exposure of the aluminum surface to ambient air seems to be the limiting factor for
minimum oxide thickness. One potential solution to achieve a thinner oxide layer would be the removal of the
native oxide layer and controlled re-growth of the oxide up to a certain thickness. This, however would require
all subsequent fabrication and characterization steps to be in an inert atmosphere to avoid oxygen diffusion to
the surface which could ultimately lead to an increase of oxide layer thickness up to the saturation value. Since
an objective was to develop a fabrication scheme consisting of a short sequence of simple processing steps,
other solutions on how to avoid a thick aluminum oxide layer had to be found.
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Figure 8.0.1 Aluminum oxide thicknesses after various O2 plasma treatments of thermally evaporated aluminum layers
on Si/SiO2 substrates, as measured by VASE. Blue horizontal line indicates the average of all measurements, excluding
the untreated sample (plasma time 0 min, plasma power w/o). Light blue area indicates the standard deviation of that
average. Less than 1 nm thickness variation with change in plasma conditions can be observed. Data shows no clear trend
of oxide thickness growth with either time or plasma power. Thus, oxide thickness on aluminum substrates is concluded
to be independent of plasma treatment within the explored parameter space of plasma power and plasma duration.
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Within the Al/AlxOy/SAM/Pb/Ag stack the use of lead as top contact material poses additional challenges.
The two main challenges that need to be addressed are the toxicity and the stability of lead. The presence
of lead represents a severe concern for commercialization, due to its toxicity and associated risks to human
health and its environmental impact. Exposure to lead is especially harmful to the central nervous system.
Additionally, lead is found to be toxic to renal organs and the reproductive system. The toxicity of lead and its
salts is mainly a result of the increase oxidative stress. [235–237] Due to its toxicity, Pb is also often banned
from shared physical vapor phase deposition facilities. In the context of this work, it was necessary to use a
PVD system designated solely for potentially toxic substances including lead (see chapter 4 for details). With
the age of the PVD system used, came a measurement and control system that allowed much lower accuracy of
process control than would be possible on newer systems.

Pb/Ag electrode degradation

Another challenge that comes with the previously deployed Pb/Ag compound top electrode is its degradation
over time. The SEM images shown in Figure 8.0.2 exemplify this degradation of Pb/Ag top contacts on
a QM15𝐹 monolayer. One sample was imaged one day after fabrication whereas the other sample was
imaged after it was stored in a nitrogen cabinet for six months. The nitrogen cabinet supplied a nitrogen-rich
and oxygen sparse environment, while still exposing samples to a limited amount of oxygen. On both
samples, the day after fabrication, devices that showed the effects described in the previous chapter could
be found. The sample imaged one day after fabrication revealed smooth top contacts, whereas the sample
that was stored showed significant grain formation of the metallic components. This grain formation
coincided with the junctions currents decreasing to values below the measurement threshold of the electrical
characterization setup - regardless of sign or magnitude of the applied voltage up to |𝑉 | = 20 𝑉 . Hence, it
can be concluded, that the stability of Pb/Ag top electrodes is not sufficient for future commercial application.
Potential reasons for this might be the oxidation of lead or the formation of a lead-silver alloy. A more in-depth
investigation of the degradation was not carried out, as the observation outlined here already revealed that signif-
icant degradation of the contact is occurring and that a more stable alternative would be desired moving forward.

In summary, an alternative to the Al/AlxOy/SAM/Pb/Ag stack is desirable since

• the native oxide forms a high tunneling barrier, resulting in a low tunneling current.

• Pb and its salts are harmful to human health.

• the Pb/Ag top electrode degrades, leading to device malfunction after ≤ 6 months. This might potentially
be avoided by replacing Ag with gold (Au), which is the more commonly applied capping layer mate-
rial.[22] However, Ag was chosen over Au within this work, since the PVD system in which lead was
allowed and two consecutive evaporation steps without breaking the vacuum were possible, exclusively
featured thermal evaporation from tungsten boats. Gold is well known to form alloys with tungsten and
was hence ruled out.

While the low current might not be a problem for niche applications, lead had to be replaced as top contact
material in order to clear the path for potential future commercial scaling of the devices.
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Figure 8.0.2 SEM images of Al/QM15/Pb/Ag devices exemplifying Pb/Ag electrode degradation. a) Device on a sample
that has been imaged one day after fabrication b) Device on a sample that has been stored a nitrogen cabinet for 6 months.
Right image shows a magnification of the indicated area, detailing the grain formation in the Pb contact. Images were
rotated and cropped to align the Pb/Ag electrode with the horizontal and the Al electrode with the vertical axis for all
images. Note: Images are from different samples and show different junction areas. The images shown here were
motivated by devices on the stored sample not showing any electrical current with an applied bias after they did show
pronounced hysteresis 6 months before. Hence, the grains shown in b) are likely to occur after some time and likely the
reason for device malfunction.

Novel SAM Contacting Scheme

Identifying a potential fabrication scheme for ensemble molecular devices in a simple sandwich junction
architecture with a molecular monolayer embedded in-between two conductive layers has been a critical challenge
in the field of molecular electronics for almost half a century. Mann and Kuhn were the first to report having
found a reliable contacting scheme with permanent, solid contacts in 1971.[87] However, a truly reliable,
universal method has not yet been found. Over the last years, several causes of device failure have been
identified. These include the reactivity of the organic molecules with the condensed metals, presence of defects
in the SAM before top contact formation and diffusion of top contact metals through the monolayer.[6] Others
have explored a myriad of fabrication schemes avoiding the physical vapor phase deposition (PVD) of the top
contact.[238] Still, most of these schemes are currently incompatible with large scale, industrial fabrication.
Hence, a method to deposit a metallic top contact on a SAM by PVD is essential for experiments leading to a
better fundamental understanding of charge transport processes in self-assembled monolayer based electronic
devices as well as for significant technological advances with these types of devices. To get to the fabrication of
reliable top contacts by means of PVD, multiple concepts have been evaluated. These include: the reduction of
the energy transferred to the monolayer by indirect evaporation,[239] the introduction of a protective interlayer
on top of the SAM [112, 240] and the use of functional groups in the SAM constituting molecules that promote
cross-linking of the molecules triggered by adsorbate atoms. [241] These concepts were developed to address
the proposed most influential effect causing device failure: the energy transfer of atoms impinging on the SAM
surface. Few experimental studies have proposed an alternative predominant reason for device failure. Namely,
that the substrate and the anchoring group of the SAM determine the likelyhood of top contact metal atoms
diffuse through the monolayer. This was for instance shown for the evaporation of different metals on alkyl
SAMs on silicon and silicon oxide, [242] of lead on various SAMs on silicon [243] and for the evaporation of
different metals on alkyl SAMs on gold (Au) [51]. Following these arguments, this chapter aims at providing a
first contribution to extending the search for a simple contacting scheme of EMJs to different anchoring layers.
Since studies of SAM-based electronic devices today are mostly limited anchoring layers of Au or Si, there
is a dearth of data utilizing other materials as anchoring layer. Titanium nitride (TiN) as bottom electrode
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material and titanium (Ti) as top contact have been chosen as a first contribution trying to help fill that research
gap. Currently, TiN is widely used in complementary metal-oxide-semiconductor (CMOS) technology, e.g.,
as a diffusion barrier. This makes a potential TiN/SAM/Ti top contact device likely compatible with CMOS
technology[244].The successful growth of phosphonic acid SAMs on TiN has been previously reported.[245]
Phosphonic acids with their potential bi- or tri-dentate binding to the substrate are also known to be less mobile
on the surface than thiols. [246] Since for thiol based SAMs this mobility has been proposed to contribute to
the diffusion of top contact atoms to the head group, where energetically preferable complexes may be formed,
reducing this mobility might contribute to hinder this process, ultimately supporting the successful fabrication
of SAMs with a metallic overlayer.[247]

8.1 SAMs on TiN surfaces

In order to evaluate TiN as alternative anchoring layer for liquid-crystal inspired monolayer devices, the growth
of alkyl-phosphonic acids on TiN was first investigated. Self-assembled monolayers that are constituted of
molecules with a surface-binding head group and an alkyl chain are a well characterized model system to
study the growth of monolayers. [6, 72, 113, 248–251] Results from a variety of measurement methods can
therefore be compared to readily available data from literature. A variety of phosphonic acids has already
been shown to for monolayers on TiN [245] as well as on TiO2 [73, 252], that is potentially present as native
oxide on TiN surfaces [65]. However, these studies are either limited on few, specific molecules, required for a
specific, desired function, or limited to few characterization methods. A more general study with an otherwise
well-known model system is still lacking and important to lay the foundation for electronic devices based on
phosphonic acids on TiN. The following paragraphs aim to provide such a study.

A series of alkyl phosphonic acids , namely hexyl- (C6), octyl- (C8), decyl- (C10), dodecyl-(C12), tetradecyl-
(C14) and hexadecyl-phosphonic acid (C16) was grafted on 50 nm thick, sputter deposited TiN samples as
described in chapter 4 for all following measurements. Briefly: Cleaned silicon samples with a TiN overlayer
were dipped in 1 mM solutions of the respective molecule in THF for 72 h, heated at 130 °C for 1 h, cooled
down, rinsed in an ethanol stream for 10 s and heated again at 130 °C for 10 min. VASE, AFM and contact
angle data was acquired using the same samples. To minimize the effect of potentially adsorbed water on the
surface, contact angle measurements were performed last. Samples for XPS, AFM scratching and FTIR were
freshly prepared using the substrates from the same wafer.
The change in water contact angle was used as a first indicator of successful orientation and binding of the
molecule to the surface. AFM was used to characterize the uniformity of the SAMs on TiN surfaces. AFM
scratching and VASE were used as complementary methods to analyze monolayer thickness and confirm that
the formed films were monolayers. XPS was used to study the composition of native TiN surfaces as well as
providing a third means of determining film thickness.
Infrared spectroscopy was used to study the potential binding of the constituents of the head group to the surface
as well as the quality of potentially the formed SAM.
Lastly, the prediction that the TiN/APA-SAM/Ti/Au system is suitable to fabricate large-area molecular junctions
comprised of a self-assembled monolayer (SAM) sandwiched between two solid state contacts was evaluated
by fabricating 1D crossbar devices with the series of aliphatic phosphonic acids named above, and performing
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cyclic IV measurements on these devices. Part of the recorded data was fit to a Simmons model and a tunneling
attenuation factor 𝛽 was determined and compared to literature values.

8.1.1 Water Contact Angles

The APA grafted TiN samples mentioned above were analyzed using a water contact angle measurement setup.
To analyze the effect of solvent immersion on the water contact angle, a sample with bare TiN surface was
additionally analyzed before and after 72 h immersion in THF. The bare TiN surface before and after immersion
was found to be rather hydrophilic (WCA < 70°) whereas the APA modified surfaces were found to be more
hydrophobic (WCA > 90 °). A 5 ° increase in water contact angle was observed after immersion of the bare
TiN in THF. This is likely due to the partial adsorption of solvent molecules on the substrate. Immersion of
substrates in solutions of aliphatic phosphonic acids resulted in a WCA shift greater than 20°. Since this a
significantly higher increase than the increase by the solvent alone, it can be ascribed to the presence of the
aliphatic phosphonic acids. This difference in WCA values is expected since the SAMs are terminated with
non-polar, hydrophobic methyl groups, whereas the bare surface can be assumed to be hydroxyl-enriched and
therefore hydrophilic. Hence, the increase of the contact angle by > 20 °indicates successful attachment of the
APAs to the TiN surface. Figure 8.1.1 shows the water contact angles of the series of aliphatic phosphonic acids
on TiN compared to the bare surface. Examples of pictures taken to determine the WCAs of the aforementioned
surfaces are shown in the same figure. Note that the contact angle difference between bare TiN and alkyl-
phosphonic acid treated surfaces is already visible from the images alone.
Overall, the WCA measurements of APA grafted TiN samples revealed a non-polar surface which strengthens
the hypothesis of successful monolayer formation.

(a) (b)

Figure 8.1.1 Water contact angles of TiN surfaces after 72 h of treatment with varying solutions of alkyl phosphonic
acids or THF. a) Contact angles as determined from one sample per surface and 3 measurements on each surface. Error
bars indicate standard deviation. b) Optical microscopy images of typical water droplets on a bare TiN surface (w/o), on
a solvent exposed TiN surface (THF) and on an alkyl phosphonic acid-functionalized surfaces visualizing functionalized
surfaces being more hydrophobic than unfunctionalized ones.

8.1.2 Atomic Force Microscopy

The APA grafted TiN samples mentioned above were further analyzed using AFM topography. On each sample,
3 areas of 5µm x 5µm were imaged and the mean square roughness of the particle-free area was analyzed. The
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resulting values as well as representative AFM images are shown in Figure 8.1.2. Cleaned TiN samples with
no further treatment show a roughness of 𝑅𝑞 = 0.24 nm±0.03 nm. The samples grafted with APAs have an
overall mean roughness of 𝑅𝑞 = 0.42 nm±0.32 nm. Since the average and standard deviation of C10 are with
𝑅𝑞 = 1.00 nm ± 0.63 nm comparatively high, it is justified to treat this sample as an outlier. The increased
roughness might be due to an only partial removal of unbound molecules during fabrication. These unbound
molecules sticking out of the monolayer would slightly increase the observed roughness. The overall mean
roughness for all APA grafted samples excluding C10 was 𝑅𝑞 = 0.30 nm ±0.16 nm. Overall, the AFM images
show uniform surfaces of APA grafted TiN with roughnesses comparable to the bare substrate. This indicates
successful formation of a closed, uniform monolayer of APAs on TiN.
Note that the values reported here differ only slightly from previously reported values of 𝑅𝑞(TiN) = 0.4 nm
and 𝑅𝑞(C8) = 0.4 nm that were measured on different samples, using the same fabrication and measurement
scheme. [231] This points towards good reproducibility of our results.

(a) (b)

Figure 8.1.2 Atomic force microscopy of APA grafted TiN surfaces a) Root mean square surface roughnesses 𝑅𝑞 of all
surfaces. Error bars indicate standard deviation. Except C10 coated samples, all samples exhibit a roughness below 1 nm.
Roughnesses of APA coated samples are in the same range as the roughness of the bare substrate. b) Surface topography
of selected spots on four of the samples. All images have the same height scalebar. Images show a homogeneous surface
for APA coated samples as well as the bare substrate (w/o). This indicates successful formation of a uniform, closed layer.

8.1.3 X-Ray Photoelectron Spectroscopy

The bare TiN coated reference samples were studied using XPS in order to analyze surface composition and
gather information about potential attachment mechanisms of phosphonic acids to that surface. The surface of
the reference substrate was found to be comprised of 17% TiN, 63% Ti(ON) and 20% TiO2. This indicates that
the TiN surface contains, in addition to the nitride compounds TiN and Ti(ON), a proportion of native oxide.
This oxide in turn may allow the grafting of phosphonic acids on these samples.
To investigate the formation of potential monolayers on TiN, TiN substrates grafted with C6, C10 and C12
were also analyzed using XPS. In particular, the P2p region was studied to confirm presence of phosphor on
the coated samples after the rinsing procedure. Figure 8.1.3a shows the P2p region for all four substrates. A
clear peak can only be observed for the APA treated samples. There is no peak for the bare substrate. This
confirms the presence of phosphor for all but the reference substrate and is another indicator for successful APA
grafting on TiN. The peak intensity of C6 is the highest, followed by C12 and then C10. For the same number
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of molecules per surface area, the P2p peak intensity is expected to increase with decreasing chain length, since
the signal should get less attenuated when a shorter alkyl chain is present as compared to a longer one. However,
the peak intensity also depends on the number of molecules present in the analyzed area. A higher number of
C12 molecules per area as compared to C10 might explain the higher peak intensity of the P2p signal of C12
as compared to that of C10. This could, for instance, be the case, if the packing density was increased for C12
versus C10.
The intensity of the carbon signal is displayed in Figure 8.1.3b. It shows a clear increase in peak intensity from
the bare substrate to the APA coated samples as well as an increase of the peak intensity with increasing chain
length. This is another indicator that alkyl chains of increasing length are present on the coated samples.
Since the number of titanium atoms per area does not depend on the monolayer and titanium is an unlikely
contaminant on the surface, the Ti2p signal attenuation was analyzed to calculate the APA layer thicknesses.
The Ti2p signal intensities as well as the integrated intensities in the range of 452 eV to 467 eV are shown in
Figure 8.1.4. The observed exponential decay of the Ti2p signal with increasing number of C atoms in the alkyl
chain is in accordance with the expected behavior based on the Lambert-Beer law. The result of the thickness
calculation is presented in the following section alongside thickness determinations via other measurement
techniques.

(a) (b)

Figure 8.1.3 Background-corrected XPS spectra of APAs on TiN Black line: bare substrate, red, blue and green line:
TiN substrates with alkyl-phosphonic acids with an alkyl chain of 6,10 and 12 carbon atoms, respectively a) Phosphor
signal intensity. The bare substrate does not show any signal in the P2p region whereas the APA crafted samples show
clear peaks. This confirms the presence of phosphor on the substrates after the dip coating procedure. b) Carbon signal.
Non-zero signal of the bare substrate is likely due to contaminants introduced during sample transfer. Increasing peak
value with increasing alkyl chain length indicates the presence of the expected alkyl chains. Graphs published in [231]
©2020 IEEE.
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(a) (b)

Figure 8.1.4 Ti2p signal attenuation a) Ti2p signal intensity. Black line: bare substrate, red, blue and green line: TiN
substrates with alkyl phosphonic acids with an alkyl chain of 6,10 and 12 carbon atoms, respectively. The bare substrate
exhibits the highest peaks whereas the signal from samples coated with APAs is attenuated. b) black squares: integrated
intensity from 452 eV to 465 eV of the traces shown in a), plotted against number of C atoms in the alkyl phosphonic acid.
Red line: Exponential fit to the data.

8.1.4 Thickness of the Surface Coating

AFM scratching, VASE as well as XPS were used as complementary methods to determine layer thicknesses
of the series of APAs.
To determine the thickness via AFM scratching, samples treated with C6-C16 were scratched with a DLC
tip at 212 mV drive amplitude over an area of 1 µm x 1 µm. Plane-fitted topographies of 5 µmx5 µm areas
after scratching, with the scratched area in the center are displayed in Figure 8.1.5. Scratching was successful
on all layers. Layer thicknesses were determined from height surveys in the scratching region by performing
Gaussian fits to the two prominent peaks and determining the distance between the x-position of their maxima.
Height surveys including Gaussian fits to the prominent peaks are shown in Figure 8.1.6.

To determine the thicknesses of C6, C12 and C14 from XPS data, the normalized integrated intensities of
the Ti2p peaks were analyzed as described in Chapter 3.3.2. The empirical attenuation length _(𝐸𝑘𝑖𝑛) was
calculated using the maximum kinetic energy of the Ti2p 𝐸𝑘𝑖𝑛 = 470 eV, yielding _𝐴𝑃𝐴(470 eV) = 1.93 nm.
With 𝐼0 determined from the untreated sample, the layer thicknesses were calculated.

To determine the thicknesses of C6-C16 via VASE the substrate was optically modeled as Si/SiO2/TiN
stack. Parameters of the resulting optical model were then fit to measurement results of an untreated
Si/SiO2/TiN substrate. The resulting model was fixed and the APA layer was added as Cauchy layer with A =
1.55 and B = 0.0 on top. Reported layer thicknesses are the result of fitting this model to the data until a mean
square error <20 was reached.

The theoretical molecule length was calculated as optimized geometry of the molecules in GAUSSIAN
09 for isolated molecules in gas phase. These calculations were performed by Achyut Bora, TU München.
Since APAs are expected to bind to the surface with an angle >0°, this length is expected to overestimate layer
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Figure 8.1.5 Plane-fitted topographies of APA coated TiN samples after AFM scratching. All images reveal a clearly
defined square area of lower height in the middle, indicating successful removal of the SAM through the previous scratching
step where a DLC tip was moved over an area of 1 µm x1 µm in the center of the 5 µm x 5 µm image while applying a 212
mV drive amplitude. White edges on the left and right side of the scratched area indicate areas where the height exceeds
the scalebar. There, it is likely, that excess molecules that have been scratched away accumulated, since at these positions
the AFM tip changed direction from right to left or vice versa.
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(a) (b)

(c) (d)

Figure 8.1.6 Height surveys of the AFM scratching topographies that are displayed in Figure 8.1.5. Open blue circles:
Measured heights. Green and red curve: Gaussian fits to the prominent peaks representing the scratched and unscratched
area of the image, respectively. Dashed lines indicate x-positions of the maxima of the Gaussian fits and hence the average
relative height of scratched and unscratched area. The difference of those two values is the average thickness of the
respective monolayer. Height surveys of a) C6, b) C12, c) C14, d) C16. Thicknesses of C8 and C10 were determined in
the same fashion.
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thickness. [253]

The results of all measurement methods as well as the calculated thicknesses of the monolayers are
summarized in Figure 8.1.7. In total, a monotonically increasing layer-thickness with number of C atoms
in the alkyl chain can be observed in the results from all measurement modalities. AFM scratching results
are closest to the theoretically calculated values, VASE seems to overestimate the thickness while XPS Ti2p
attenuation seems to underestimate it. This is likely due to the fact that the latter two methods depend on
models that were not derived specifically for the self-assembled monolayers at hand. The thicknesses derived
from XPS and VASE directly depend on a parameter that has to be estimated based on empirical data. For
XPS, the attenuation length _ of the SAM has to be estimated, whereas the optical model of a SAM heavily
depends on an estimate of the 𝐴 parameter of the Cauchy layer. Both parameters are in turn highly dependent
on the density of the monolayers, which are both uncertain and may vary with alkyl chain length. [6] If, for
example, the gradient of 0.0022 nm/eV of the empirical, linear fit of the XPS attenuation length _ derived by
Laibinis et al.[182] and Wallart et al. [183] was increased to 0.004 nm/eV, the normalized integrated intensity
of the measurements shown above would yield layer thicknesses that are closer to the calculated values, namely
𝑑𝑋𝑃𝑆 (𝐶6) = 0.95 nm, 𝑑𝑋𝑃𝑆 (𝐶10) = 1.37 nm and 𝑑𝑋𝑃𝑆 (𝐶12) = 1.42 nm. Since the attenuation length
depends on the structure of the SAM and the structure of the APA-SAM on TiN might differ from the thin
organic layers used to determine the referenced empirical value, the empirical value proposed here might be
more suited to describe APAs on TiN. Measurements the P2p signal of TiN surfaces treated with phosphonic
acids of additional unique chain lengths might be used to improve and validate this new empirical value.

In total, all measurement modalities show the expected thickness trend for C6-C14. With the limitations of
XPS and VASE mentioned above in mind, the thicknesses determined from XPS, VASE and AFM scratching
provide compelling evidence for successful monolayer formation of C6-C14 on TiN. Thicknesses obtained from
VASE and AFM scratching are inconclusive as to whether monolayers of C16 on TiN were formed, or in fact
multi-layers of this molecule are present. In fact, Figure 8.1.2 shows several agglomerates outside the scratching
region which can be seen as a first indicator for more than a monolayer being present on the sample.
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Figure 8.1.7 Layer thicknesses of alkyl phosphonic acids grafted on TiN as determined by XPS, VASE, AFM scratching
as well as calculated contour lengths of the molecules. AFM scratching results are in very good agreement with the
calculated thicknesses for C6-C14. For the same molecules, XPS and VASE show the expected trend, deviations are likely
due to errors in estimated parameters in modeling. Data is inconclusive as to whether C16 forms mono- or multi-layers
on TiN.
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8.1.5 Infrared Spectroscopy

Infrared spectra of monolayers of APAs C6, C8, C10, C12, C14 and C16 on TiN were recorded using FTIR.
The spectroscopic data was analyzed with two main objectives:

1. Confirm the presence of an alkyl chain on the substrate and analyze the quality of the monolayers through
in-depth analysis of the position and full-width half maximum width of the symmetric and asymmetric
stretching vibrations of CH2.

2. Confirm the chemical bonding of the constituents of the phosphonic acid group to the substrate through
analysis of the a(P-OH) vibration, the symmetric as well as the asymmetric a(P-O) stretching vibration,
the a(P=O) stretching vibration and the Ti-O-P skeletal vibration bands.

The full, background-corrected FTIR spectra of C6 to C16 are displayed in Figure 8.1.8. In this overview,
all spectra show peaks at similar characteristic frequencies. Differences will be discussed in detail below. In
general, the FTIR spectra of APA treated TiN surfaces are very similar for all molecules, which is expected. The
region of interest to confirm presence of an alkyl-monolayer and characterize its quality as well as the region of
interest to analyze chemical binding to the surface are highlighted in blue and orange, respectively.[86]

Figure 8.1.9 shows the characteristic frequencies of the CH3 and CH2 stretching vibrations. The presence
of the four typical peaks associated with CH3 antisymmetric (2965cm−1), CH3 symmetric (2875cm−1), CH2

antisymmetric (2925cm−1) and CH2 symmetric (2855cm−1) stretching vibrations in the difference spectrum
confirms the presence of alkyl chains in the measured, APA-grafted samples. From a look at the raw spectra, it
is already evident, that the peaks become more pronounced with increasing chain length of the molecule.
The peak positions and full width half maximum widths of the peaks associated with the antisymmetric
stretching vibrations of the CH2 backbone were extracted using the Voigt function as fit function. The results
are displayed in Figure 8.1.10. The peak position shows a clear trend towards lower frequencies with increasing
chain length of alkyl phosphonic acid. This is in very good agreement with literature and often associated to
the potential increase in order of the SAM with increasing chain length. Monolayers of alkyl phosphonic acids
with chainlength ≥ 10 C atoms show an asymmetric CH2 stretching vibration peak position that falls into a
region that is commonly associated with a high to very high degree of order of the SAM. [174, 197, 254, 255]
Those with shorter wavelength can be considered to be in a less ordered configuration.
Overall, peak positions from C10-C16 range from 2925 to 2918cm−1, which is comparable to peak positions
of the same molecules on aluminum oxide surfaces that range from 2928 to 2923 cm−1. [57]
A second strong indicator for well-ordered SAM formation, is a comparatively low peak width (full-width-
at-half-maximum) of the symmetric and asymmetric CH2 vibrations of a spectrum. The FWHM values of
phosphonic acids on TiN range from 10 to 20 cm−1 for the asymmetric and from 6 to 11 cm−1 for the symmetric
stretching vibration. These values are lower than the values previously reported for alkyl phosphonic acids
of similar length on aluminum oxide (FWHM𝑎𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑖𝑐 = 24−31 cm−1, FWHM𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑖𝑐 = 13−19 cm−1 ).[57]

In total, the analysis of peak position and FWHM of CH3 and CH2 of the FTIR spectra above indicate the
formation of well-ordered monolayers of APAs on titanium nitride. The peak analysis of FTIR data of APAs
on TiN points towards SAMs of APAs on TiN having an even higher degree of order than those on aluminum
oxide. Peak positions follow the expected trend indicating higher ordered monolayers for longer molecules.
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Figure 8.1.8 Infrared absorption spectrum survey of alkyl phosphonic acid grafted TiN samples. Orange area:
850-1500 cm−1 region, covering P-O, P=O, P-OH vibrational bands as well as Ti-O-P skeletal vibrations and 𝛿(CH2)
deformation bands. Blue area: 2700-3200cm−1 region, covering CH3 and CH2 stretching vibrations. All samples exhibit
similar absorption features.
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Figure 8.1.9 Spectral region of CH2 and CH3 stretching vibrations of potential APA SAMs on TiN. For all chain lengths,
typical vibration bands of alkyl chains, namely the CH3 antisymmetric (2963-2965 cm−1), CH3 symmetric (2872-2875
cm−1), CH2 antisymmetric (2918-2935 cm−1) and CH2 symmetric (2849-2855 cm−1) stretching vibrations, are present.
Grey dashed lines indicate the peak position of the CH2 symmetric (2850 cm−1) and the CH2 antisymmetric (2919 cm−1)
stretching vibrations of C16 to facilitate the comparison of the same peak positions for the other chain lengths, since these
characteristic frequencies are often used to judge the quality of a monolayer.
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Figure 8.1.10 Peak position and FWHM of APA FTIR spectra determined from Voigt function fits to the raw data.
a) Peak position versus chain length. Light grey lines indicate literature consensus for ’high degree of order’. Values
above the upper line are considered to be connected with a ’low degree of order’ whereas values below the lower line are
considered to be connected with a ’very high degree of order’. b) FWHM for the symmetric (blue) and asymmetric (green)
CH2 stretching vibrations from the same fit.

To examine the binding of the phosphonic acid head group to the substrate the FTIR spectra were analyzed in
the 850-1500 cm−1 region. The absorption bands of P=O, P-O and P-OH stretching vibrations, that lie in this
region, are sensitive to the adsorption of APA molecules onto the potential metal oxide surface. If any of these
groups is involved in forming a bond to the substrate, absorption peaks at their characteristic frequency are
expected to disappear from the spectrum. [77, 78] Figure 8.1.11 depicts the FTIR spectrum of APAs grafted
on TiN in the spectral range between 850 and 1500 cm−1. The CH2 deformations also fall into this region and
can be observed as a weak peak at 1460cm−1. This strengthens the evidence for alkyl chains being present on
the analyzed samples surfaces.

Free phosphonic acid groups would show distinct peaks at the a(P-OH) stretching vibration at 950 cm−1, the
anti-symmetric a(P-O) stretching vibration at 1132 cm−1 and the a(P=O) stretching vibration at 1280 cm−1.
These bands are marked red in Figure 8.1.11. Since for C6-C14 grafted samples, none of these bands shows
a distinctive peak, bonding of the phosphonic acid group to the surface is confirmed and can be assumed to
be tri-dentate. The C16 treated surface shows a peak at 1262 cm−1 which can be associated with a free P=O
group. This could be either due to a bi-dentate binding of the molecules or due to molecules on the substrate
that are not bound to the surface at all. One possible explanation would be the formation of a multi-layer. This
is in agreement with the thickness measurements presented above, in particular with the AFM scratching results.

The band at 1093 cm−1 can be assigned to the symmetric a(P-O) vibration. Together with the absence of a
band at around 1253 cm−1 this is often associated with a surface bound phosphonic acid group. [256] Samples
grafted with C6-C14 show a peak at the former and no peak at the latter position, which points towards a true
monolayer of APA forming on TiN. Samples grafted with C16 show both peaks, which can be rationalized by
the presence of a monolayer and additional, unbound molecules, which would be the case if there was a double
layer.
The region between 1000 and 1050 cm−1 is commonly assigned to Ti-O-P vibrations.[252] All APA treated
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Figure 8.1.11 FTIR absorption spectra of APA grafted TiN surfaces at frequencies characteristic for bound phos-
phorous. Red lines indicate the characteristic frequencies of (from left to right): a(P-OH) stretching vibration, the
anti-symmetric a(P-O) stretching vibration and the a(P=O) stretching vibration, that would be present in unbound APA
molecules, but are expected to be absent in surface bound APAs. Green line indicates symmetric a(P-O) stretching
vibration characteristic frequency, which together with the absence of a band at 1253 cm−1 indicates a surface bound
PO3

2– . The blue line marks the characteristic frequency of a(P=O). The grey area indicates the range of characteristic
frequencies assigned to Ti-O-P framework vibrations. The dashed grey line indicates the characteristic frequency of CH2
deformations (1460 cm−1).
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TiN surfaces show a peak in this region as well, strengthening the hypothesis of surface bound phosphonic acid
groups.

In total, the absence of bands associated with unbound phosphonic acid groups, together with the presence of
bands associated with bound phosphonic acid groups, as well as the presence of Ti-O-P vibrations provide strong
hints that the adsorption of alkyl phosphonic acids C6-C14 on TiN favours tridentate complexes. Together with
the pronounced CH2 vibration peaks, that are found at frequencies that indicate close monolayer formation, the
infrared spectra of this series of alkyl phosphonic acid treated samples further give compelling evidence for
successful formation of an alkyl phosphonic monolayer on TiN via dipcoating.
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8.2 TiN/APA-SAM/Ti/Au Ensemble Molecular Devices

Samples with 1D crossbar devices consisting of a TiN/APA-SAM/Ti/Au stack were fabricated for a series of
aliphatic phosphonic acids, namely hexyl- (C6), octyl- (C8), decyl- (C10), dodecyl-(C12), tetradecyl-(C14) and
hexadecyl-phosphonic acid (C16) following the fabrication procedure outlined in chapter 4.
To confirm continuous layer formation on top of the SAM, SEM imaging was performed on some of the chips.
A representative image of one junction with C12 sandwiched between TiN and Ti/Au is shown in Figure
8.2.1. The TiN resistivity was determined by measuring DC current-voltage characteristics of the 1 mm long

(a) (b)

Figure 8.2.1 Images of TiN/C12/Ti/Au 1D crossbars a) microscopic image of a 50 µm x 50 µm 1D crossbar (1D-XB)
device depicting the contacting scheme. The darker color of the TiN contact pad originates from thicker metallization
support. Blue arrow points at device under test. b) SEM image of a TiN/C12/Ti/Au 1D-crossbar shows homogeneity of
top metal electrode.

reference bars of varying width. The experimentally determined value of 𝜌𝑇 𝑖𝑁 = 1.1 · 10−5 ± 0.03 · 10−5Ωm
is consistent with results reported in the literature. [162] These values being significantly lower than the
resistivity expected from an alkyl chain monolayer, motivated omitting the lead resistivity in the further analysis.

DC current-voltage characteristics of ensemble molecular devices were measured up to ± 2V for at least 3
junctions per area and monolayer. An additional chip without any monolayer was also fabricated. The yield of
devices with a conductivity in the expected range was between 20% (C6, 50 µm x 50 µm) and 100% (C12,
15 µm x 15 µm). A total number of 118 SAM-based devices with conductivity in the expected range was
analyzed. Device-to-device variance was higher for shorter molecules and larger junction areas and lower for
longer molecules and smaller junction areas.
In the following paragraphs, the results of these measurements will first be evaluated qualitatively to observe
general trends. Then, the data will be compared to the Simmons model. To this end, tunneling attenuation
factors 𝛽 as well as the current density at V=0 V (𝐽0) will be determined and compared to literature val-
ues of similar systems. Finally, the data of individual, representative devices will be fit to the Simmons equation.

Figure 8.2.2 summarizes the current density-voltage (J-V) traces extracted from the above-mentioned
measurements, averaged over 3 sweeps and 3 devices each, for each molecule length obtained for 15 µm
x 15 µm area junctions. For fixed negative voltages, the current density dipole-induced a clear decreasing
trend for increasing chain lengths from C6-C12. However, C14 and C16 break with this trend: For negative
voltages ≥ -0.25 V their current densities are higher than those of C12 and still lower than C10. For
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Figure 8.2.2 J-V traces for SAMs of alkyl phosphonic acids of different length. Averages over 3 sweeps and 3 devices
per molecule length are shown. Error bars depict device-to device standard variation. Black curve (w/o) depicts the J-V
trace for 3 devices without any monolayer sandwiched between the two contacts. Graph from [231]©2020 IEEE

voltages <-0.25 V the differential conductance of C14 and C16 devices is higher than that of C10 and
C12 devices which ultimately leads to the current densities of C14 and C16 devices exceeding those of
C10 and C12 devices at voltages ≤-0.75 V. In the positive voltage regime, the clear inverse relationship
between molecule length and current density at the same voltage is preserved up to and including C12.
Again, the devices with C14 and C16 sandwiched between the contacts break the trend. The average current
density trace of the C16 devices differs only slightly from that of the C10 devices, whereas the C14 devices
present a current density versus positive voltage characteristic which is almost identical to that of the C12 device.

In summary, the current density voltage characteristics of 15 µm x 15 µm area junctions with C6-C12
sandwiched between the contacts qualitatively follow a trend that is expected from tunneling devices with
varying tunneling barrier widths - that is: a decreasing tunnel current density at fixed voltage with increasing
chain length. In this first analysis, it is already observable that devices with C14 and C16 break this general
trend and even inverse it at voltages beyond a certain absolute value.
One potential explanation could be a significant increase of packing density at these two chain lengths compared
to monolayers composed of the shorter molecules. Over the area of a junction of a less than perfectly ordered
monolayer, there are several parallel conduction paths that consist of varying amounts of through-space and
through-molecule tunneling. [6] Since a molecule’s HOMO and LUMO present lower tunneling barriers than
the vacuum, a higher packing density that leads to an increase of conduction paths with more through-molecule
tunneling would ultimately result in a higher current density. [57] In fact, layers made from longer alkyl chains
(such as C14 and C16) are often reported to form more dense, ordered layers than those from shorter alkyl
chains.[197] The FTIR spectra presented in the previous section point towards an increase of the degree of order
of the monolayer with increasing molecular length, which is in support of this hypothesis.
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8.2.1 J-V Traces for All Junction Areas

Expanding the analysis of J-V traces of the previous section to all 6 device areas for all 6 chain lengths leads
to the study of the influence of both device area and chain length. To facilitate focusing on one at the time, the
measured data is first grouped by chain length and then by device area. All data presented in this section was
averaged over three cycles and three devices per molecule length and area.

Figure 8.2.3 J-V traces for SAMs of alkyl phosphonic acids of different length and junctions of different areas, grouped
by molecule length. Label in the lower right corner of each graph indicate the molecule. Averages over 3 sweeps and 3
devices per molecule length and per junction area are shown. Error bars depict device-to-device standard variation.

To analyze the area dependence of current densities, the averaged current density-voltage (J-V) traces were
first grouped by molecule length. Figure 8.2.3 displays the J-V traces for each molecule length obtained for
each of the six junction areas. This means that each graph corresponds to the data that originates from one
chip. If the structure of the monolayer and the contacts were independent of surface area and homogeneous on
the whole chip, the current density traces are expected to be indistinguishable for all areas. All of the graphs in
Figure 8.2.3 show that this is not the case. For all molecule lengths it is evident that the current density varies
with ensemble molecular junction area.
This deviation from the ideal assumption is not unexpected, since e.g., the occurrence of defects might scale
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with area of the devices. However, a clear trend or relationship between conductance and device area can not
be deduced directly from the data displayed in Figure 8.2.3. However, some features of the measured current
density traces are clearly observable:

• For C10, C12 and C14 the current density traces split up into two groups. One consisting of the three
larger area devices and one of the three smaller area devices. Within the former group the current density
decreases with decreasing area. Furthermore the traces show similar differential conductances. Hence,
their traces never cross within the measured range. In contrast to this, within the group of smaller device
area, no clear trend of current density versus area is observable.

• for C12 the J-V traces of the three smaller device areas all exhibit current densities within one order of
magnitude. The range of current densities between the three larger device areas is also approximately
one order of magnitude. However, devices of larger areas show current densities of up to four orders of
magnitude higher than devices of smaller area.

• All J-V traces show a slight asymmetry with respect to 0 V. For larger area devices (≥20 µm x 20 µm)
and shorter molecules (C6 and C8), J-V traces reveal a higher current density for voltages of negative
bias as compared to the same absolute voltage of opposite polarity. This is particularily clear for devices
with C12. For instance, devices of 50 µm x 50 µm area show a rectification ratio R = J(-1 V)/J(1 V) of
≈ 18. For devices with larger molecules (C12, C14 and C16) and smaller area devices (≤15 µm x 15
µm), the opposite is true and the effect is less pronounced. 5 µm x 5 µm devices with C12 exhibit the
rectification ratio 1/R = J(1 V)/J(-1 V) ≈ 2.1, which is approximately one order of magnitude lower than
the rectification ratio of the larger area devices.

• All measurements show a short circuit current density of approximately 0 mA/cm2. This means that no
charging effects can be observed.

8.2.2 Molecule Length Dependence of Current Density for Varying Device Areas

Figure 8.2.3 depicts the same data as Figure 8.2.2, now re-organized such that each display item shows J-V
traces of one junction area and of varying molecule length. This means that each display item groups data from
6 different chips. It corresponds to 8.2.2 plotted for all junction areas. Similar to the data grouped by molecule
length, this representation does not clearly reveal any direct relationship. However, some trends can still be
observed:

• For devices ≥ 35 µm x 35 µm area, J-V traces of all 6 molecules are clearly distinct, but follow no
particular trend. At all voltages the current densities follow an increasing trend in the order C10-C8-C14-
C16-C12-C6 and traces from C10 devices exhibit four orders of magnitude lower current densities than
devices with all other molecules.

• For devices of 15 µm x 15 µm area, J-V traces follow a decreasing current density trend with increasing
molecule length up to C12 at all voltages. Devices with longer molecules exhibit higher than expected
current densities as well as a lower differential conductance (dJ/dV) than the rest of the devices.

• For devices of ≤ 15 µm x 15 µm area, J-V traces follow a decreasing current density trend with increasing
molecule length up to C10 at all voltages.
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Figure 8.2.4 J-V traces for SAMs of alkyl phosphonic acids of different length and junctions of different areas, grouped
by junction area. Label in the lower right corner of each graph indicates the edge length of square area devices. Averages
over 3 sweeps and 3 devices per molecule length and per junction area are shown. Error bars depict device-to device
standard variation. Legend below is valid for all graphs in this figure.
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To further analyze the charge transport in these devices, the tunneling attenuation factor 𝛽 was determined for
all device areas at various evaluation voltages.
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8.2.3 Comparison to the Simplified Simmons Model

Since the data presented above shows too much variance to justify averaging over device areas, current densities
were sampled at fixed evaluation voltages for all J-V traces and then compared to the simplified Simmons model
individually. To determine the tunneling decay constant 𝛽 as well as the short circuit current density 𝐽0 from a
fit to the simplified Simmons equation 𝐽 = 𝐽010−𝛽 ·𝑑/2.303, the current densities averaged over three devices of
all 6 junction areas at various evaluation voltages between -1 V and +1 V are first plotted as a function of alkyl
chain length in Figure 8.2.6.

The following general trend can be observed: All averages from devices that feature areas ≥ 15 µm x 15
µm show monotonic, near exponential decay with increasing molecular chain length up to a defined molecular
length. For 15 µm x 15 µm devices this trend is preserved until C14, for devices of larger area until C12. Longer
alkyl chains showed an increase of current density from C12 to C16 between one order of magnitude for 15 µm
x 15 µm devices and three orders of magnitude for 50 µm x 50 µm devices.

To calculate the tunneling decay constant 𝛽 as well as the short circuit current density 𝐽0, only current
densities that followed the general trend of decreasing values with increasing alkyl chain length were considered
when fitting the data. Specifically, for 15 µm x 15 µm area devices the data from C6-C12 was taken into
account, data from 5 µm x 5 µm area devices was not fitted at all and for all areas, the data from C6-C10
was taken into account. The resulting values for 𝛽 and 𝐽0 are shown in Figure 8.2.6. Values for devices with
junction area 10 µm x 10 µm to 20 µm x 20 µm fall into the consensus range in literature across different types
of junctions 𝛽 = 0.5-1.5 nC−1 (where 𝑛𝐶 is the number of carbons in the alkyl chain). [100, 131, 197, 257–261]
For larger areas, 𝛽 is above this consensus area. This means that the current density falls off quicker with
increasing molecule length for large area devices than would be expected. One potential explanation for this is,
that the molecule length is not the only factor contributing to a decreased current density at increasing chain
lengths and that at least one of these additional factors is particularly present in devices of larger junction area.

One of these potential factors might be that defects scale proportionally with area and inversely proportional
with molecule length. Since generally speaking, the packing density of molecules in an alkyl SAM increases
with increasing chain length, and the number of defects scales inversely with the packing density, a longer alkyl
chain ultimately leads to fewer potential parallel ’defect’ conduction paths in a device.[262] If these open spaces
are filled by metal atoms during evaporation, they show higher conductivity than the electron transfer through a
molecule. A decrease in the number of such pathways then leads to a decrease of the overall measured current.
This in turn would decrease the current density more with increasing chain length than could be explained by
the change in distance of the contacts alone. Since defects in the SAM seem to scale with area this effect would
more profoundly show in junctions of large area than in those of small area. At the same time, 𝐽0 seems to
proportionally increase with increasing junction area at constant evaluation voltage. This is in support of the
hypothesis since the presence of more parallel conduction paths with higher conductivity than the path through
the molecule and the inverse scaling of their occurence with area of the device might also explain why the
injection currents 𝐽0 increase with increasing device area.

Another factor that might play a role is the electrically active area - the area through which current actually
passes - of the devices. Comparing current densities instead of currents comes with the benefit of being able to
compare junctions of different areas. However, determining the geometrical area 𝐴𝑔𝑒𝑜 of the junction might in
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Figure 8.2.5 Semi-logarithmic representation of current densities at various evaluation voltages for all junction areas
and plotted against alkyl chain length in number of carbon (nC). Green indicates positive voltage, blue indicates negative
voltage. Increasing absolute voltage values are represented by increasing color saturation of the corresponding symbol
and line. A clear close to exponential decrease of current density with number of carbon atoms can be observed only over
a limited range of number of carbons.
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Figure 8.2.6 Tunneling decay constant 𝛽 and injection current 𝐽0 from a fit of the experimental data to the simplified
Simmons equation 𝐽 (𝑉) = 𝐽010−𝛽𝑑/2.303 at evaluation voltages between -1V and 1V. a) Values of 𝛽. Colored points
indicate calculated values, the grey area indicates literature consensus on the attenuation factor of alkyl chain SAMs. b)
Values of 𝐽0. Legend in the middle is valid for both figures. Both, the value for the decay constant and the injection current
increase monotonically with area of the measured devices.

fact not be a suitable tool to determine the scaling factor used to calculate the current density. [131] The area,
that the current is divided by to yield the current density is the electrically active area of the device 𝐴𝑒𝑙 which is
likely different from 𝐴𝑔𝑒𝑜. This is mainly due to two reasons: Firstly, contact between two surfaces only occurs
through asperities on these surfaces, since they always have a non-zero roughness. Secondly, only part of the
physical contact area is known to be conductive. [263, 264] In literature, between 0.01-10% of 𝐴𝑔𝑒𝑜, is often
assumed to be the electrically active area. As long as the properties of the interfaces that determine 𝐴𝑒𝑙/𝐴𝑔𝑒𝑜
do not change, the current density and the injection current density derived from 𝐴𝑔𝑒𝑜 are overestimated, but
can be compared to each other. For the junctions discussed in this section however, these properties might
change with chain length of the molecule. This might be due to the fact that the occurrence of defects and the
packing density of the SAM might change with molecule chain length, ultimately making 𝐴𝑒𝑙/𝐴𝑔𝑒𝑜 dependent
on the molecule length.

The data presented in Figure 8.2.6 also shows a that 𝛽 as well as 𝐽0 mostly increase with magnitude of the
evaluation voltage. For voltages |𝑉 | ≤ 0.5 V and devices with ≤ 35 µm x 35 µm area, this increase is nearly
linear. The full form of the Simmons equation predicts the opposite: a decrease of the 𝛽 with increasing
magnitude of bias. [124] Curiously, this trend for tunneling attenuation constant 𝛽 and injection current 𝐽0 has
been previously observed by others. [92, 94, 126, 260] A possible explanation for this, suggested for instance
by Frisbie et al. [260], Majda et al. [265], and Nijhuis et al. [126], is electrostriction, i.e., the deformation of
the monolayer caused by the applied electrical field. It is noteworthy that the Simmons equation provides a very
approximate treatment of tunneling through molecular barriers. Since it includes several simplifications, the
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range of potential explanations for deviations from that model is large, including the influence of image charges
[113], deformation of the SAMs [92] and changes in the mechanism of charge transport from chain-to-chain
[266] to through-bond-tunneling [267]

While literature consensus of 𝛽 for molecules with an alkyl backbone has been confirmed by many different
techniques, the reported values of 𝐽0 span more than eight orders of magnitude. [126] This suggests that the
variations across different systems that might have an influence on 𝛽 are not large enough to significantly alter
its value. However, unlike 𝛽, 𝐽0 requires extrapolation of the data over a large range and is hence, by definition,
more sensitive to the choice of electrodes, interfaces and potentially present protective layers. Since the system
presented here deviates strongly in these respects from previously reported systems, there are no consensus
values of 𝐽0 to compare the data to.

In total, the fact, that the tunneling decay constants at most evaluation voltages and junction areas lie
within the consensus range for self-assembled monolayers with an alkyl chain and that 𝛽(𝑉) dipole-induced a
previously reported trend, is a strong indicator that the measured devices are in fact tunneling devices with an
alkyl-phosphonic acid monolayer sandwiched between the two contacts. In particular, the decay constants for
15 µm x 15 µm devices fall into the consensus region. For these devices, most chain lengths (C6-C12) were
considered, when fitting the data to the model. The scaling of defects with junction area as well as the potential
shift in electrical active area as function of the packing density for alkyl phosphonic acids with a chain length
≥ 14 C atoms have been discussed as potential sources for the current density of devices featuring longer chain
alkyl phosphonic acids increasing with area and chain length.

Overall, the data from electrical measurements reveals some tunneling specific characteristics pointing towards
the successful fabrication of molecular tunneling devices. However, the particularities breaking the trends for
device area and molecule length are at this point not fully understood and would require more in-depth analysis
of the contacting scheme and a much more detailed model of charge transfer across the junction.
For this contacting scheme to be a useful tool to characterize molecules with an electrically active functional
group and to further develop ensemble molecular devices, understanding all particularities of the model system
is not necessary. Moving forward, it was decided to focus on the analysis of devices of areas ≤ 20 µm x 20 µm,
since their analysis yielded results expected from theoretical models.

8.2.4 Comparison to the Full Simmons Model

To further investigate the absolute current densities of the devices presented above, a quantitative comparison
to the Simmons tunneling model was performed. To account for the fact, that the electrically active area may
likely be a portion of the geometrical area, the Simmons model was expanded by a factor 𝐾 = 𝐴𝑒𝑙/𝐴𝑔𝑒𝑜. The
analytical formula for this adjusted Simmons formula then reads:

𝐽 (𝑉) = 𝐾 𝛼
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(8.2.1)

Representative sweeps from devices of 15µm x 15µm area with molecules C6, C8, C10 and C12 sandwiched
between the conductive leads were chosen to perform fits to the Simmons model. This area and these molecules
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Table 8.1 Fitted parameters resulting from fitting the adjusted Simmons tunneling model to single sweeps of representative
15 µm x 15 µm TiN/APA-SAM/Ti/Au devices.

Molecule ideality factor 𝛼 monolayer thickness 𝑑 /nm ratio of electrical active / geometric area 𝐾

C6 0.71 1.15 0.1
C8 0.82 1.24 0.1
C10 0.75 1.30 0.1
C12 0.73 1.32 0.1

were chosen, since the tunneling attenuation factor analysis presented above showed that the decay with
increasing chain length at low bias voltages, in which the assumptions of the Simmons model are valid, was
found to be exponential for these particular combinations. For the optimization problem, current densities
𝐽 (𝑉 = 0𝑉) were removed from the data since they seemed to cause computational errors. This is unlikely
to affect the fitting procedure in a negative way. Generally, it has to be noted that the optimization problem
featuring 4 free parameters leads to multiple local minima of the error function. To efficiently explore these
and find solutions where 𝛼, 𝑑, 𝜙 and 𝐾 are within the range of expected values, the following fitting procedure
was executed: First, an exhaustive search was performed. Each parameter was set to 20 different values within
a fixed range and the Simmons function was evaluated for all resulting 204 = 160, 000 possible combinations.
The ranges of values for each parameter were:

𝛼 ∈ [0, 1]

𝑑 ∈ [1 nm, 5 nm]

𝜙 ∈ [1 eV, 5 eV]

𝐾 ∈ [0, 1]

Out of the 160,000 results, the 50 candidates with the lowest mean square error compared to the mea-
sured data were chosen and further locally optimized using constrained optimization by linear approximation
(COBYLA)[268] using the same constraints as before. Resulting parameter sets were then manually screened
for sets where all parameters fall in a physically reasonable range. The barrier was anticipated to be invariant
to molecule length and solutions that featured the same 𝜙 across data sets were hence preferentially chosen.
This resulted in a barrier height of 𝜙 = 3.0 eV which is physically reasonable for molecules with an aliphatic
backbone. [154]

Figure 8.2.7 shows the low-bias J-V data of the representative sweeps together with the fits that yielded
physically sound parameters. Note that all but one fit show an exceptionally good fit to the data with 𝑅2 = 0.99.
Only the fit of data from a device with C6 shows a worse fit with 𝑅2 = 0.88. Looking at the raw data this is most
likely due to the pronounced asymmetry of current densities at negative and positive voltages. A comparison
with the sampled current densities in Figure 8.2.5 reveals that in fact, for +0.1 V and +0.2 V the sampled current
densities follow an almost perfect linear trend whereas this is not the case for -0.1 V and -0.2 V. The parameters
resulting from the outlined fitting procudure of individual sweeps are summarized in Table 8.1.

It is noteworthy that all fits presented here feature 𝐴𝑒𝑙/𝐴𝑔𝑒𝑜=0.1, suggesting that only 10% of the device area
contribute to charge transport. This is in good agreement with what others have found across various types of
ensemble molecular junction. [131] All fits are also characterized by an ideality factor 𝛼 < 1. This suggests
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that the barrier does not have an ideal trapezoidal shape as assumed by the Simmons formula. This is likely
due to the fact, that the tunneling barrier consists of two pieces: the molecule and the surface covering oxide.
The shape of the barrier can then be assumed to be more step-like than trapezoidal. The monolayer thicknesses
derived from this fitting procedure are monotonically increasing with number of C atoms. Compared to the
values obtained by other methods however, they are smaller (compare Figure 8.2.4). This could be due to the
fact that in the equation used to perform the fit, 𝛼 and 𝑑 are highly correlated. Another explanation might
be that the evaporated titanium atoms might react with the SAM during condensation, ultimately forming a
conductive complex or intermediate that could reduce the effective width of the tunneling barrier. However,
without further analytics this remains speculative.

(a) (b)

(c) (d)

Figure 8.2.7 Fits of current densities to the adjusted Simmons formula. Subfigures a-d show the data (open circles)
acquired from representative sweeps of junctions comprising APAs of length C6-C12 sandwiched between TiN and Ti/Au,
as well as representative fits (red) to the data, using a global, then local optimization procedure. The fitting procedure
yielded several potential fits with exceptionally good fit (𝑅2 = 0.99) for each dataset except for datasets of the C6 devices
(best fit 𝑅2 = 0.88). Fits that feature physically sound values for 𝛼 and 𝑑, as well as a barrier height invariant to the
molecule chain length (𝜙 = 3.0 eV), were manually picked from the 50 best fits per molecule length.

8.2.5 Summary of Electrical Analysis

In total, the analysis of the recorded J-V traces of solid state devices of phosphonic acids of varying length
sandwiched between TiN and Ti resulted in several observations that can not be explained at this point
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with absolute certainty and require further study. Most notable, varying areas of the device are surprisingly
connected with varying current densities at the same voltage. Also, the trend of decaying current density with
increasing molecule length is, while generally true, broken for molecules with more than 12 carbon atoms.

From the analysis of the recorded J-V traces the following results point towards successful fabrication of
TiN/APA-SAM/Ti/Au molecular tunneling devices:

• After top contact formation, the devices show a structurally intact, homogeneous layer on top of the
SAMs.

• The tunneling decay parameter for devices of ≤ 20 µm x 20 µm area and evaluation voltages in the range
of -0.5 to 0.5 V fall into the well established consensus range for tunneling through alkyl chains.

• Fitting the data of 15 µm x 15 µm devices with the molecules C6, C8, C10 or C12 sandwiched between
TiN and Ti to the Simmons model results in physically sound parameters for the tunneling barrier (namely,
ideality factor 𝛼, thickness 𝑑, barrier height 𝜙 and 𝐾 = 𝐴𝑒𝑙/𝐴𝑔𝑒𝑜).

It is important to note that even though the electrical data supports the expected thickness trend, it does not
allow to draw conclusions about the absolute thickness of the sandwiched SAM directly. Specifically, the data
neither supports nor refutes the hypothesis that the highly reactive Ti might damage the terminal group of the
monolayer. Others have found that the condensation of Ti on methyl-terminated SAMs can lead to a reaction
yielding intermediate surface compounds at the interface. This is sometimes even found to be beneficial to
prevent pin-hole formation. [51, 247, 269–272] From the analysis of single sweeps of representative devices,
the thickness of the tunneling barrier was found to be thinner than expected, which could be a first indicator
for this reaction playing a role in the fabrication of the devices presented above. As long as the devices under
investigation show a low chip-to-chip and device-to-device variance and the desired device functionality is
preserved, it is in fact not necessary to keep the SAM in its pristine state. Haick et al. have demonstrated
that even discontinuous molecular films can yield functional electronic devices and have concluded that for
ensemble molecular devices to find technological applications, achieving densely packed SAMs or perfect
contact formation might not be necessary. [239] Having the application of SAM-based electronic devices in
mind, a reproducible interface is found to be more important than an unaltered SAM surface. As long as
the functional group providing the desired function is not affected, a fabrication scheme yielding reproducible
results is sufficient. This is why a detailed study of the formation of the interface between SAM and Ti was left
for others to explore and the promising electrical results were transferred to the study of ensemble molecular
devices based on liquid crystal inspired monolayers.

8.3 Summary

To sum up the results from the analysis of monolayers of alkyl phosphonic acids on TiN as well as TiN/APA-
SAM/Ti/Au ensemble molecular devices, the following was observed:

• An increase of water contact angle by >20°after APA grafting as compared to the bare substrate, indicating
a change from hydrophilic to hydrophobic. This is in agreement with the expected change from a hydroxyl
(bare substrate) to a methyl (SAM) terminated surface.
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• Mean square surface roughnesses of the APA grafted samples are in the range of the roughness of the
bare substrate (≤ 1 nm), indicating closed layer formation.

• C1s XPS signal increase and exponential Ti2p XPS signal attenuation with increasing chain length,
indicating the formation of a monolayer.

• Thicknesses calculated from three different measurement modalities, namely VASE, Ti2p XPS attenuation
and AFM scratching, are in range with values calculated for single molecules using GAUSSIAN.

• In the IR absorption spectrum, peak positions of symmetric and asymmetric CH2 stretching vibrations
are found at characteristic frequencies typical for alkyl chains. FWHM values for Voigt fits to the CH3

and CH2 peaks in the IR absorption spectrum are low as compared to SAMs of APA on aluminum. Both
results are commonly seen as indicator of closed monolayer formation.

• Absence of the IR aborption peak of the P-OH stretching vibration, presence of a peak characteristic for
Ti-O-P framework vibrations as well as presence of a peak at the characteristic frequency characteristic
of surface bound P-O. All indicate the successful, tri-dentate binding of the phosphonic acids to the clean,
untreated TiN surface.

• From cyclic J-V measurements of devices with APAs sandwiched between TiN and Ti/Au, a trend of
increasing tunneling current density with decreasing chain length was observed. Experimentally deter-
mined tunneling attenuation factors from these measurements are within the range of values previously
reported by others.

• Tunneling attenuation factors 𝛽 as well as injection currents 𝐽0 were found to increase with increasing
magnitude of the evaluation voltage. This also has been previously reported by others for tunneling across
SAMs with an alkyl-backbone.

• Fits of the current density data of 15 µm x 15 µm devices to the Simmons model yielded physically sound
values for thickness 𝑑, ideality factor 𝛼, barrier height 𝜙 and electrical active area 𝐴𝑒𝑙/𝐴𝑔𝑒𝑜.

These results, derived from a multitude of complementary methods, provide compelling evidence for successful
formation of a self-assembled monolayer of phosphonic acids on native TiN surfaces and for the successful
fabrication of ensemble molecular devices with SAMs sandwiched between TiN and Ti/Au.

Some questions with respect to the charge transport mechanism in TiN/APA-SAM/Ti/Au junctions still
remain. Most notably, the surprising increase in current for the longest molecule chain lengths requires further
study. The variation of tunneling current with device area that dipole-induced no clear trend is also left for further
study. Molecular dynamics simulations that include an anchoring layer edge as well as locally resolved charge
transfer measurements, e.g., using conductive probe AFM methods, on devices of varying area, may shed some
light on these questions by investigating the potentially varying distribution of conductance channels across the
junction area between devices with SAMs of different molecules. As reported by others [127, 273], defects in
the SAM greatly influence device performance and could be further studied by impedance spectroscopy. [274]

In general, the ensemble molecular devices presented above capture details that are characteristic of charge
transport through the sandwiched molecules. The electrical data presented hence strongly suggests that the
novel combination of bottom contact, binding group and top contact is viable to yield functional electrical
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devices based on self-assembled monolayers sandwiched between two solid contacts. In particular, grafting of
TiN surfaces with alkyl phosphonic acids of varying length via dip-coating as well as the successful fabrication
of ensemble molecular devices with a Ti/Au top contact have been achieved.
These results are also in support of the assessment most prominently supported by Haynie et al., that device
failure in ensemble molecular devices might be primarily governed by the choice of the material combination
for anchoring layer and top contact [51] and thus encourages to broaden the search for such combinations.
Preliminary results of the investigation of the feasibility of using NiO as anchoring layer for phosphonic acids
are provided in the appendix of this work.

The contacting scheme developed in this work has since been successfully deployed for the study of charge
transport through larger bio molecules that have been immobilized via short-chain phosphonic acids with a
protein-binding head group. [275] As presented in the following chapters, the novel contacting scheme was also
employed to investigate ensemble molecular devices with liquid crystal inspired molecules sandwiched between
the contacts. The successful utilization of the general concept of the TiN/phosphonic acid SAM/Ti/Au stack
using a variety of SAM forming molecules points towards its potential as a universal test bed to study charge
transport in ensemble molecular devices. It might present a new, unspecific, facile route to non-destructive
fabrication of top contacts for ensemble molecular electronics.
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9 Variation of Molecular Motifs in Ensemble
Molecular Devices

In this chapter, the results from the previous two chapters were brought together to yield conductance switching
ensemble molecular devices within a TiN/../Ti/Au contacting scheme. First, the contacting scheme was
applied to the molecule presented in Chapter 7 (QM15𝐹 ) and the electrical characteristics of the resulting
devices were compared to those of the devices presented in Chapter 7. Then, several structural motifs
of the molecule were varied to explore chemical structure - device property relationships. For devices
of all molecules, J-V traces of representative devices as well as multi-device averages were obtained and
are presented in this chapter. Several figures of merit are then calculated and compared between devices
featuring four different molecules. The aim of this chapter is not to provide an in-depth study about
the detailed origins of the different observed device characteristics. It rather exemplifies the notion that
this detailed analysis is always convoluted by many factors and would require many intermediate scale
simulations to yield meaningful predictions. Below, a ’black box’ approach is taken. Namely that of directly
comparing the performance of conductance switching devices based on similar molecules. After this anal-
ysis, theoretically predicted multi-state conductance switching is probed for one of the devices based on QM85𝐹 .

9.1 Comparison of Contacting Schemes

To investigate whether the conductance switching observed for QM15𝐹 monolayers sandwiched between Al
and Pb/Ag is preserved within the TiN/../Ti/Au contacting scheme, ensemble molecular devices with QM15𝐹

sandwiched between TiN and Ti were fabricated using the fabrication scheme outlined in Chapter 8.
Briefly: chips with pre-structured TiN bottom electrodes were immersed in a 1 mM solution of QM15𝐹

in THF inside an air-tight container for 72 hours, then heated for 1 hour at 130 °C, rinsed in an ethanol
stream and heated again for 3 minutes at 130 °C. A nickel shadow mask was then aligned to the substrate and
10 nm titanium and 40 nm gold were deposited via e-beam physical vapor phase deposition at rates of≈ 0.1 nm/s.

After fabrication, thin lamella were cut out of one junction via FIB and cross-sectional TEM images of it
were taken at TU Darmstadt, Germany. Figure 9.1.1 shows two of those images with varying magnifications.
In both, all layers of the stack are clearly distinguishable. In particular, a bright, thin layer between two darker
ones (here ascribed to TiN and Ti) is clearly visible in both images. No pinholes can be observed within the
imaged regions. These images reveal that the SAM is structurally in tact after top contact formation. This
further adds to the evidence presented in the previous chapter, that the TiN/phosphonic acid-SAM/Ti/Au
stack presents a feasible, potentially universal route to fabricate ensemble molecular devices with solid state
top contacts. Current density voltage (J-V) traces were then obtained for multiple devices on the chip, cycling
the voltage between ±2 V three times, for a total of 6 sweeps. The maximum absolute sweep voltage for
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(a) (b)

Figure 9.1.1 Crossectional TEM images of a TiN/QM15𝐹 /Ti/Au junction. a) Scanning TEM image indicates integrity
of the SAM for > 1 µm lateral distance b) same junction imaged at a higher magnification. The atoms involved and their
respective atomic numbers are carbon (6), nitrogen (7), oxygen (8), fluorine (9) titanium (22) and gold (79). This explains
a decrease of brightness from the organic layer to Ti, TiN and Au.

TiN/QM15𝐹 /Ti/Au was determined by sweeping one device in positive polarity, successively increasing the
maximum voltage with each sweep until the current increased irreversibly by multiple orders of magnitude.
The last voltage at which this ’break through’ did not occur was then used as maximum absolute value for all
successive devices. It was found to be 2 V.
For this chip, device yield was ≈ 48 %, i.e., 14 out of 29 measured devices showed pronounced hysteresis
(ON/OFF conductance ratio >2). The 15 devices that did not show pronounced hysteresis exhibited current
densities one order of magnitude higher than the others. This points towards the presence of additional
conductance channels. In fact, 9 of these devices, did show a small hysteresis (ON/OFF conductance ratio
∈[1,3]), which might be a sign of competing conductance channels. Since their J-V traces significantly differed
between each other and especially in comparison to the devices with pronounced hysteresis, they were omitted
from further analysis.

The data from devices exhibiting pronounced hysteresis was then compared to the J-V traces of 6 devices
with the Al/../Pb/Ag contacting scheme that were cycled between ±3 V (data of which was already shown in
Chapter 7).
Figure 9.1.2 displays the J-V traces as well as the average ON/OFF ratio versus voltage for ensemble molecular
devices with QM15𝐹 within the two contacting schemes.

The average J-V traces exhibit a clear hysteresis for both contacting schemes. This is also reflected in
the ON/OFF ratios that are ≥ 1 across the measured voltage range for both contacting schemes. Maximum
ON/OFF ratio are 303 for the Al/../Pb/Ag contacting scheme and 18 for the TiN/../Ti/Au contacting scheme.
Current density of the LRS at -1 V is in the 10−3mA/cm2 range for Al/../Pb/Ag devices and in the 102 mA/cm2

for TiN/../Ti/Au.

In summary, moving from the Al/../Pb/Ag contacting scheme to TiN/../Ti/Au effectively decreased the
maximum ON/OFF ratio by a factor of 17 and increased the current density by approximately 5 orders of
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(a) (b)

Figure 9.1.2 Device characteristics of QM15𝐹 devices in Al/../Pb/Ag and TiN/../Ti/Au contacting scheme. a) Average
J-V traces of six 25 µm x 25 µm devices (Al/../Pb/Ag) in crossbar array design compared to three 20 µm x 20 µm devices
in 1D crossbar design. Minimum and maximum current densities at each voltage are shown as envelopes and the area
between those is shaded. b) Average and minimum ON/OFF ratio versus voltage calculated from a). Horizontal lines
mark the maximum values.

magnitude.

Since the work function of the electrodes of both devices are similar (Φ𝐴𝑙 ≈ Φ𝑃𝑏 ≈ 4.25 eV [221–223],
(Φ𝑇 𝑖𝑁 ≈ 4.20 eV [276, 277] and Φ𝑇 𝑖 ≈ 4.33 eV [278]), these differences are likely caused either by differences
stemming from the oxide, the SAM that is formed on the oxide or by a different SAM - top contact interface.
While the stack featuring an aluminum bottom contact has almost no built-in potential, the stack featuring TiN
as anchoring layer has a built in potential of ≈ 0.1 eV, according to literature values cited here. However, the
work function of TiN modulates over a large energy range 4.1-5.3 eV, depending on the processing conditions
of the layer, the coupling to semiconductor or oxide substrate, as well as potential temperature treatments. [277,
279–282]

The surface density of molecules on the oxide may be a function of the underlying oxide anchoring layer. A
higher surface density of the SAM on TiN as compared to the SAM on AlxOy would lead to an increased current
density, since the proportion of through-space tunneling would decrease. However, an increase of through-
molecule tunneling alone might not explain the five order of magnitude increase of the measured current density.
Furthermore, the device model derived in Chapter 7 predicts an increased ON/OFF ratio with increasing surface
density.
Thickness, charge carrier effective mass and dielectric constant of the oxide also differ between both contacting
schemes. Thickness and dielectric constant of the oxide determine the magnitude of the electrical field across
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the monolayer at any given voltage. As derived in Chapter 7 the electrical field across the monolayer 𝐸𝑆𝐴𝑀 at
a given voltage 𝑉 is:

𝐸𝑆𝐴𝑀 =

(
𝜖𝑟 ,𝑜𝑥𝑖𝑑𝑒

𝜖𝑟 ,𝑜𝑥𝑖𝑑𝑒𝑑𝑆𝐴𝑀 + 𝜖𝑟 ,𝑆𝐴𝑀 𝑑𝑜𝑥𝑖𝑑𝑒

)
· 𝑉 (9.1.1)

=
1

𝑑𝑆𝐴𝑀 + 𝑑𝑜𝑥𝑖𝑑𝑒
𝜖𝑟,𝑜𝑥𝑖𝑑𝑒

· 𝜖𝑟 ,𝑆𝐴𝑀
· 𝑉 (9.1.2)

Hence, a decrease in oxide thickness and an increase in oxide dielectric constant result in a higher field across
the SAM. This ultimately leads to a higher polarization after reorientation of molecules within the SAM under
an electrical field. In other words, the average polarization per molecule of the SAM is inversely proportional
to the ratio 𝑟 =

𝑑𝑜𝑥𝑖𝑑𝑒
𝜖𝑟,𝑜𝑥𝑖𝑑𝑒

at any given voltage. Using the same parameters for the aluminum oxide and for the
SAM as in Chapter 7 as well as 𝑑𝑇 𝑖𝑂2 = 3 nm and 𝜖𝑟 ,𝑇 𝑖𝑂2 [283, 284], the electric field across the SAM at 1 V
is 5.49 V/nm for the device featuring aluminum oxide, and 2.94 V/nm for the device with titanium oxide. At
the same voltage, the SAM within the Al/../Pb/Ag contacting scheme therefore exhibits approximately 1.9-fold
magnitude of electrical field, than the same SAM within the TiN/../Ti/Au contacting scheme. Due to the linear
relationship of the dipole moment in z-direction on the maximum field, at any given voltage, the difference in
dielectric constant of the oxide alone can account for a factor of 1.9 in the ON/OFF conductance ratio.

To estimate the differences in barrier heights between the two contacting schemes, TiN was assumed to
be covered with a TiO2 layer and Al was assumed to be covered with a Al2O3 layer. This is a necessary
simplification, since the exact surface composition an the resulting conduction and valence band edges have
not been examined. Both surfaces are unlikely to feature perfectly stoichiometric compounds. In fact, the XPS
characterization of TiN surfaces in Chapter 8 additionally pointed towards the presence of Ti(ON). Calculating
the barrier heights at the bottom contact Φ1, and at the top contact Φ2 results in the values displayed in table
9.1. Here, bulk properties of Al2O3 and TiO2 were used to perform the calculations. While at the Al/Al2O3

interface, the barrier for holes is 1.3 eV lower than that for electrons, at the proposed TiN/TiO2 interface, the
barrier for holes is 3.2 eV higher than that for electrons. At the top contact side both types of devices have very
similar barriers, with electron barriers being approximately twice as high as hole barriers.
In total, for Al/Al2O3, hole barriers are approximately half as high as electron barriers. This leads to
hole tunneling being the dominant charge transport in these devices. On the other hand, for TiN/TiO2, the
barrier at the bottom side is lower for electrons than for holes, while at the top contact the opposite is true.
Charge transport through these devices is therefore likely a mixture of transport processes. One potential
consequence from this is closely connected to the fact that in most materials, hole effective masses exceed
electron effective masses. Since the ON/OFF conductance ratio was shown to increase with increasing
effective carrier mass, a decrease in average effective carrier mass might lead to a lower ON/OFF ratio.
To study this further, however, a device model featuring multiple parallel conduction channels would be required.

While the differences outlined above may lead to the described changes, a detailed study how their interplay
influences conductance switching device performance is left for further, theoretical study. This is mainly due to
the fact, that TiN layers can exhibit a variety of non-stoichiometric crystals and phase mixtures, characteristic to
the individual processing conditions of the layer. The myriad of potential layer consitution results in a myriad
of potential electrical and optical characteristics. Without much more in-depth study of the properties of the
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Table 9.1 Barrier heights at the bottom contact side for both contacting schemes. Values for Al2O3 are calculated from
the values presented in Figure 7.3.6. Values for TiO2 are calculated based on the values provided in [285].

Oxide Conductance Band Edge CB Valence Band Edge VB 𝜙1,𝑒 𝜙1,ℎ 𝜙2,𝑒 𝜙2,ℎ
/ eV / eV / eV / eV / eV / eV

TiO2 -4.2 -7.4 0 3.2 3.07 1.53
Al2O3 -2 -5.2 2.25 0.95 2.99 1.48

TiN layer and the surface covering TiON or TiO2 layer, the source of identifying the differences between TiN
and Al as bottom contact on device characteristics, would be highly speculative.
The following observations are, however relevant on a practical level: The device functionality, i.e., conductance
switching, is preserved across the two contacting schemes. The ON/OFF conductance ratio is reduced by 94%
for TiN/../Ti/Au devices as compared to Al/../Pb/Ag devices. Current densities increased by a factor of ≈ 105

for TiN/../Ti/Au devices as compared to Al/../Pb/Ag devices.

In total, the objectives of preserving the hysteretic effect, increasing current densities and improved stability
were achieved using the novel contacting scheme.
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9.2 Variation of the Structural Motifs

One promise of molecular electronics is the supposed ease of device optimization via organic chemistry.
Ideally, a direct relationship between molecule function and device characteristics can be derived from first
principles and the molecule can be designed and synthesized to yield desired device characteristics. However,
since as previously presented calculations have shown, characteristics of the monolayer are likely to influence
device characteristics via intermolecular interactions, a direct, ab initio design of molecules would therefore be
connected with tremendous computational effort. Another challenge is that the ON/OFF conductance ratio is
also electrical field-dependent and the magnitude of the electrical field in turn depends on the thickness of the
monolayer. Comparing molecules of different length at the same applied voltage hence compares two different
’states’ of monolayers.
One approach to tackle this challenge is to vary functional units of the SAM-forming molecule and observe the
changes in electrical characteristics, effectively skipping all intermediate scale considerations and calculations.
Using this approach, changes in SAM characteristics that influence device characteristics become hidden
variables, but a direct molecular structure-device performance relationship can still be determined and can be
used to drive optimization of the molecular structure towards a desired electrical function.
Three molecule characteristics that might influence transfer characteristics as well as switching dynamics have
been identified to provide a starting point into structure-property relationship investigations, namely:

1. Length of the aliphatic linker and head group. If the transport process across the monolayer is
dominated by tunneling processes, the conductance of the device is a function of total molecular length.
By decreasing this length the conductance is expected to increase. For two parallel plates, a reduced
distance 𝑑 between them also leads to a higher electrical field 𝐸 = 𝑉/𝑑 at a given voltage𝑉 . Based on the
MD simulations presented in Chapter 7 and presented in [154] this is expected to influence the switching
behavior of the SAM.

2. Dipole moment change between the two conformers. Both, the device model and the MD simulations
presented in Chapter 7 point towards the change of the average dipole moment of the whole SAM being
a determining factor for the ratio between low resistive and high resistive state of the junctions. A
larger lateral dipole moment change is expected to result in a larger ON/OFF ratio. However, molecular
dynamics calculations have also revealed for QM15𝐹 on aluminum oxide, that this average change crucially
depends on the number of molecules that switch their confirmation within the SAM. This number in turn
is influenced by molecule-molecule interactions. These interactions are also governed by magnitude and
direction of dipole moments. Without detailed MD analysis it remains unclear whether an increased
dipole moment change directly results in a higher ON/OFF conductance ratio.

3. Type of linker between anchoring group and dipole unit. Changing the linker between anchoring
group to the dipole group might increase the intramolecular barrier between conductance states and hence
influence the ON/OFF ratio as well as the overall switching dynamics of the SAM, e.g., switching speed
and state retention.

These three basic considerations lead to the variation of several functional units of the QM15𝐹 molecule
in order to potentially increase overall conductance and ON/OFF ratio of the resulting ensemble molecular
devices, as well as the retention times of their conductance states. In QM69𝐹 , the conformational flexible alkyl
chain linker was replaced by a 3,5-Dimethylphenylen unit. For one, the change from an aliphatic to an aromatic
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linker is expected to increase device conduction. Furthermost, the two methyl groups are thought to increase
the intramolecular barrier between the two conformers and hence increase stability of the two states.
In QM72𝐹 , the dipole unit of QM15𝐹 was replaced by a difluorodibenzofurane unit. The resulting molecule
hence exhibits smaller lateral dipole change (`z,anti(QM72𝐹 ) − `z,syn(QM72𝐹 ) = 0.21D) than QM15𝐹

(`z,anti(QM15𝐹 ) − `z,syn(QM15𝐹 ) = 0.73𝐷). The resulting ensemble molecular devices are hence expected to
exhibit a lower ON/OFF conductance ratio as compared to devices with QM15𝐹 .
For QM85𝐹 , the pentyl head group was replaced by a hydrogen atom, and a methyl group was added to the
2,3- difluorophenyl cyclohexane unit. The shortening of the molecule is intended to increase the conductance,
and potentially also the ON/OFF ratio, of the resulting ensemble molecular devices whereas the addition of
the methyl group is intended to increase intermolecular forces, potentially increasing the retention times of the
conductance states.

To compare device performance the following data was collected for devices featuring each type of molecule:

• 3 cycles of J-V traces for multiple devices. From this, average traces for HRS and LRS as well as their
envelopes can be calculated.

• The average ON/OFF conductance ratio versus voltage. Here, the ratio of the average current densities of
3 devices and 3 cycles were used to calculate the ON/OFF ratio, since for invariant area 𝐴 and voltage 𝑉 ,
conductance ratio and current density ratio are equal. In particular, with the conductance 𝐺, the ON/OFF
conductance ratio is

𝐺𝐿𝑅𝑆

𝐺𝐻𝑅𝑆

=

𝐼𝐿𝑅𝑆

𝑉

𝐼𝐻𝑅𝑆

𝑉

(9.2.1)

with 𝐼 = 𝐽𝑖 · 𝐴 : (9.2.2)

=
𝐽𝐿𝑅𝑆 · 𝐴
𝐽𝐻𝑅𝑆 · 𝐴 (9.2.3)

=
𝐽𝐿𝑅𝑆

𝐽𝐻𝑅𝑆

(9.2.4)

This ratio is a good indicator for conductance switching performance.

• ’LRS conductance change ratio’ as a figure of merit for the retention of conductance states over time.
For QM15𝐹 and QM69𝐹 , the zero bias resistance of the LRS was determined for one device each over
>20 min. For QM72𝐹 and QM85𝐹 , both the LRS and the HRS were subsequently probed at a fixed
voltage over the course of >30 min. To arrive at a comparable figure of merit, the ’LRS conductance
change ratio’ is defined as the average conductance change𝐺 (20 min)/𝐺 (0 min) over 20 min. Following
the rationale outlined above, this is equivalent to 𝐽 (20 min)/𝐽 (0 min) and via the identiy 𝐺 = 1/𝑅 also
equivalent to 𝑅(0 min)/𝑅(20 min). This maps the measured resistances and current densities to a value
that is comparable between these measurements. It is still noteworthy, that the resistances were calculated
at zero bias and the current densities were obtained at V = 0.6 V.

• The ’envelope ratio’ as a figure of merit for the repeatability of the conductance switching process. From
here on out it is defined as 𝑚𝑖𝑛(𝐽)/𝑚𝑎𝑥(𝐽) at a fixed evaluation voltage and calculated sepeartely for
LRS and HRS. It is calculated from 20 sweeps each. Dividing the minimum by the maximum value
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ensures that all values are within [0,1] and that a higher value equates to a more desirable outcome, i.e.,
less maximum variation of one state over 20 cycles.

In the following sections, first an overview of the measured J-V traces and the calculated figures of merit is
presented per molecule. J-V traces of each molecule are also compared to those of QM15𝐹 , which was chosen
as a mutual reference for all of them. Then, an overall comparison of the figures of merit listed above for all
molecules is performed and some general chemical design - device property relationships are given.
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9.2.1 3,5-Dimethylphenylene Linker Unit - QM69𝐹 and QM102

The first variation of molecular motifs, intended to improve conductance switching ensemble molecular devices
was the replacement of the aliphatic linker between anchoring group and dipolar unit by a shorter, aromatic one,
namely 3,5-dimethylphenylene. This aromatic linker was introduced to increase current density and retention of
conductance states. To compare the effect of swapping the linker unit on ensemble molecular devices, devices
with QM69𝐹 and its non-fluorinated reference compound QM102 were fabricated, using the same fabrication
scheme as the devices presented in the previous section. The complete chemical structure of QM69𝐹 and
QM102 can be found in Chapter 5.
DC current-voltage characteristics of ensemble molecular devices were measured up to ± 2 V for at least 3
devices per molecule type. Figure 9.2.1 summarizes the current density-voltage (J-V) traces extracted from
these measurements, averaged over 3 sweep cycles and 3 devices each, for each molecule and obtained for 20
µm x 20 µm area junctions. Data is compared to J-V traces of the previously characterized devices featuring
QM15𝐹 . From the average traces presented in this figure, the average ON/OFF conductance ratio was calculated
at all voltages. The result is displayed in Figure 9.2.2.

(a) (b)

Figure 9.2.1 Electrical device characteristics of QM69𝐹 devices in TiN/../Ti/Au contacting scheme compared to a)
the non-fluorinated analogon QM102, and b) previously studied QM15𝐹 . Averages for all molecules stem from 3 cycles
and 3 devices. Minimum and maximum current densities at each voltage are shown as envelopes and the area between
those is shaded. Shaded areas for QM69𝐹 as well as QM102 are hardly visible since average traces varied only little over
the three studied devices.

When comparing the results from devices featuring QM69𝐹 to those featuring QM15𝐹 , several differences can
be observed:

Devices featuring QM69𝐹 exhibit three orders of magnitude higher conductances than those featur-
ing QM15𝐹 , For example, at V= -1 V evaluation voltage, the ratio between the HRS current traces is
𝐽𝐻𝑅𝑆 (QM69𝐹 )/𝐽𝐻𝑅𝑆 (QM15𝐹 ) ≈ 1243. This difference is even more pronounced for the LRS current
traces, where 𝐽𝐿𝑅𝑆 (QM69𝐹 )/𝐽𝐿𝑅𝑆 (QM15𝐹 ) ≈ 3515. An increase of current density was expected, since
the molecule is significantly shorter and the linker between anchoring group and dipolar group is aromatic
instead of aliphatic. However, J-V traces of reference compound QM102 also exhibited current densities three
orders of magnitude lower than those of devices featuring QM69𝐹 , being in range with those measured for
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QM15𝐹 . For example, at -1 V evaluation voltage, the ratio between the HRS traces of both molecules is
𝐽𝐻𝑅𝑆 (QM69)/𝐽𝐻𝑅𝑆 (QM102) ≈ 995, 𝐽𝐻𝑅𝑆 (QM69)/𝐽𝐻𝑅𝑆 (QM102) ≈ 5688.

As can be seen in Figure 9.2.2, QM69𝐹 devices show a pronounced hysteresis for both voltage polarities,
with ON/OFF ratios of negative voltages exceeding those at positive voltages, reaching a maximum of 13.33
at V = -0.5 V. In contrast, devices featuring the non-fluorinated reference compound QM102 show a non-zero,
maximum ON/OFF conductance ratio of 3.35. This means that, most likely, multiple effects are responsible for
the observed hysteresis. The larger aromatic interlayer may for instance present a conductive ’island’ between
the two tunneling barriers (the oxide and the aliphatic chain) that might act as a trap for charges, that is filled
and emptied at specific voltages. The extend to which this can explain the observed hysteretic effect, however
would be pure speculation and the details would need to be studied further. However, the hysteric effect is much
more pronounced for the fluorinated molecule, than for the non-fluorinated one. Hence, the majority of the
conductance switching that was observed, can be attributed to the proposed conductance switching effect.

The J-V traces also show exceptionally low device to device variance, which can be observed in a barely
visible envelope of the J-V trace device average. The ratio of maximum divided by minimum current density
of all three devices at any given voltage is lower than 1.9 for the low resistive state and lower than 2.0 for the
high resistive state.

QM15𝐹 devices in contrast show a higher device-to-device variance, resulting in clearly visible envelopes.
The maximum ratio of maximum divided by minimum current density of all three devices at any given voltage
is ≈ 378 for the low resistive state and ≈ 190 for the high resistive state.
Ultimately, this means that device to device variation of QM69𝐹 devices was more than 100 times less
pronounced than that of QM15𝐹 .
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Figure 9.2.2 ON/OFF conductance ratio versus voltage for QM15𝐹 , QM69𝐹 and QM102. Ratios were calculated
from the average data shown in Figure 9.2.1 and hence represent the averages of from 3 cycles and 3 devices per molecule.
Dashed horizontal lines indicate the maximum ON/OFF ratio of the three types of junctions. Both fluorinated compounds
exhibit a higher ratio than the non-fluorinated one for V ∈ [-1.2,1.1]. Maximum ON/OFF ratio is one order of magnitude
higher for the fluorinated compounds than for the non-fluorinated one.

20 Cycle Measurement

A 5 µm x 5 µm device on the same chip with QM69𝐹 - as the above presented devices - was cycled between
± 2.5 V for a total of 20 cycles. The J-V traces of this measurement as well as current density versus sweep
number at the voltage of the highest ON/OFF conductance ratio (V = -0.45 V) are displayed in Figure 9.2.3. As
can be seen in the J-V traces, the hysteresis remained clearly visible and sweep-to-sweep variation was low for
the HRS and very low for the LRS. This becomes even more obvious in the current density versus sweep number
representation, where the envelope ratio min(J)/max(J) was calculated to be 0.66 for the HRS and 0.76 for the
LRS. Both conductance states remained clearly separable over the course of 20 cycles, i.e., their envelopes do
not cross. This means that the two conductance states can be clearly distinguished without knowing the history
of the device and suggests stable, repeatable conductance switching.
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(a) (b)

Figure 9.2.3 Electrical characteristics of a 20 cycle measurement of a QM69𝐹 device. Device area: 5 µm x 5 µm. a)
J-V traces. Red: LRS, Green: HRS. Minimum and maximum current densities at each voltage are shown as envelopes
and the area between those is shaded. b) Current density versus sweep number at the voltage at which the highest average
ON/OFF conductance ratio is observed (V=-0.45 V). Annotated values correspond to the maximum and minimum values
of the LRS and HRS, i.e., the envelopes at the given evaluation voltage. The area between those is shaded.

LRS Retention of QM15𝐹 and QM69𝐹

In order to probe the retention of devices featuring QM15𝐹 and QM69𝐹 , the following measurements were
performed on one exemplary device for each molecule: First, the device was set to its LRS state by ramping up
the voltage to +2 V and back down to 0 V with 100 mV/s sweep speed. After ≈ 30 s, the zero bias resistance
was then determined by sweeping the voltage between ±0.1 V three times in a row and fitting the resulting data
to a linear function. The derivative dV/dI (where V is the voltage and I is the measured current) was then taken
as the zero bias resistance Ω0. Subsequently, Ω0 was determined at random intervals between 2 and 8 minutes
over the course of 21 minutes. The evolution of Ω0 for both studied devices is shown in Figure 9.2.4. Zero bias
resistances of both, the QM15𝐹 and the QM69𝐹 device increased with time, indicating a degradation of the
low resistive state. Over the course of 20 min, resistance of the QM15𝐹 device increased by a factor of ≈ 67
whereas the resistance of the QM69𝐹 device increased by a factor of ≈ 5. In other words, the conductance of
the QM15𝐹 decreased to 1.5% of its initial value over 20 min, while the conductance of the QM15𝐹 device
decreased to 20.1% of its initial value. This indicates that the two methyl groups, added to the linker might
in fact hinder a thermally induced rotation, significantly improving the retention of QM69𝐹 based devices as
compared to QM15𝐹 based ones.
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Figure 9.2.4 Zero bias resistance for QM15𝐹 and QM69𝐹 over time. Devices were put in LRS state via cycling the
voltage from 0 V to 2 V and back to 0 V once. Resistance was then determined by sweeping between ±0.1 V three times
in a row after 5 time intervals and then calculating a linear fit to the measured data points. The 0 minute data points come
from a low bias cycle right after the first cycle 0-2 V.

9.2.2 4,6-Difluorodibenzofurane Dipolar Unit - QM72𝐹

The second structural variation of the SAM-forming molecule was the replacement of the dipolar unit by a
4,6 difluordibenzofuran dipolar unit. The whole structure of the resulting molecule QM72𝐹can be found in
Chapter 5. No non-fluorinated compound was available.

Ensemble molecular devices featuring the molecule QM72𝐹 were fabricated using the same fabrication
scheme as utilized for all other devices presented in this chapter. DC current-voltage characteristics of ensemble
molecular devices were measured up to ± 3.0 V. Figure 9.2.5 summarizes the J-V traces extracted from these
measurements, averaged over 3 sweep cycles for one representative device of 15 µm x 15 µm area and compares
them to the J-V traces of the previously measured QM15𝐹 devices.
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Figure 9.2.5 Electrical device characteristics of QM72𝐹 devices in TiN/../Ti/Au contacting scheme compared to the
previously studied QM15𝐹 . Device area: 15 µm x 15 µm. Minimum and maximum current densities at each voltage are
shown as envelopes and the area between those is shaded.

20 Cycle Measurement

Another 15 µm x 15 µm device on the same chip with QM72𝐹 as the above presented device was cycled between
± 3.0 V for a total of 20 cycles. The J-V traces of this measurement as well as the current density versus sweep
number at the voltage of the highest average ON/OFF conductance ratio are displayed in Figure 9.2.6.

As can be seen from the J-V traces, the hysteresis remained clearly visible on average, but the sweep-to-sweep
variation was comparatively high. In fact, for all voltages except V ∈ [−0.5, 0) the envelopes of HRS and LRS
overlap. This means that during the observed 20 sweeps, a clear distinction of HRS and LRS would not be
possible for all voltages outside this range, without knowing the device’s history. However, within -0.5 V ≤ V <
0 V, LRS and HRS remain clearly distinct states with good repeatability of the switching process to the LRS and
a large variance in the switching process to the HRS. This is also reflected in the current density versus sweep
number representation, where the envelope ratio min(J)/max(J) was calculated to be 0.04 for the HRS and 0.29
for the LRS.
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(a) (b)

Figure 9.2.6 Twenty cycle measurement of a QM72𝐹 device. Device area: 20 µm x 20 µm. a) J-V traces b) Current
density versus cycle number at the voltage of the maximum average ON/OFF ratio V = 0.1 V. Annotated values correspond
to the maximum and minimum values of the LRS and HRS, i.e., the envelopes at the given evaluation voltage. The area
between those is shaded. Note that the annotated minimum value of the HRS is rounded and hence higher than the actual
value that can be read out at the logarithmically scaled ordinate.

9.2.3 2,3-Difluoro-6-methyl-phenyl Cyclohexane Dipolar Unit - QM85𝐹

The third variation of chemical consituents of the SAM forming molecule was the replacement of the pentyl
chain by a simple hydrogen atom as ambient facing moiety and the addition of a methyl group to the difluorphenyl
cyclohexane dipolar unit. The full chemical formula of the resulting QM85𝐹 molecule is displayed in Chapter 5

Ensemble molecular devices featuring the molecule QM85𝐹 were fabricated using the same fabrication
scheme as utilized for all other devices presented in this chapter. DC current-voltage characteristics of ensemble
molecular devices were measured up to ± 2.8 V. Figure 9.2.7 summarizes the J-V traces extracted from these
measurements, averaged over 3 sweep cycles for one representative device of 15 µm x 15 µm area and compares
them to the J-V traces of the previously measured QM15𝐹 devices.
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Figure 9.2.7 Electrical device characteristics of QM85𝐹 devices in TiN/../Ti/Au contacting scheme. Device area: 15
µm x 15 µm. Black: LRS, Grey: HRS. Minimum and maximum current densities at each voltage are shown as envelopes
and the area between those is shaded. Due to good sweep-to-sweep reproducibility, envelopes are hardly visibile.

20 Cycle Measurement

A 20 µm x 20 µm device on the same chip with QM85𝐹 as the above presented device was cycled between ±
3.0 V for a total of 20 cycles. The J-V traces of this measurement as well as the current density versus sweep
number at the voltage of the highest ON/OFF conductance ratio are displayed in Figure 9.2.8.

As can be deduced from the J-V traces, the hysteresis remained clearly visible and sweep-to-sweep variation
was low for the HRS and very low for the LRS. This becomes even more obvious in the current density versus
sweep number representation, where the envelope ratio min(J)/max(J) was calculated to be 0.58 for both, LRS
and HRS.
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(a) (b)

Figure 9.2.8 Twenty cycle measurement of a QM85𝐹 device. Device area 20 µm x 20 µm. a) J-V traces b) Current
density at 0.2 V versus sweep number. Annotated values correspond to the maximum and minimum values of the LRS
and HRS, i.e., the envelopes at the given evaluation voltage. The area between those is shaded.

LRS and HRS Retention of QM72𝐹 and QM85𝐹

The retention of both conductive states was determined for QM72𝐹 and QM85𝐹 using the following procedure
for each: First, one device of 15 µm x 15 µm area, showing representative hysteresis was chosen. Then, the
device was set to its LRS by sweeping the voltage to 3 V and back to 0 V once. Over the course of >30 min, the
current density at V = 0.6 V was then read out in random time intervals between 3 and 5 minutes by applying
a 500 ms pulse of constant voltage and averaging the current value over the duration of the pulse. After 32
minutes the devices were set to their LRS by sweeping the voltage to -3 V and back to 0 V once. Over the
course of the next 32 min, the current density at V = 0.6 V was then read out in random time intervals between
3 and 5 minutes by applying a 500 ms pulse of constant voltage and measuring the current value.
Figure 9.2.9 depicts the outcome of these measurements, showing the evolution of the measured current over
time.

For QM72𝐹 the measured current in LRS decreased from 8.53 · 10−8A at first measurement to 7.98 · 10−9

at 20 min. This corresponds to an increase of the differential resistance (V/I at V = 0.6 V) from 7.03 · 106 Ω

to 7.52 · 107 Ω (approximately an 11-fold increase). For the LRS, the differential resistance showed an
approximately 3-fold increase. Most notably, after 21 min the current measured in the LRS state decreased
to a value below that initially measured for the HRS. This means that at ≈ 21 min, HRS and LRS become
indistinguishable without knowledge of the device’s history. For QM85𝐹 based devices in contrast, the LRS
differential resistance increased by 54% over 31 minutes and the HRS resistance decreased by 38%. While this
means that LRS and HRS are slowly approaching a value between the initial values of the two states, the very
slow decay or increase means, that over the whole measurement period of 31 minutes, LRS and HRS stayed
clearly distinguishable. Most of the conductance change occurred during the first 10 minutes. Over the last
15 minutes of measurement, the current values changed only by ≈ 2% (HRS) and ≈ 10%(LRS). This points
towards much longer times until the two states may become indistinguishable, if at all.
Overall, the retention measurements presented in this section, showed that QM85𝐹 based devices exhibited
much lower degradation of the device’s conductance states than QM72𝐹 based ones.

139



Figure 9.2.9 Temporal evolution of the LRS and HRS at fixed evaluation voltage for QM72𝐹 and QM85𝐹 . Devices
were set to LRS first and the current at 0.6 V was manually read out every ≈5 min for ≈30 min. Devices were then set to
HRS and currents were recorded every ≈5 min for ≈30 min again.
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9.3 Comparison of Device Performance

The ON/OFF conductance ratios versus voltage of devices featuring the four molecules studied in this chapter
are depicted in Figure 9.3.1. The displayed values are calculated by dividing the average LRS current density
by the average HRS current density at each voltage and hence represent an average, voltage dependent
device performance. Note that QM15𝐹 and QM69𝐹 devices were swept up to ±2 V, whereas QM85𝐹 and
QM72𝐹 were swept up to ±3 V. Table 9.2 summarizes a variety of figures of merits for decices based on the
four molecules. These are: the maximum of the ON/OFF conductance ratio (taken from Figure 9.3.1), the
rectification r = J(-1 V)/J(1 V) for HRS and LRS, the retention conductance ratio g = G(20min)/G(0min) and
the envelope ratio min(J)/max(J), calculated for HRS and LRS separately from a measurement with 20 voltage
cycles.

Comparing the ON/OFF ratios for all molecules with a dipolar unit studied in this work, the following was
observed.
QM72𝐹 exhibited the maximum average overall ON/OFF ratio of 134.77. Devices with all other molecules
exhibited similar maximum ON/OFF ratios within one order of magnitude: 17.56 for QM15𝐹 , 16.02 for QM85𝐹

and 13.33 for QM69𝐹 . The latter three molecules were all designed with 2,3-difluorophenyl cyclohexane as
dipolar unit, whereas QM72𝐹 utilized a 4,6-difluorodibenzofurane dipolar unit. This indicates that the choice
of dipolar unit governs the ON/OFF ratio of the resulting devices.
However, it is not immediately evident where this difference comes from. Among the herein studied molecules,
QM72𝐹 exhibits the lowest dipole moment change in direction of the electrical field, per molecule. Since the tilt
angle changes the most between the two conformers, so does the calculated thickness (compare also Table 5.1).
In fact, while all molecules with 2,3-difluorophenyl cyclohexane show a calculated thickness change ≤ 0.16 nm,
QM72𝐹 was calculated to change its thickness by 0.57 nm between the two conformers. This equates to ≈ 18%
change in thickness of the monolayer and represents a significant change in the thickness of the tunneling barrier.
While for single molecules this larger change in tunneling distance would be directly reflected in a larger change
of transfer currents, it is unclear, what this may mean for ensemble molecular devices. If within the molecular
ensemble not all molecules switch synchronously between syn and anti state, as MD simulations of QM15𝐹 have
shown, and the electrodes are considered fixed, within a monolayer of QM72𝐹 multiple conductance channels
would open up: One through the molecules in the thicker syn state, potentially directly connected to oxide and
top contact, and one through the molecules in the thinner anti state and the potentially formed gap between
the molecule and the top contact. While a decreased tunneling length in contact exponentially increases the
tunneling current, opening up a gap would likely decrease the tunneling current, simply because the vacuum
automatically presents a higher tunneling barrier than the molecule’s HOMO and LUMO. How pronounced this
effect would be reflected in the J-V traces would require much more detailed analysis - including a device model
that considers a distribution of tunneling channels of varying width, as well as additional molecular dynamics
simulations to determine the effect of electrical field induced molecular re-orientation on this distribution.
Another potential origin of the higher than anticipated ON/OFF conductance ratio would be if molecules within
the SAM were restricted by intermolecular forces, such that the surface angle of the molecule could shift less,
while rotation of the dipolar unit would still occur. Then, the change in lateral dipole moment of the SAM could
be bigger and with it ΔΔΦ and ultimately the ON/OFF conductance ratio. This again, would require much more
detailed MD simulations and underlines the fact, that direct molecular structure - device property relationships
are difficult to deduce.
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Figure 9.3.1 Comparison of ON/OFF ratios of all molecules characterized in this work. Dashed horizontal lines mark
the maximum ON/OFF ratio. Color coded numbers on the right indicate the respective values.

Without much speculation, from the data presented above, it is still safe to say, that the choice of the chemical
building block that constitutes the dipolar unit has the largest influence the magnitude of the hysteresis that can
be observed. All other structural variations did not affect the maximum ratio in a large way.

Table 9.2 Comparison of devices based on a variety of liquid crystal inspired molecules. Definitions of the figures of
merit are given in the main text. For all figures of merit, a higher number corresponds to a more desirable device function.
Rectification for QM69 was calculated as 1/r, i.e., in contrast to all other molecules, magnitude of current densities at
positive voltages exceeded those at negative voltages.

Compound maximum ON/OFF ratio rectification retention conductance ratio envelope ratio
LRS HRS LRS /% LRS HRS

QM15 17.56 1.26 0.79 1.50 - -
QM69 13.33 1.63 11.94 20.10 0.76 0.66
QM72 134.77 6.92 8.09 9.35 0.29 0.04
QM85 16.02 2.69 5.16 65.06 0.58 0.58

As listed in Table 5.2, QM69𝐹 comes with the largest ΔΔΦ of all three molecules. At the same time, for
QM69𝐹 both HOMO and LUMO show the biggest shift between the two conformers of the molecule. Namely,
the HOMO is expected to shift by 0.1 eV, while the LUMO is expected to shift by 0.19 eV. In a single molecular
model, that would result in the highest ON/OFF conductance ratio. However, as the 3,5-dimethylphenylene
unit was added to increase the intramolecular rotation barrier, the number of molecules that switch within the
monolayer might be significantly decreased compared to molecules lacking this additional barrier. This in turn
would decrease the average lateral dipole change and could hence counteract the intended increase in ON/OFF
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ratio. In fact, QM69𝐹 also showed the lowest decay of the LRS over time among all molecules presented here,
which might also be explained by the increased rotational barrier. These results highlight the previous finding,
that direct chemical design of liquid crystal inspired molecules for conductance switching ensemble molecular
devices is complicated by the fact that device performance is closely connected to intermolecular forces within
the SAM. Further MD simulations might shine some light on whether an increased rotational barrier can lead
to a lower amount of switching molecules and ultimately a lower than expected on/off ratio.

The range of potential explanations for the observed transfer characteristics outlined above exemplify that
relationships between the electronic structure of single molecules and hysteresis of conductance are difficult to
deduce, mostly due to the fact that comparisons of charge transport in ensemble molecular devices is confounded
by the interrelated differences in intermolecular interaction and SAM formation. However, the following trends
could be observed:

• All devices with a difluorophenyl cyclohexane derivative showed a maximum ON/OFF conductance ratio
of ≈ 13 − 18, while devices with the only 4,6-difluorodibenzofurane derivative exhibited a maximum
ratio of ≈ 135, i.e., ten times larger.

• Devices with molecules that were designed to feature an increased intramolecular rotational barrier
(QM69𝐹 ) or an increased intermolecular barrier (QM85𝐹 ) were found to show a slower decay of the LRS
as well as a smaller range of current density values per conductance state throughout 20 voltage cycles
than devices that did not posses such chemical building blocks. Increasing the intermolecular rotational
barrier by molecular design has shown to yield the lowest decay of the LRS among all tested molecules,
with 65% of the initial conductance preserved after 20 min. The variation of the measured current density
in each state was lowest for the molecule featuring the intramolecular rotational barrier. LRS values
showed a maximum change of 24% while HRS values showed one of 34%.

• Devices with the molecule that exhibited the largest ON/OFF ratio at the same time showed the steepest
decline in conductance over time (91% decline over 20 min) and the largest maximum sweep to sweep
variation (71% and 95% variation for LRS and HRS respectively).

• Devices with an aromatic linker between headgroup and dipolar unit exhibited the largest rectification
(J(1V)/J(-1V)≈12) for the HRS.

9.4 Multi-State Conductance Switching

The molecular dynamics simulations presented in Chapter 7 indicated that the average dipole moment of the
QM15𝐹 SAM in z-direction exhibits near-linear dependency on the magnitude of the previously applied electric
field. This means that in ensemble molecular devices based on QM15𝐹 , more than two conductance states
should be accessible via the variation of the maximum applied voltage. It seems reasonable to assume that this
would be true for molecules of very similar structure, too. To test this, a device featuring a TiN/QM85𝐹 /Ti/Au
stack was electrically characterized.
Current density voltage characteristics were obtained by sweeping the voltage between ±𝑉𝑚𝑎𝑥 three times,
starting with a sweep in positive direction. Traces were averaged for LRS and HRS separately. This
measurement was repeated for 23 different values of 𝑉𝑚𝑎𝑥 ∈ [2; 10] 𝑉 . The resulting average current densities
at evaluation voltage 0.2 V for HRS and LRS were then extracted and plotted against 𝑉𝑚𝑎𝑥 . A histogram of
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(a)
(b)

Figure 9.4.1 Multi-state switching in a QM85𝐹 device. Device area of 20 µm x 20 µm. a) Current densities of LRS
(blue) and HRS (red) at evaluation voltage V= 0.2 V versus maximum magnitude of sweep voltage 𝑉𝑚𝑎𝑥 , b) histogram
of the current densities shown in a) with bin size 0.2 µA / cm2. Red: value from HRS, Blue: Value from LRS. Value on
the abscissa corresponds to the center value of each bin, i.e., for instance the first bin is labeled 2.1 and summarizes the
occurrence of current densities from 2.0 to 2.2 µA / cm2.

all current density values featuring a bin size of 0.2 µA/cm2 was also calculated. The resulting graphs are
displayed in Figure 9.4.1.
In a potential multi-state memory device, multiple conductance states do not need to be achieved via applying
a field of opposite polarity, but instead can also be reached via applying the a voltage of same polarity but
different magnitude. Calculating the ON/OFF conductance ratio is only of limited value, since the conductance
states do not necessesarily have to be identified as LRS or HRS state. Figure 9.4.1 clearly indicates that
an increase in 𝑉𝑚𝑎𝑥 is related to an increased in the measured current density. From molecular dynamics
simulations, a near-linear increase of the dipole moment in z-direction with increasing applied voltage is to be
expected. The data suggests, that there are two distinct regimes, 2.2-4.0 V and 4.2-7.0 V in which this is true.
However, the gradient 𝑑𝐽/𝑑𝑉𝑚𝑎𝑥 differs between those two regions and the data observed for 𝑉𝑚𝑎𝑥 < 2.2 V
and 𝑉𝑚𝑎𝑥 > 7.0 V also break with this trend.

Figure 9.4.1b shows the occurrence of current densities within 10 current density ranges of 0.2 µA / cm2 bin
size. For the chosen bin size, 10 different states of the ensemble molecular device can be observed, with each
current density bin being reached by at least two states of the molecular junction. In other words, more than
3 bit of information can be stored in one such junction and each state can be reached by at least two different
applied voltages. For a bin size of 0.5 µA / cm2, the device exhibits 4 different states, which is equivalent to a 2
bit information storage. All current density states ≥ 2.6 µA / cm2 can be reached through either a low resistive
state of the junction, or a high resistive state of the junction at a higher maximum sweep voltage. The current
density of the HRS at 𝑉𝑚𝑎𝑥 = 2.4 V already exceeds the current density of the LRS at 𝑉𝑚𝑎𝑥 = 2.4 V. This
exemplifies that the HRS and LRS may become indistinguishable when 𝑉𝑚𝑎𝑥 is varied, but the total number of
conductance states of a junction may still increase despite of that.
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9.5 Summary

Conductance switching ensemble molecular devices based on SAMs constituted of various molecules with an
embedded, flexible, molecular dipole have been demonstrated. Devices that differed in both, the contacting
scheme as well as the chemical design of the SAM forming molecule from the devices presented in Chapter 7
showed pronounced hysteresis. This constitutes compelling evidence for the feasibility of utilizing conforma-
tionally flexible embedded molecular dipoles for conductance switching devices and that in fact, the occurence
of this hysteresis is independent of contacting scheme. It also provides further proof for the general applicability
of the TiN/../Ti/Au contacting scheme for phosphonic acid based ensemble molecular devices, presented in
Chapter 8.
Molecular design has proven to greatly influence conductance ON/OFF ratios and cycle-to-cycle variance as
well as the retention of conductive states of ensemble molecular devices. Several chemical structure-device
property relationships have been proposed. The potential of multi-state conductance switching, as proposed by
MD simulations, has further been demonstrated.
This concludes the feasibility study regarding the utilization of electrical field controlled, dipole induced tun-
neling barrier height modification for conductance switching ensemble molecular devices.
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10 Conclusion and Outlook

In this work, the feasibility of conductance switching ensemble molecular devices based on liquid crystal
inspired molecules has been demonstrated. Specifically, the following was achieved:

• First realization of conductance switching devices based on the novel, proposed switching mechanism that
builds on electrical field-controlled variation of the dipole induced tunneling barrier height via molecular
reorientation in a self-assembled monolayer.

• Development of a novel contacting scheme for self-assembled monolayers of molecules with a phosphonic
acid head group

• Characterization of the impact of structural variation of the SAM forming molecule on charge transfer
characteristics within the novel contacting scheme

• Demonstration of multi-state conductance switching in ensemble molecular devices featuring the novel
conductance switching mechanism

In the following, the major results are summed up and some potential routes towards device optimization and
improvement of the measurement setup are given.

Alternative Contacting Scheme

An alternative contacting scheme to embed SAMs between two solid, metallic contacts has been developed
in this work. To this end, the formation of alkylphosphonic acid (APA) monolayers on titanium nitride (TiN)
has been studied in great detail. After immersing samples with a TiN surface layer in 1 mM solutions of a
varierty of APAs in THF for 72 hours and subsequent annealing at 130 °C, the resulting surface were found to
have changed from 66° to 97° (probed via water contact angle). AFM scratching, XPS absorption (measured
at the Ti2p peak) and variable angle spectroscopic ellipsometry have revealed an increasing thickness trend
with increasing molecular length, that is in good agreement with the increase of calculated layer thickness for
APAs featuring 6-12 carbon atoms. For 14 and 16 carbon atoms, data remained inconclusive as to whether a
double layer was formed. Fourier transform infrared spectroscopy revealed the presence of alkyl chains and
potentially tri-dentate surface bound phosphonic acid on all samples. Peak positions and FWHM of the CH2
stretching vibration were found to be in ranges, typically connected to densily packed SAMs, indicating even
more regularily packed SAMs than previously reported SAMs of APAs on aluminum oxide (compare also
[57]). Peak positions were found at 2925-2918 cm−1 and FWHM was found to be in the range from 6 to 21.
Peak position moved towards lower frequencies with increasing chain length, whereas the FWHM values also
decreased with increasing chain length of the APA molecule. These trends are consistent with observations by
others in literature.
Ensemble molecular devices with APAs of varying length were analyzed using DC voltage cycles. While
several features remain yet to be explained, general trends could be observed. In particular, analyzing current
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densities at a variety of evaluation voltages versus molecular chain length revealed an exponential decrease for
a wide range of device areas and molecular lengths. Tunneling attenuation factors 𝛽𝑖 and injection currents
𝐽0,𝑖 were also determined. 𝛽𝑖 was found to be within the literature consensus range. Both 𝛽𝑖 and 𝐽0,𝑖 were
found to increase with magnitude of the evaluation voltage, which is both unexpected, from the Simmons
formula alone, and at the same time in agreement with measurements made by others. It might be attributed
to electrostriction. Detailed fitting of J-V traces from single devices revealed physically sound parameters for
electrically active area (K = 0.1, i.e., 10%), barrier height (𝜙 = 3.0eV) and ideality factor (𝛼 = 0.71 − 0.82).
Together with electrical data of liquid crystal inspired molecules contacted using this contacting scheme, and
TEM crosssectional images displaying the structural integrity of all layers within one of these devices, this
constitutes compelling evidence that the TiN/../Ti/Au contacting scheme constitutes a novel alternative of
fabricating ensemble molecular devices with solid contacts, based on SAMs with a phosphonic acid headgroup.

To further improve understanding and fabrication of ensemble molecular devices with this contacting scheme,
the following points should be addressed in future work:

• The need for a spacious mask alignment kit greatly limits the potential to scale this fabrication method.
Consequently, moving from shadow mask evaporation towards top contact structuring via lift-off
lithography would greatly enhance the number of chips that can be fabricated at the same time. This
in turn would decrease the time needed per experiment and would increase the comparability between
chips, since only then the top contact formation to multiple different monolayers could be performed
with identical parameters of the physical vapor phase deposition. A lithographic step after monolayer
formation would, however, also expose the SAM to additional solvents, resins and potentially UV radiation
that might greatly impact its integrity.

• Another improvement would be to downscale feature sizes further. As of now, the minimum achievable
device area is limited by the minimum feature width of the nickel shadow mask. Device area could be
further decreased, for instance, if the bottom contact area alone would be decreased, yielding junctions
of non-square area. Also, other suppliers of nickel masks might be able to produce masks with smaller
feature sizes.

• Experiments in this work have also revealed that larger area devices show lower device yield and often
seem to be dominated by non-molecular conductance channels. Future chip layouts might build on that
by only placing devices of smaller area on the chip. If multiple rows of devices were to be designed with
the same device area, the concept of shared contact pads but mutually exclusive conductance paths could
be expanded across rows to safe area on the chip and ultimatly increase the number of devices of same
area on the chip. This could potentially result in more statistics per device area.

• To test the universality of the novel contacting approach, it would also be beneficial to perform a series of
experiments featuring alkylphosphonic acids with different ambient facing moieties, such as a hydroxyl,
carboxyl, thiol, amino, phenyl, trifluormethyl, acide or phosphonic acid group. These compounds are all
readily available through commercial sellers, such as Sigma Aldrich or Sikémia, as of today.

• Since the contacting scheme used in this work was chosen based on the assumptions that the combination
of top and bottom contact material is detrimental to the structural integrity of the resulting stack, this
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of course encourages to broaden the search for contacting schemes and consider other combinations
as well. This becomes even more relevant, when expanding the study of ensemble molecular devices
to potential SAM based spintronic devices. Studying them would most likely require a ferromagnetic
anchoring layer. One potential combination could be that of a natural oxide covered nickel (Ni) layer as
bottom contact and anchoring layer and nickel as PVD deposited top contact. Spintronic devices built
on monolayers as of today are typically produced using a thin gold interlayer on top of the ferromagnetic
metal (e.g., Ni). Forming SAMs directly on top of the ferromagnetic would greatly reduce fabrication
complexity and, most likely, also increase device stability. First experiments to graft APAs on natural
oxide covered nickel surfaces have shown promising results, as can be seen from the water contact angle
measurements shown in the appendix.

Conductance Switching Ensemble Molecular Devices

Conductance switching based on electrical-field controlled reorientation of molecular dipoles within ensemble
molecular devices has been demonstrated. First, monolayers of a difluorphenylcyclohexane based phosphonic
acid were grafted on aluminum surfaces and devices of the molecules sandwiched between aluminum and lead
were fabricated and subsequently electrically characterized. Surface analysis revealed the formation of uniform
monolayers. NEXAFS measurements revealed the presence of the aromatic moiety and an average angle of the
normal to the aromatic plane of 𝛽 = 23°, which was found to be in agreement with MD simulations.
TEM images of FIB-cut lamellae of the devices revealed structurally intact organic layers sandwiched between
the electrodes. Thickness of these layers was in range with the theoretically predicted values. DC current
voltage spectroscopy revealed J-V traces with a pronounced hysteresis for the fluorinated compound, whereas
the unfluorinated compound did not show such hysteresis. Average data from 6 devices of the same area revealed
a low device-to-device variance and a maximum average ON/OFF conductance ratio of 303. Conductance
switching remained repeatable for 100 cycles between ± 3.0 V.
Calculations on single molecule, molecular ensemble and device model provided compelling evidence,
that the origin of the conductance switching was in fact the re-orientation of the dipolar unit. Single
molecule rotational scans reveiled an intramolecular barrier of 1.41 kcal mol−1 from anti to syn and a 2.1
kcal mol−1 barrier from syn to anti. Molecular dynamics further revealed a disordered SAM, with tilt and
orientation angles following distributions, that could be effectively shifted by applying electrical field pulses.
The resulting shift in average molecular dipole in z-direction was found to increase near-linearly with the
magnitude of the applied electric field. This shift was also found to change less with increasing surface
density. In contrast, the remanent dipole moment change after removing the field, was found to increase
with surface density. This indicates that intermolecular forces play a significant role in device performance.
The device model, derived in this work based on a parallel capacitor combined with a tunneling formula
as derived by Gruverman et al. [133] revealed a strong dependency of the ON/OFF conductance ratio on
the effective charge carrier mass within the oxide-SAM double layer as well as on the surface density of the SAM.

Ensemble molecular devices based on LCI molecules sandwiched between TiN and Ti were electrically
characterized to analyze the impact of structural variation on device performance. First, devices with the same
molecule as in the above experiments were fabricated and J-V traces were compared. In-depth analysis revealed
that the novel contacting scheme came with 5 orders of magnitude higher current densities, but also one order
of magnitude lower ON/OFF conductance ratios. Maximum average ON/OFF conductance ratio determined
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from 3 devices was found to be 13.
In short, the further variation of the structural motifs of SAM forming molecules confirmed the strong influence
of intra and intermolecular forces on device performance, as well as the impact of the choice of dipolar unit on
the ON/OFF ratio. All devices with molecules that feature a 3,4 difluorophenylcyclohexane dipolar unit showed
ON/OFF ratios in the range of 13-18, while the device featuring a molecule with a difluorodibenzofurane unit
exhibited an ON/OFF conductance ratio of ≈ 135.
The molecule featuring the 2,3-fluoro-6-methylphenyl cyclohexane dipolar unit with no pentyl end group
exhibited the lowest degradation of the LRS, with 65% of the initial conductance being preserved after 20
min. This is in particular a stark contrast to the devices that feature almost the same molecule - apart from the
additional methyl group and the removed pentyl endgroup - which only retained 1.5% of the conductance of the
LRS over the course of 20 min.

One issue that may be addressed in potential future work is that the experiments conducted in this work
focused on studying the feasibility of a novel contacting scheme as well as the general concept of liquid crystal-
inspired molecules for conductance switching and did not include any device optimization. As outlined in the
above work, the device performance is likely to depend heavily on SAM characteristics. It therefore stands to
reason that it is worthwhile to investigate the process parameters of SAM formation in more detail. Potential
processing parameters to optimize include:

• Choice of solvents or solvent mixtures. The choice of solvent or even solvent mixture have shown to
influence the monolayer formation dynamics and might be a potential lever to adjust the surface density
of molecules that in turn affects device performance. [286, 287]

• Duration of the dip. While one experiment not referenced in this work showed decreased device yield
for a dip time of ≈ 24 h, decreasing the dip time from 72 h to shorter times would come with the benefit
of further decreasing the time each experiment takes.

• Temperature during and after dipcoating. Temperature during immersion was kept at room temperature
within a controlled environment (≈ 22°C) in all experiments. While this yielded functional monolayers
and keeps the processing simple, increasing this temperature might speed up the self-assembly process.
On the other hand increased temperatures might also lead to faster detachment of the molecules during
self-assembly and decreasing processing temperature might in fact be beneficial. Since both these
processes compete, it is likely, that there is an optimum processing temperature that one might subject to
optimization. The heating temperature after dip coating was initially fixed at 130 °C and kept constant
since it yielded functional monolayers on several types of substrates.

• Number of different molecules within the monolayer. Monolayers of one single type of molecule are
commonly studied. Since device performance of the conductance switching SAMs in this work seems
to be highly dependent on intermolecular forces, using molecule mixtures might be an interesting route
towards optimization of device performance. Mixing electronically active molecules with alkylphospho-
nic acids to improve device performance have only recently begun to be studied, but already yielded
some promising results. For instance, one series of studies showed that forming a mixed SAM of a
rectifying molecule (based on a bipyridine unit) and a non-rectifying, alkylthiolate significantly increased
rectification ratios.[288–290] A comprehensive, recent review of charge transfer in and applications of
mixed self-assembled monolayers that may lend itself as a good starting point for future work is provided
by Kong et al.. [291]
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In addition to that, physical characteristics of the oxide, most notably the relative permittivity and the position
of the conduction and valence band, that constitute the barrier height on one side of the asymmetric barrier,
present a lever for potential optimization. This could be exploited by either adjusting adding a processing step
prior to the SAM formation in order to tune the characteristics of the oxide, or even the exploration of different
oxides that might have both, a high thickness to permittivity ratio as well as low barrier with respect to the
contact metal.
In case of TiN as bottom electrode, the potential to tune TiN workfunction and over-/under stoichiometry
present additional potential routes towards device performance optimization. The former may impact the
barrier height whereas the latter may influence the permittivity of the potential oxide, which in turn influences
the voltage across the SAM and the ON/OFF conductance ratio.

When it comes to the chemical design of liquid crystal inspired molecules, some variations have been
explored in this work already. Electrical characterization has revealed, in particular, that only limited, direct
relationships between the design of a single molecule to device performance can be drawn. Especially the
dipole moment change between the two conformers of one molecule did not directly relate to the ON/OFF
conductance ratio of the resulting devices. However, from the data in this work, the dipolar unit seemed to
have the largest impact on ON/OFF conductance ratio. Moving forward, designing molecules with different
dipolar units and testing them directly in ensemble molecular devices seems advisable. Designing molecules
that feature an increased intramolecular barrier as well as molecules that feature chemical building blocks that
increase the intermolecular interactions seems to increase the stability of the LRS over time as well as decrease
the sweep-to-sweep variation. From the data acquired in this work, moving forward, an advisable strategy
might be to focus on carefully designing molecular building blocks that vary intermolecular to further study
the effects of these on device performance.
Also, in this work, liquid crystal inspired molecules that differ in multiple chemical building blocks have been
compared to each other. Since molecules where only one building block - e.g., the linker between head group
and dipolar group, as well as the alkyl chain at the tail of the molecule - is systematically varied are already
available, the direct influence of this variation on device performance may be studied in future work.

As has been mentioned in the main text, the performance of conductance switching monolayers is interrelated
with characteristics of the monolayer as well as the contacting scheme. This complicates modeling, but also
renders comparisons to alternative conductance switching concepts almost impossible, if different contacting
schemes are utilized. Some of the most prominently conductance switching ensemble molecular devices are
based on bipyridines in an Au/../EGaIn contacting scheme. Almost identical molecules, only featuring a
phosphonic acid instead of a thiol as binding group are readily available at e.g., Sikémia. These molecules
might form monolayers on TiN as well and could be measured in either a TiN/../Ti/Au or a TiN/../EGaIn
contacting scheme to reveal the respective advantages and disadvantages of both approaches.

Measurement Methods

Lastly, further measurement methods could be used to improve the understanding of conductance switching
ensemble molecular devices.
The following electrical characteristics might be measured:
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• Electrical impedance spectroscopy (EIS) of monolayers and devices. DC measurements can be used to
determine well-established device characteristics such as the tunneling decay constant 𝛽 and the injection
current density 𝐽0. To separate contributions of individual components of the junctions, e.g.„ interfaces,
oxides and molecules, EIS may be employed. Electrical impedence spectroscopy is the study of the
frequency response of a device via applying sinusoidal perturbations with varying frequency. It could,
for instance, be used to calculate the dielectric constant of oxide and SAM, hence improving the device
model. Some initial work on EIS on SAMs has already been performed by others [249] and the topic has
picked up research interest very recently[292–294].

• Current noise Spectroscopy. By keeping the voltage across a SAM constant and sampling the current at
a very high sampling frequency, noise can be measured and randomly occurring events can be recognized.
While current noise spectroscopy is not very commonly employed for ensemble molecular devices to date,
some initial work on it exists [295–297]. A recent, comprehensive review on noise analysis of molecular
electronic devices and the potential advances in understanding of charge transport mechanisms it might
provide is given by Kim and Song [298].

• Short voltage pulses. Characterizing the devices using short voltage pulses and voltage pulse sequences,
device characteristics such as endurance, retention, switching speed, switching energy and variability can
be measured in a recommended way, yielding device characteristics that are comparable to other material
systems. [299] These measurements can be performed with the Keithley 4200 SCS parameter analyzer.
Some preliminary results of measurements of TiN/QM15𝐹 /Ti/Au devices using a read-set-read-reset
pulse sequence and the Keithley 4200 SCS at the probestation can be found in the appendix.

• Temperature dependent current voltage spectroscopy. Recording J-V traces at various, lower voltages,
might shine some light on the derived transport model as well as on the proposed switching mechanism.
Combining these measurements with MD simulations at different temperatures might in fact also reveal
the minimum energy required for a switching process.

Further, SAMs of LCI molecules on TiN might be analyzed using (polarized) FTIR to gain more insight on the
molecular orientation after SAM formation. Kelvin probe AFM measurements could be employed to locally
resolve the induced vacuum energy level shift of LCI SAMs. Conductive AFM might further be used to locally
resolve the current density of both SAMs and devices. Cross-correlating results of both AFM measurement
techniques might ultimately reveal information about the correlation between induced vacuum energy level shift
and conductance change.
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A NiO as Alternative Anchoring Layer

Since nickel is assumed to form a natural oxide under ambient conditions, it may lend itself as an alternative
anchoring layer for alyklphosphonic acids. Nickel bottom contacts would be particularly interesting for ensemble
molecular spintronic devices, since nickel is ferromagnetic. Silicon wafers with 290 nm dry oxide, 10 nm sputter
deposited Ti an 100 nm sputter deposited Ni were obtained from Siegert Wafer GmbH (Aachen, Germany) and
then cut into 8 mm x 8 mm substrates. They were then immersed in 1 mM solutions of a series of alkylphosphonic
acids in THF, namely octyl- (C8), dodecyl-(C12), tetradecyl-(C14) -phosphonic acid (C16). Substrates were
subsequently annealed for 1 h at 130 °C, rinsed in an ethanol stream, heated again for 2 min at 130 °C and
then characterized via water contact angle. Contact angles were also measured on pristine native nickel oxide
surfaces. Figure A.0.1 shows the results averaged from one chip and three measurement points per chip. Water
contact angle of the APA grafted sample is clearly increased compared to the pristine surfaces, which is a first
indicator that monolayers were formed.
AFM measurements of the same samples showed a RMS surface roughness of ≈ 2 nm over a 5 µm x 5 µm area.

Figure A.0.1 Water contact angle of nickel surfaces covered with a natural oxide that were immersed in 1 mM solutions
of different APAs. The clear increase from the pristine layer (w/o) to the APA grafted ones is a first indicator pointing
towards successful APA monolayer formation on nickel surfaces.
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B EGaIn Measurements of Alkyl Phosphonic
Acids and Alkyl Phosphonic Bipyridines

One of the setups designed and set up during this work was an EGaIn system. The intention was to provide a
well-established measurement system as a reference system. Figure B.0.1 shows an image of the final setup
that was connected to a Keithley 2635 source measurement unit.
EGaIn tips were formed by pushing some EGaIn out of the capillary, making contact with a gold surface and
moving the eutectic away from the surface until the now surface "bound" broke off, leaving a cone of EGaIn.

To test the setup, a series of alkylphosphonic acids was grafted on TiN surfaces and cyclic current density
voltage traces were recorded for three such surfaces. Substrates covered with TiN were cleaned and immersed
for 72 hours in 1 mM solutions of dodecyl-(C12), hexadecyl-(C16) and octadexyl-phosphonic acid(C18) .
Substrates were subsequently annealed for 1h at 130 °C, rinsed in an ethanol stream, heated again for 2 min at
130°C and then characterized using the EGaIn setup. Each chip was contacted only once and J-V traces were
recorded for voltages up to ± 1 V. The figure below displays J-V traces for all 3 devices, as well as the current
density of all three devices at V = -1 V. A fit to the simplified Simmons formula was then performed, resulting
in 𝛽 = 0.9 nC−1, which is well in range of literature consensus. Even those can only be taken as preliminary
results, since only one position was measured on each chip, these results point towards the successful fabrication
of TiN/APA/EGaIn junctions with the newly set up EGaIn setup.

155



Figure B.0.1 Eutectic Gallium Indium (EGAIn) setup as developed and set up during this work. EGaIn is stored in a
sealed glass syringe and pushed out of the metallic needle to perform experiments. Substrates are glued to copper plates
using either EGaIn or silver paint and placed on the copper stage. SMU is connected to both, the metallic capillary and a
connector pin at the Cu state.
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(a) (b)

(c) (d)

Figure B.0.2 Charge transport of individual TiN/SAM/EGaIn junctions. a)-c) Average J-V of 4 sweeps per junction
for junctions with C12, C16 and C18 sandwiched between TiN and EGaIn. d) Current densities at V = -1 V versus alkyl
chain length in number of carbons (nC) and fit to the simplified Simmons model.
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B.1 Bipyridines

Self-assembled monolayers of molecules featuring a bipyridine unit have been shown to act as electrical-field
controlled molecular switches [11, 15, 220]. In order to explore advantages and disadvantages of this system as
compared to the liquid crystal-inspired molecules studied in the main part of this work, the idea was to transfer
the concept outlined by Han et al. to a measurement setup that both types of molecules could be characterized
in. To that end, bipyridines with two different exchange ions (Cl– and Br– ) and a phosphonic acid anchoring
group were obtained from Sikémia (Grabels, France). The only difference of these molecules as compared
to those studied in the above cited literature are the anchoring groups. Structures of these two molecules are
displayed in Figure B.1.1
The surface grafting of TiN surfaces was attempted by dip coating cleaned substrates with TiN surface in 1 mM
solutions of each phosphonic acid bipyridine for 72 hrs, subsequent heating for 1 h at 130°C, EtOH rinsing and
subsequent heating for 2 min at 130°C. Water contact angles of the resulting surfaces were obtained at three
spots on the substrates and averaged. This resulted in water contact angles of 104° (BPy-Cl) and 92°(BPy-Br).
Samples fabricated in the same fashion were measured using the previously described EGaIn setup. Voltage
was cycled at one position between ± 1 hjV for a total of 7 sweeps and current densities were calculated from the
diameter of the EGaIn cone in contact with the substrate. The J-V traces of these measurements are displayed
in figure B.1.2. From these preliminary measurements the following behaviour could be observed: with each
sweep, the conductivity of the junction seemed to decrease for both types of molecule. This is shown in Figure
B.1.2.

(a)

(b)

Figure B.1.1 Structures of the bipyridines. Blue: phosphonic acid binding group, green: bipyridine a) molecule with
Br– as exchange ions [(1-Methyl-4,4’-bipyridine-1,1’-diium-1’-dodecylphosphonic acid) dibromide] b) molecule with
Cl– as exchange ions [(1-Methyl-4,4’-bipyridine-1,1’-diium-1’-dodecylphosphonic acid) dichloride].
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(a) (b)

Figure B.1.2 J-V characteristics of charge transfer in TiN/BPy/EGaIn juctions. a) with Cl– as counter ions, b) with
Br– as counter-ions. The numbers at the individual traces denote the order in which they were measured.
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C Pulsed Measurements

To test whether the observed conductance switching was persistent when it was attempted with short voltage
pulses, a 15 µm x 15 µm TiN/QM15𝐹 /Ti/Au device fabricated as described in the main text, was measured
using a Keithley 4200 Parameter analyzer at the Probestation. The read-set-read-reset cycle that was performed
for a total of 0.09 s is shown in Figure C.0.1. Data from the read parts of the cycle is displayed in Figure C.0.2.
Current was measured simultaneously with the applied voltage. As can be seen, the conductance switching
between two distinct states also occurs when very short pulses are applied to the ensemble molecular devices.
Currents of both states seem to first decrease with increasing number of pulse sequences already applied and
then saturate at a saturation value. Since this was only one measurement at one device, more statistics is needed
to draw any meaningful conclusion. For now, the data presented here, points towards the feasibility of using LCI
molecules in conductance switching devices, even when the conductance states are addressed via few ns long
pulses. In fact, the data presented here also points towards the potential retention of the conductance switching
effect over ≈ 108 set-reset cycles. However, a more detailed, statistical analysis to confirm this is necessary.

Figure C.0.1 V(t) of a single read-set-read-reset pulse cycle that was repeatedly applied to the TiN/QM15𝐹 /Ti/Au
device. Read pulse maximum voltage was set to 1 V. Set and reset pulse featured the same magnitude (|𝑉 | = 5 V), but
opposite polarity of the applied voltage. All pulse lengths, as well as time between two consecutive pulses was set to 10
ns. Rise and fall times of pulses was set to 0.1 ns. The full sequence is therefore 88 ns long. Durations and voltages were
arbitrarily chosen.
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Figure C.0.2 Results of the read-set-read-reset cycle measurement. Open circles represent measured current at each
read pulse. Upper curve stems from the read pulse at the beginning of the pulse sequence (after reset pulse), lower curve
data stems from the read pulse after the set pulse. The measured currents for a total of ≈ 1 · 108 pulse sequences are
displayed here.
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