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Kurzzusammenfassung

Die bekanntlich beste Wahl um den Widerstand einer Probe zu messen und damit die
Widerstandseigenschaften zu bestimmen, sind 4-Punkt elektronische Transportmessun-
gen, weil die Kontaktwiderstande vernachléssigbar klein sind. Von den vielen bereits ent-
deckten Varianten der 4-Punkt-Methode, ist das 4-Spitzen Rastertunnelmikroskop das
effektivste experimentelle Hilfsmittel zur Messung des Probenwiderstands auf kleinen
Léangenskalen, einschliefllich der Moglichkeit den Spitzenabstand zu variieren.

Im Fokus der Grundlagenforschung stehen geschichtete Materialien aufgrund ihrer
faszinierenden Eigenschaften und ihres hohen Potenzials in einer Vielzahl von Anwen-
dungen. Dariiber hinaus sind sie auch mogliche Eltern-Materialien fiir sogenannte 2D-
Materialien aufgrund einer typischen, schwicheren chemischen Bindung entlang einer
kristallinen Achse. Neben den bekannten Eltern-Materialien wie Graphit, hexagonales
Bornitrid und Ubergangs-Metall-Dichalkogenide gibt es eine weitere Klasse von geschichte-
ten Materialien, die sogenannten MAX Phasen, welche sowohl metallische als auch
keramische Eigenschaften umfassen. Diese einzigartige Kombination ergibt sich aus
einem komplexen, anisotropen Bindungsschema, das zu einer anisotropen Leitfdhigkeit
fithrt. Werden diese geschichteten Materialien als diinne Filmproben hergestellt, um-
fassen sie in der Regel eine Bindungsanisotropie senkrecht zur Oberflache. Somit wird
eine Anisotropie zwischen den Leitfahigkeiten in der Ebene und senkrecht zur Probenober-
flache erwartet. Fithrt man die Widerstandsfahigkeit als Tensor zweiter Ordnung ein,
konnen solche anisotropen elektronischen Transporteigenschaften bestimmt werden. Die
Widerstandsfahigkeit wird dann durch eine symmetrisch abhéngige Anzahl unabhéngiger
Komponenten ausgedriickt, die aus Widerstandsmessungen in verschiedenen Richtungen
der Probe bestimmt werden konnen. Die Komponenten, welche in der Ebene liegen,
konnen mit mehreren bekannten Methoden einfach charakterisiert werden. Solange ein
Material nur als diinner Film hergestellt werden kann, ist es bislang nicht moglich die
Widerstandsfahigkeitskomponente senkrecht zur Ebene ohne zusétzliche Behandlungen
oder Modifikationen der Probe zu bestimmen.

Daher wird in dieser Arbeit eine neuartige direkte und parameterfreie Methode ent-
wickelt, welche die senkrecht aus der Probe gerichtete Widerstandsfahigkeit ohne wei-
tere Behandlung der Probe bestimmt. Mit einem Multi-Spitzen-Rastertunnelmikroskop
werden 4-Punkt-Transportmessungen mit variablem Spitzenabstand durchgefithrt. Die
Beobachtung des Ubergangs vom 3D-Transportbereich fiir kleine Abstéinde zwischen
den Spitzen zum 2D-Bereich fiir grofie Abstdnde erméglicht die Bestimmung der Wider-
standsfahigkeiten, sowohl in der Ebene als auch senkrecht zur Ebene. Nach der analy-
tischen Beschreibung der Methode werden die experimentellen Verfahren zur Messung
der elektronischen Transporteigenschaften mit einem Multi-Spitzen-Rastertunnelmikros-

iii



kop beschrieben, insbesondere die Einfliisse von Probengrofie und -form, Oberflichenmor-
phologie und Korn-Grofle, die Grofle des Spitzen-Proben-Kontakts sowie die wichtigsten
experimentellen Fehlerquellen.

Mit dieser Methode wird eine erste direkte und parameterfreie Messung der anisotropen
elektrischen Widerstandsfahigkeit einer magnetischen (CrgsMng5)2GaC MAX Phasen
Probe vorgestellt. Mit Messungen auf nur einer diinnen Filmprobe ermoglicht die
Beobachtung des Ubergangs zwischen dem 3D- und dem 2D-Transportfall die gleichzeit-
ige Bestimmung von in der Ebene und senkrecht zur Ebene gerichteten Widerstandsfahig-
keiten und ergibt eine grofie Anisotropie. Die Widerstandsfahigkeit senkrecht zur Ebene
ist um den Faktor 500 grofler als die in der Ebene, was auf das komplexe Bindungs-
schema der MAX Phasen zuriickzufiihren ist. Das hier bestimmte Verhéltnis der Wider-
standsfahigkeiten gibt einen besseren und quantitativeren Einblick in das Zusammenspiel
von kristalliner Struktur, Bindungsstruktur und elektronischen Transporteigenschaften.

Zusétzlich werden (Cryj3Hoy/3),AlC Kristallite, die zu den i-MAX Phasen mit che-
mischer Ordnung in der Ebene gehoren, untersucht. Die Ergebnisse liefern signifikante
Hinweise auf eine anisotrope Widerstandsfdhigkeit sowohl in als auch senkrecht zu der
Ebene. Die Anisotropie in der Ebene ist eine Folge der chemischen Ordnung der Uber-
gangsatome und der seltenen Erd-Atome. Die im Vergleich zu herkémmlichen MAX
Phasen schwichere Anisotropie zwischen der senkrecht zur Ebene und in der Ebene
liegende Widerstandsfahigkeit wird durch die Vorhersagen iiber geringere anisotrope
Bandstrukturen fiir i-MAX Phasen bestétigt. Diese Messungen stellen die erste Charak-
terisierung der anisotropen Widerstandsfahigkeit in einer i-MAX Phase dar. Dariiber
hinaus sind sie ein Proof-of-Principle fir die Bestimmung des gesamten Widerstandsféhig-
keiten-Tensors eines Materials mit orthorhombischer oder hoherer Symmetrie durch die
Hilfe der 4-Punkt elektronischen Transportmessungen an einzelnen diinnen oder kristalli-
nen Proben.



Abstract

Four-point electronic transport measurements have proven to be the best choice for
determining the resistance of a sample and thus the resistivity properties, because the
contact resistances are negligibly small. Various techniques using the 4-point method
have been explored, whereby the 4-probe scanning tunneling microscope is a powerful
experimental tool to measure the sample resistance on small length scales including the
possibility to vary probe spacings.

Nowadays, layered materials are in the focus of interest due to their intriguing fun-
damental properties and their high potential in a variety of applications. In addition,
they are also possible parenting materials for so-called 2D materials due to a typically
weaker chemical bonding along one crystalline axis. Beside the famous parent-materials
such as graphite, hexagonal boron nitride, and transition metal dichalcogenides, there is
a further class of layered materials, namely the so-called MAX phases comprising both
metal as well as ceramic properties. This unique combination stems from a complex,
anisotropic bonding scheme that leads to an anisotropic conductivity. Growing those
layered materials as thin-film samples, they comprise usually a bonding anisotropy per-
pendicular to the surface. Thus, an anisotropy between the in-plane and out-of-plane
conductivities is expected. Such anisotropic electronic transport properties are charac-
terized by introducing the resistivity as a second rank tensor. The resistivity is then
expressed by a symmetry-dependent number of independent components that can be
determined from resistance measurements along different directions of the sample. The
in-plane resistivity components can be easily characterized using several well-known
methods, while up to now the out-of-plane resistivity cannot be determined without
any additional sample treatment or modification, if a material can only be prepared in
thin-film form.

Therefore, a novel direct and parameter-free method is developed in this thesis for
the accurate determination of the out-of-plane resistivity without any further treatment
of the sample. A multi-probe scanning tunneling microscope is used to carry out 4-
probe transport measurements with variable probe spacings. The observation of the
crossover from the 3D electronic transport regime for small spacings between the probes
to the 2D regime for large spacings enables the determination of both in-plane and
perpendicular-to-plane resistivities. After working out the analytical description of the
method, the experimental procedures for measuring electronic transport properties with
a multi-probe scanning tunneling microscope are described, in particular the influences
of sample size and shape, surface morphology and grain size, probe-sample contact size
and as well as the main experimental error sources.

Using this method, a first direct and parameter-free measurement of anisotropic elec-



trical resistivity of a magnetic (CrgsMngs)2GaC MAX phase film is presented. The
observation of the crossover between the 3D and 2D transport case enables the simulta-
neous determination of in-plane and out-of-plane resistivities from a single sample and
yields a large anisotropy. The out-of-plane resistivity exceeds the in-plane resistivity by
a factor of about 500, which is a consequence of the complex bonding scheme of MAX
phases. The determined resistivity ratio gives a better and quantitative insight into the
interplay of crystalline structure, bonding structure, and electronic transport.

Additionally, (Cra/sHoq/3)2AlC crystallites, which belong the i-MAX phases with in-
plane chemical ordering, are investigated. The results give clear evidence for both out-
of-plane and in-plane anisotropic resistivity. The in-plane anisotropy is a consequence
of the chemical ordering of the transition and rare-earth atoms. The weaker out-of-
plane anisotropy compared to conventional MAX phases corroborates predictions of
less anisotropic band structures for i-MAX phases. These measurements represent the
first characterization of anisotropic resistivity in an i-MAX phase and furthermore give
proof-of-principle for the determination of the entire resistivity tensor of a material with
orthorhombic or higher symmetry through 4-probe electronic transport measurements
of a single thin or crystalline sample.
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1. Introduction

A fundamental physical property of any solid is the resistivity p which is the inverse
conductivity. This physical quantity is often used to classify solids into insulators,
semiconductors and metals due to the range of the resistivity values from 1078 Qcm
to 106 Qcm for a metal to an insulator material [1, 2]. Hence, it is important to charac-
terize this quantity for any material since the resistivity has a great influence on several
parameters of many devices, like transistors or light emitting diodes [3, 4]. This essential
determination of the resistivity can be easily achieved by measuring the resistance R of
a material according to the well known proportionality between the resistivity and the
measured resistance [2, 4].

Determining the resistance is typically accomplished by measuring the voltage drop
between two electrodes while a known current is injected. Thereby, the measured resis-
tance always contains the contact resistance of the electrodes which are in series with
the intrinsic resistance to be measured [4]. To avoid this problem, Wenner [5] found in
1915 a suitable way to determine the resistance of a material, which was first used for
geophysical transport measurements. To neglect the contact resistance he suggested a
4-point setup with an in-line geometry for directly measuring the intrinsic resistance,
whereby two probes apply the current while two other ones measure the voltage drop [4].
From 1915 on this method has been established in the geophysical community, while
years later, in 1954, Valdes [6] used an in-line 4-probe transport measurement for the
determination of a semiconductor wafer resistance and since 1975 this method has been
established in the microelectronic industry [7].

However, since the discovery of the 4-point transport measurement there has been a
huge development of different methods leading to several contact configurations like the
famous van der Pauw setup where a sample is contacted at the edges [8]. For small spac-
ings between the contact points down to the micrometer range one can use monolithic
microscopic 4-point probes fixed in-line on a cantilever which are already commercially
available [9]. For variable probe spacings this scheme can be extended to 12-probes [9, 10].
By selecting different probes for a 4-point configuration the probe spacing can be varied.
The lithographically fabricated multi-probe technique exhibits the great advantage of
a very precise probe spacing, e.g.a probe spacing of 1.5 um comprises an error of less
than 1.5nm [11]. The fine determination of the spacing is related to a novel position
correction method [11]. Finally, as known today, the 4-point technique is an easy and
precise way for the direct determination of an intrinsic resistance by neglecting the con-
tact resistances for which many methods have been developed ranging from macroscale
4-probes to microscale lithographically produced multi-probe techniques as well as dif-
ferent contact configurations like the van der Pauw method.
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Nevertheless, the probe spacings achieved today in the micrometer range must be fur-
ther developed down to the nanometer range. According to the never ending progress
in science, microelectronics evolves into nanoelectronics where it is now essential to pro-
vide measuring setups for the nanoscale regime [12]. Especially for future applications of
such novel nanoelectronic devices the conductivity should be well characterized, where-
fore lithographic methods are the standard approach to contact those small structures
for performing electronic transport measurements.

A suitable, alternative approach is the use of a multi-probe Scanning Tunneling Mi-
croscope (in the following STM) where each probe is able to contact well defined parts
of nanostructures with spacings even in the nanometer range [13]. The advantage of this
variable probe positioning goes at the expense of an positioning error and also leads
to an error in probe spacings. The lithographically fabricated multi-probe technique
comprises better defined probe spacings but not a variable positioning and additionally
needs the use of correction methods. Furthermore, the flexibility for different probe
spacings of the lithographically fabricated multi-probes is limited whereas a multi-probe
STM exhibits more degrees of freedom for probe positioning. Hence, a 4-probe STM is
a more suitable approach for transport measurements on nanostructures. The approach
of a 4-probe STM exhibits several advantages (compare to [12]):

e in-situ contacting of a sample in Ultra High Vacuum (in the following UHV) con-
ditions allowing transport measurements free from contaminations.

e possibility to freely position the probes in three dimensions.
e probing can be non-invasive (high-ohmic).

For those reasons there is a growing community of multi-probe STM users [12]. While
the first multi-probe STM was introduced in 2001 by Shiraki et al. [14], today there are
several home-built multi-probe STM designed [15-22] as well as there are commercial
multi-probe STM available [23-26]. The ongoing progress in developing the 4-probe
STM to the multimeter in the nanoscale regime[12] leads to a constant increase of
possible applications of multi-probe STM and opens new possible investigation methods
for transport measurements. Just to mention only a few publications, starting with
transport measurements of semiconductor materials to disentangle the bulk conductivity
from the surface conductivity [27-30] and the characterization of transport properties
of topological insulators [31-33], over novel STM imaging like the scanning tunneling
potentiometry [34, 35], and ending with the characterization of resistivity of different
nanostructures [13, 36].

In recent years layered materials such as graphite, hexagonal boron nitride, and tran-
sition metal dichalcogenides (TMD) have attracted great interest due to their intriguing
fundamental properties and their high potential in a variety of applications [37, 38].
The nanolaminated structures comprise covalently coordinated two-dimensional atomic
layers that are stacked and van der Waals-bonded in the third dimension. This highly



anisotropic crystallographic structure exhibits anisotropic electronic, optical, and me-
chanical properties of the bulk material, where additionally the van der Waals-bonding
type allows the stabilization, synthesis, handling, investigation, and application of single
or a few atomic layers, so-called 2D materials, which are mostly prepared as isolated
objects or in vander Waals heterostructures[38]. A further class of layered materials
was rediscovered in 1990 [39], namely the ternary carbides and nitrides with the general
formula M, 1 AX, (in the following just called MAX phase) with n = 1,2,3 where M
is an early transition metal, A is a A-group element mostly of the main groups 13-16,
and X is C or N. Firstly discovered in the early 1960 [40] it is nowadays in the point of
interest due to numerous applications ranging from electrical contacts, magnetic sensors,
spintronics devices to coating materials in aerospace technology [40-42] which arise from
the complex crystallographic structure of the MAX phases. The nanolaminated and
anisotropic atomic structures consist of predominantly covalent bonds, both within the
two-dimensional building blocks formed by M-X-M planes as well as between them. As
a consequence, MAX phases combine metallic and ceramic properties in a unique man-
ner [43]. Furthermore, selective etching of the A atoms from the MAX phase results in
MXenes, i.e. Mp+1X, Tx 2D materials, where T represents surface terminations [44]. All
this has recently triggered the development of an environmentally friendly, sustainable,
and cheap MAX phase synthesis scheme that can be scaled up to industrial scale [45].

Nevertheless, a key property for further investigations and applications of such layered
materials is the electrical conductivity. According to the anisotropic bonding structure
in layered materials an anisotropic electronic transport is expected as will be described
in this thesis in particular for the MAX phases. In the past 40 years several methods
have been developed for measuring anisotropic transport properties of a sample [4, 46],
mostly connected to the investigation of high temperature superconductors [47] and low-
dimensional organic and metallic conductors [48, 49].

Anisotropic electronic transport can be characterized by introducing the resistivity as
a second rank tensor. Due to the nature of a second ranked tensor the resistivity can
be expressed by a symmetry-dependent number of independent components that can be
determined from resistance measurements along different directions of the sample. The
in-plane resistivity components (in the following p, and py,) can be easily characterized
by using several modified versions of the van der Pauw technique [46, 50-53]. A further
sensitive investigation of p, and p, can be achieved by a 4-probe STM using a square
formation of the probes and rotating this configuration [4, 54].

These straight-forward methods for the determination of an in-plane anisotropic trans-
port behaviour become quite challenging if the out-of-plane resistivity component (in the
following p.) has to be taken into account as well. Using van der Pauw techniques for
characterizing p. the sample must be cut to get access to another crystalline surface
orientation, which is inherently difficult for samples synthesized in thin-film form [46].
In particular, as long as a material is predominantly growing in (0001) orientation (i.e.
in c-direction), thus preventing the determination of in-plane and out-of-plane resistivity
components by measuring two suitably oriented thin-film samples. Nevertheless, there
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are some alternative strategies for measuring p.. A direct measurement of p. [55] requires
sufficiently large single crystals that are difficult to grow and patterning efforts to achieve
a specific device structure [56], which allows to extract p. using geometric correction fac-
tors. Individual grains of a polycrystalline sample can be addressed with transmission
electron microscopy measuring the dielectric response in different crystalline orientations
by electron energy loss spectroscopy. Subsequent semiclassical Drude—Lorentz model-
ing then provides an estimate of the resistivity anisotropy [57, 58]. The comparison of
in-plane resistivity measurement of a (0001)-oriented thin film (yielding the in-plane
resistivity) with the resistivity of a polycrystalline bulk sample (which depends on both
in-plane and out-of-plane resistivity) allows deducing the resistivity anisotropy in an
effective medium approach [59, 60]. However, the large parameter space of effective
medium models as well as different defect and impurity densities result in large uncer-
tainties.

Considering that layered materials synthesized as thin films predominantly grow in
(0001) orientation, a measuring procedure for the characterization of p,, py and p.
should be based on only one single epitaxial or at least oriented thin-film sample and
neither require a specific device structure, nor a comparison of samples with different
microstructure, or modelling of transport or effective medium properties. Therefore, in
this thesis a parameter-free experimental procedure to accurately and simultaneously
measure the in-plane as well as out-of-plane resistivity components from a single (0001)-
oriented thin-film sample is presented.

The here introduced method is based on 4-probe measurements with variable probe
spacings realized by a 4-probe STM featuring for all four probes individual lateral posi-
tioning and well-defined vertical approach to the contact regime. Due to variable spacing
s between the probes, the observation of the crossover from the so called 3D transport
regime for small s compared to the film thickness to the 2D transport regime for large
s enables the determination of both in-plane and out-of-plane resistivity components.
This scheme is applied to the magnetic MAX phase (Mng5Crs5)2GaC yielding a large
ratio for the out-of-plane over the in-plane resistivity components. These results have
been published in Flatten et al. [61]. For this publication the MAX phase samples were
produced at the Linkdping University in Sweden by A.Petruhins, member of the group
of J. Rosen. The theory behind this project (the direct determination of the out-of-
plane resistivity component) and the measurements were performed entirely by myself
in the group of D. E. Biirgler at the Research Center Jilich. The group of M. Farle of
the University Duisburg-Essen, especially U. Wiedwald supported this project.

For the description of this novel measuring method for determining the resistivity
components the thesis is structured as follows. In chapter 2 the theoretical background
is given for a 4-point transport measurements on a homogeneous thin-film sample with
isotropic resistivity. First, the relation between p and the resistance measured by a 2-
point setup is shown, and the so-called 2D and 3D transport cases are introduced. Then
this scheme is extended to a 4-probe transport measurement. The crossover between 2D
and 3D case is explained for a 4-probe configuration. In literature this crossover between



the 2D and 3D case has so far only been verified for an in-line configuration of the four
contact probes with equidistant spacing. Therefore, in this thesis the crossover is also
treated for arbitrary probe configurations.

In chapter 3 the electronic 4-point transport measurement is extended to an anisotropic
resistivity by applying a coordinate transformation suggested by vander Pauw to the
transport equations known for an isotropic resistivity. The properties of the transformed
crossover function are used for the direct determination of in-plane and out-of-plane resis-
tivity components. The resulting principle is the key for analysing resistivity anisotropy
of thin-film materials. Additionally, the well-known characterization of anisotropic in-
plane resistivity components is discussed.

Chapter 4 shows the experimental setup, and the 4-probe STM (LT Nanoprobe from
Scienta Omicron [23]) is introduced. The top mounted Scanning Electron Microscope
(in the following SEM), which is used together with the STM for the probe positioning,
is explained as well as the setup for transport measurements. In addition, the self-made
probe preparation is presented, which is a key for precise transport measurements on
small length scales. The chapter ends with a description of the preparation chamber
that is utilized for cleaning samples and probes.

In chapter 5 first transport measurements are performed, starting with ex-situ and
in-situ measurements of several test resistors to verify the functionality of the setup.
The procedure of in-situ 4-probe transport measurements and possible errors emerging
during a measurement (e.g. probe positioning errors) are discussed. Experimental results
for transport measurements on thin copper and gold films demonstrate the impact of
the quality of the contacts and verify the derived equations for describing transport
measurements with arbitrary probe positioning.

Chapter 6 presents the main result of this thesis, namely the measurement of the
anisotropic electronic transport properties of the magnetic MAX phase (Mng 5Crg 5)2GaC,
for which p, = pp # p.. In-plane and out-of-plane resistivities are measured simulta-
neously and reveal a large anisotropy ratio p./pa, = 525 +49. Additionally, a further
thin-film MAX phase sample is investigated to verify again the equations for arbitrary
probe configurations.

Chapter 7 introduces the so called i-MAX phases which exhibit both out-of-plane
as well as in-plane anisotropic behaviour of the resistivity. For the in-plane anisotropy
the measured sample yields a small anisotropy ratio of p./p, = 1.46 = 0.13. On this
basis, this chapter describes the possible investigation of thin films with p, # p, # pe
and discusses the challenges of the model derived in this work for the measurement of
all components of the resistivity tensor.

Finally, the thesis closes with a brief conclusion on the results and an outlook, both
given in chapter 8.
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2. Theory of resistivity measurements

In this chapter the measurement of the resistivity p of a material is discussed, where
the determination of p can be achieved by measuring the resistance R. At first, sec-
tion 2.1 introduces the dependency between R and p for a 2-probe electronic transport
measurement. Here, the so-called 2D and 3D transport regimes are introduced and ex-
plained. Afterwards, this principle is extended to determine the sample resistivity via
the 4-point technique for a thin-film sample (section 2.2). In section 2.3 the crossover
between the 2D and 3D transport regimes is described, first only for an in-line configu-
ration of the probes with equidistant spacings. In section 2.4 I derive a general equation
for the crossover for arbitrary probe positioning. This extension of the previous work
has been published in Flatten et al. [61]. The influences of different probe spacings and
configurations on the crossover are discussed.

2.1. Determination of a resistivity via a 2-probe setup

In general, an isotropic resistivity p of a conducting material is defined by an applied
electric field E and a current density J with the ratio

pP= (2.1)
which is nothing else than Ohm’s law. For this case p can be expressed as a scalar
according to the assumption of an isotropic resistivity. The unit of p is [ cm], if the
electric field is given in [V em™] and the current density in [A ecm™]. From the experimen-
tal point of view the resistivity depends on the sample resistance R = V/I « p. Hence,
an easy measuring setup is given by a typical 2-probe electronic transport measurement
as shown in figure 2.1 (a) where the voltage drop AV is measured over two contacting
probes injecting an defined current I. Thereby, the total measured resistance always
contains the contact resistances R connected in series to R. In the following a model is
introduced to describe the measured voltage drop V between the two probes supposing
a homogeneous material with an isotropic resistivity. The contact area and penetration
depth of the probes are considered. The distribution of the current density is discussed
leading to the so-called 2D and 3D transport regimes. Considering this, Ohm’s law is
used to calculate the potential at a certain distance r from the injection point. This
principle is extended to the 2-probe setup yielding the dependency between R and p.
Now, two STM probes contact the sample. Due to small lateral separations adjustable
by a multi-probe STM the contact radius of the probes cannot be neglected. Hence, a
spherical contact with a defined radius r¢ of each probe is assumed leading to the setup
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Figure 2.1.: Sketch of a 2-probe configuration measuring Rc and R connected in series
(a), while a 4-probe configuration (b) allows to determine R directly.

sketched in figure 2.2 (a) where two STM probes are contacting a sample with a fixed
probe spacing s. The measured voltage drop is given by AV = (& — ®,).

Before considering the potentials, the distribution of the current density J at the
injection points is discussed which depends strongly on the geometry of the sample. If
the sample thickness is much larger than the spacing s, the sample appears as a semi-
infinite bulk. A spherical spreading of J at the injecting point of the probe can be
assumed yielding the so-called 3D transport case [see fig. 2.2 (b)]. Due to the spherical
spreading the current density at a distance r is given by J = I/(277?), where I is the
injected current. In contrast to the 3D case, the 2D transport regime occurs for a sample
thickness much smaller than s. The sample appears as an infinite two-dimensional sheet
whereby a cylindrical spreading of the current can be assumed. This spreading results
in J = I/(2nrt) where ¢ is the sample thickness as shown in figure 2.2 (¢). Considering
J for the 3D transport case the electric field E(r) can be expressed as follows

B(r) = pJ(r) = 2';12 - _% (2.2)

Integrating this term the potential ¢ at a point r is given by

P(r) r I
/ ad = — / P dr
o o 2T

= B = ‘I)cpl'<11>7 (2.3)

where ®¢ is the potential at the spherical edge of the probe.
The potential ®(r) is now applied to the 2-probe setup where the sign of the current
has to be considered. The measured potential ®; (®2) at probe 1 (2) depends on the
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Figure 2.2.: (a) Scheme of an electronic 2-probe transport measurement assuming a
spherical contact of the probes with a radius r¢ and a spacing s between
them. (b) Potential and current density profiles of a 3D bulk and (c) a 2D
sheet sample assuming a spherical contact point. Adapted from [4, 62].

current from the opposite probe 2 (1). Referring to figure 2.2 (a) for ®; the injected
current I from probe 2 is negative. For ®5 the applied current from probe 1 is taken
into account which is positive. The potential is determined from the spherical edge of
probe 1 to the edge of probe 2 [see fig. 2.2 (a)], meaning that the distance r is given by
the spacing s minus twice the contact radius r¢. Taking this into account, ®; becomes

(o3 s—rc I
> = — / P
D re 27('7"
1 1 1
O %JFP.(_ > (2.4)
s re S—r¢

By — @Cp[-<1 ! ) (2.5)

rc S —Tc

Using equations (2.4) and (2.5) the measured voltage drop AV can be determined leading
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to the resistance R2F = ATV for the 3D transport case measured by a 2-probe setup

) 1 1
©1<I>2:p~< )
™ rc S —Tc

AV p 1 1
RY = —=C.(—— . 2.6
= D 1 m (rc s—rc> (26)

AV

Obviously, R2F depends on 1/s as well as the contact radius. Now, the same steps are
performed for the 2D transport regime. The sample appears as an infinite sheet, thus the
potential at the surface and the bottom of the sample are the same at each distance 7.
This is a consequence of the confinement of the potential lines in the direction of the
sample thickness. Considering J for the 2D case the electric field E(r) and the potential

® can be expressed by
pl dd
E(r)y=pJ(r)= =——. 2.7
(1) =plr) = o == (27)
By integration, a logarithmic dependence of the potential on the distance r is obtained

for the 2D transport case:

[0} r
J
ad = —/ P dr
o ,,.C27Tt'r'
pl rc
N S L (7) 2.8
© 2rt . r ( )

Performing the same steps as done in equations (2.4) to (2.6) for the 3D case to calculate
the potentials ®; and ®, for the 2D transport case leads to the resistance R35 measured
by a 2-probe setup

] —
AV = q>1—<1>2—'0-1n<‘w>
Tt re
= R¥® = %.m (STCTC) (2.9)

RZ exhibits a logarithmic dependency on s. However, this model obviously diverges
for both transport regimes when the contact radius is neglected (r¢ = 0). Hence,
always some assumptions are required for the size and shape of the contact areas for
the 2-probe electronic transport measurement [2]. A further disadvantage of the 2-probe
measurement setup is the influence of the contact resistance which can be neglected by
using a 4-probe configuration.

2.2. 4-point transport measurements on isotropic thin-film samples

The introduced 2-probe electronic transport measurement will now be extended to a 4-
probe configuration assuming again a homogeneous material with an isotropic resistivity.

10



2.2. 4-point transport measurements on isotropic thin-film samples

The sample is contacted by four probes with the co-called Valdes configuration [6] which
is a typical 4-point configuration used in numerous experiments. The probes are adjusted
in an in-line arrangement with equidistant probe spacing, where typically the current
is injected by the two outer probes while the voltage drop is measured by the inner
ones [refer to fig. 2.1 (b)]. Assuming a high impedance for both voltage probes, i.e. no
current flow between them, yields directly the determination of the sample resistance
without detrimental influence of the contact resistances, which is a great advantage in
comparison to the 2-probe setup.

In the following the 3D transport case is derived for a 4-probe setup wherefore at
first the potential at probes 2 and 3 is discussed. Determining the voltage drop between
the probes AV = &, — ®3 delivers an equation for the measured resistance in the 3D
transport case. This can be further simplified by neglecting the contact resistance and
choosing equidistant probe spacings. Afterwards, the same is performed for the 2D
transport case. Finally, both transport cases are compared to each other.

At first, again the 3D transport case is considered supposing a thick sample for the
spherical spreading of the current density. The voltage drop is defined by the potential
difference AV = &, — ®3. As shown in figure 2.3, ®, at probe 2 (respectively @3 at
probe 3) is given by the injected current density from probe 1 with the spacing s; (s3)
as well as from probe 4 with the spacing ss (s4):

[} s1—T So—T
2 1 I 2 ]
/ 4P —</ pZdr—/ der>
o o 2T o 2T

74 1 1
=3, - = - - (2.10)
2T \s1 —rc Sy —7Tg

Probe 1 Probe 2 v Probe 3 Probe 4

It Ir

S; Sz
= S,

Figure 2.3.: Scheme of an in-line 4-probe measurement with equidistant probe spacing
s (green marked). The assignment of the probe spacings s; is indicated for
the case that the current is injected through the outer probes 1 and 4 and
the voltage drop is measured between the inner probes 2 and 3. Adapted
from [4].
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2. Theory of resistivity measurements

Note, that probe 1 applies a positive current and probe 4 a negative one for the here
shown case and thus ®3 has the following form

By — b — pI( 1 > (2.11)

2m \S3—rc  S4—rc

In analogy to the 2-probe setup the resistance for an in-line 4-probe transport measure-

AV _ $o—83 i
=~ = =272 is given by

1 1 1 1
pe _ P _ — - . 2.12
3D 27 S1—Trc  So—TC 83 —Tc  S4—TC ( )

If the probe spacings are much larger than the contact radius, for the 4-probe transport
measurement a point contact (r¢ = 0) can be assumed and

1 1 1 1
o7 U f (LI I R | 2.13
3D, 7¢ =0 2T S1 S9 S3 S4 ( )

For the case of equidistant probe spacings s (s = s; = s4 and 2s = sy = s3; see fig. 2.3)
equations (2.12) and (2.13) simplify to

) 1 1
B - 2 (e -5). (2.14)

s—rg 28—rg

AP _
ment Rsp =

P
T
4P, s P _
Ryp o0 = %233& (2.15)

As can be seen for the simplified measured resistance considering the 3D transport case
Rsp just depends on the spacing s. Next, the 2D transport case is considered when the
sample thickness ¢ is much smaller than the probe spacing t < s. Following the same
steps as in the 3D case delivers an expression for the potentials @, 3:

pl So — T
Py —P = — - -In| —— 2.16
e ot (31 - rc) ’ (2.16)
pl S4 —TC
Py - = — - -In|—|. 2.17
’ ¢ ot (33 —rc) (2.17)

For the 2D case the resistance for an in-line 4-probe transport measurement Rjh =

ATV = @ with contact radius r¢ and without contact radius r¢ = 0 is given by

R _ P, <(92 — 7o) (55— TC)) , 2.18

D 2nt (s1—rc) - (s4a—rc) ( )
R P25 2.19
2D, re = 0 It n 5154 ( )
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2.2. 4-point transport measurements on isotropic thin-film samples

For an equidistant probe spacing s = s; = s4 and 2s = sy = s3 equations (2.18) and
(2.19) can be again simplified to

5 25 —rg
R4P,:> _ ﬁ 1 220
2D R —rc /)’ (2.20)
In(2
Ry, = F ni ) — const = Ry, (2.21)
' m

Interestingly, the simplified resistance Rop is independent of s, but depends on the
sample thickness t.

These dependencies of the 2D as well as 3D case can be explained pictorially as
shown in figure 2.4. Here, four probes are placed along an in-line configuration with
equidistant probe spacing, and the black lines indicate the current distributions. For
the 2D transport regime the sample appears as an infinite sheet, as it is bounded by
the finite thickness. On the other hand the sample for the 3D transport regime appears
as an semi-infinite bulk. The cylindrical current spreading of the 2D case arises from
the compression of the current distribution at the sample bottom due to the finite film
thickness, and R is independent of s, but inversely proportional to ¢ [see fig.2.4 (a)].
The 1/s dependency for the 3D case originates from the spherical current spreading
into the sample as shown in figure 2.4 (b). At first glance, this dependency on s is
against common experience, which is based mostly on measurements of long wires with
R o s. In the 2D case, the increase of resistance along each current path for increasing
s is compensated by the increasing number of current paths[4]. For the 3D case, the

(a) (b)
-l -

Figure 2.4.: Scheme of the current distributions for a 4-probe electronic transport mea-
surement. The black lines indicate the current distributions on the surface
(solid lines) and into the sample (dashed lines). The latter are compressed
due to the finite thickness ¢ for the 2D transport case (a), but exhibit an
unperturbed spherical spreading for the 3D transport case (b). Adapted
from [4].
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2. Theory of resistivity measurements

increase of resistance per current path is overcompensated by the increasingly larger
number of current paths due to the spreading of the current deep into the sample.

The 2D and 3D transport regimes are limiting cases that occur depending on the
relative magnitude of probe spacing and sample thickness. For t < s the sample appears
as a sheet and exhibits the 2D transport case while the 3D case occurs for ¢ > s.
However, the sample thickness in an experiment is fixed unless multiple samples are
considered. The special feature of a 4-probe STM to be able to vary the probe spacing
allows measuring the 2D case for large s and the 3D case for smaller s on one single
sample. For intermediate values of s the crossover between the two transport regimes
can be addressed as explained in the next section.

2.3. Crossover between the 2D and 3D transport case

The crossover function to be derived in this section is a correction factor for intermediate
film thicknesses t ~ s. As derived later in this thesis (chapter 3) the crossover function
is key for measuring the components of an anisotropic resistivity tensor. But for now, a
homogeneous sample with isotropic p is considered.

For simplicity reasons an in-line 4-probe transport measurement with equidistant
probe spacing s, fixed sample thickness ¢ and negligible radius r¢ = 0 is assumed.
The crossover from the 3D to the 2D case is accomplished by varying s instead of ¢ from
s < t to s >t as sketched in figure 2.5 (a) and (b). The crossover point from the 3D
behavior [equation (2.15)] with Rap oc s7' to the 2D case [equation (2.21)], for which
Ryp is independent on s, occurs at

(=2= (2.22)

where Rsp = Rgp [refer to equations (2.15) and (2.21)]. For s/t ratios exceeding this
value, the finite thickness of the sample affects and compresses the spatial current dis-
tribution as sketched in figure 2.5 (a) and (b).

For a given geometry of current injection, the potential is given by the Laplace equa-
tion. Albers and Berkowitz presented an approximate solution for the crossover from
the 3D to the 2D regime for the measured resistance [63]:

p sinh(t/s)
R=L.m (Smh(t/%o . (2.23)

For an isotropic resistivity p and the resistance R measured by a 4-probe setup using
the Valdes configuration, this equation is in literature often rewritten to the form

- (E}Z;) F. (2.24)
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2.3. Crossover between the 2D and 3D transport case

Here, F' is considered as a correction factor for samples with finite thickness [4] and is

defined as

po_ @ (2.25)

sinh( £ )
n (sinh( ;S) )

The accuracy of the Albers-Berkowitz approximation [equation (2.23)] or the correction
factor F' [equation (2.25)], respectively, has been investigated experimentally [64] and
theoretically [65, 66]. It was found that the approximate resistance values deviate by
less than 10% near the crossover point ¢ and much less elsewhere.

The correction factor F' is plotted in figure 2.5 (c¢) together with the limiting 3D
and 2D cases versus the ratio ¢/s. The crossover point (7! is also indicated. The
correction factor F' shows for t/s < 1 a constant course due to the asymptotic behavior
sinh(z) =  for  — 0 and thus F' = 1 expresses the 2D transport case [see left part of
F in fig. 2.5 (c)]. This approximation holds with an error of around 1% for ¢/s < 1/5.
For t/s > 1, the asymptotic behavior sinh(z) =~ e*/2 for x — oo yields F' =~ 21n(2) s/t,

(@) ©) 10

0.1

0.01 :
0.01 0.1 1 10 100

Figure 2.5.: Crossover between 3D and 2D electron transport regimes. Sketches of 4-
probe transport measurements in a film with thickness ¢ and equidistant
probe spacing s for the 2D regime (a) and 3D regime (b) according to [61].
Dashed lines indicate the current distribution, which is unperturbed spheri-
cal in the 3D case, but compressed at the sample bottom in the 2D case. In
(¢) the crossover function F' (red line) between the 3D (green line) and the
2D (blue line) transport case is plotted versus the ratio ¢/s. Additionally,
the crossover point (! is indicated.
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2. Theory of resistivity measurements

which reduces the expression to the 3D transport case [see right part of F' in fig. 2.5
(c)]. This approximation holds with an error of about 1% for t/s > 4.

Finally a homogeneous sample with isotropic resistivity p = 1 udm and a film thick-
ness t = 100nm is considered as a practical example for a typical measurement of p.
The crossover function (2.23) as well as the equations for the 2D (2.21) and 3D (2.15)
transport case are plotted in figure 2.6 where a perfect 4-probe transport measurement is
considered by neglecting any contact radius. The resistance values R are of the order of
1 to 10€2. The 3D (green line) and the 2D (blue line) transport cases show the expected
behaviour R o« 1/s (3D) and R = const., independent of s (2D). The crossover function
(red curve) follows the 3D curve for probe spacings in the nanometer range and the 2D
curve for large spacings (micrometer range). Additionally, the crossover functions for
an isotropic sample with a thickness of ¢ = 50 nm (dotted line) and ¢ = 500 nm (dashed

Resistance R [Q]

0.1 s L L
0.01 0.1 1 10

Equidistant probe spacing s [um]

Figure 2.6.: Resistance R versus equidistant probe spacing s for a 4-probe measurement
of at = 100 nm thin-film sample with isotropic resistivity p = 1 uQdm reveals
the crossover between the 3D (green line) and the 2D (blue line) transport
case. Crossover curves for a sample thickness of ¢ = 50 nm (dotted line) and
t = 500nm (dashed line) are plotted, too.
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2.4. Crossover for arbitrary probe positioning

line) are plotted, too. Both curves follows the 3D curve which just depends on the probe
spacing but not on the thickness. However, the crossover functions level out a different
resistance values for different sample thicknesses, because the 2D transport case depends
on t but is independent of s. For constant p, the crossover point shifts for increasing
sample thickness to larger s, whereby the values of R in the 2D limit decrease. From the
experimental point of view, larger probe spacings are much easier to achieve. Therefore,
thicker samples (several 100 nm-range) are more likely desired for the observation of the
crossover point, which will be shown in chapters 3 and 6 to be an elegant means for
the measurement of an out-of-plane resistivity component in the case of an anisotropic
resistivity tensor.

2.4. Crossover for arbitrary probe positioning

In the last sections only the Valdes configuration is considered, but not how the crossover
behaves for an arbitrary probe positioning. The advantage of a 4-probe STM comprises
an individual probe positioning wherefore the previous derived equations must be gen-
eralized for arbitrary probe positioning. A more general expression will be given below
for the 2D and 3D transport cases where the contact radius is neglected.

An arbitrary probe positioning is shown in figure 2.7 (a). The current is still injected
and drained through probes 1 and 4, respectively, and the voltage drop is measured
between probes 2 and 3. The spacings are now defined by the vectors 7} according to the
general formalism used in literature [12]. The vectorial notation leads to the following
expressions for R3p and Rap:

1 1 1 1
RBD—'O[# S H], (2.26)
2 || — 71| |Fa— T T3 — 7| |Fa— 7l
14 |F3*F1|'|F4*F2|
R = —1 . 2.27
20 27rtn[|F2—F1|-|F4—F3| (2.27)

(b) ®
@

f S2

Figure 2.7.: Different probe configurations for a 4-probe transport measurement: (a)
general non-linear configuration using vector notation for the spacings (7%),
(b) arbitrary positioning with a scalar notation of the spacings (s;), and
(c) square configuration. Adapted from [12].
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2. Theory of resistivity measurements

The vectors 7; have a common reference point 7. Note, that these equations also hold
for any arbitrary probe assignment to current source and voltmeter; the voltage probes
do not have to be between the current probes [12]. The previously introduced equations
for R3 (2.12), R3p . —o (2.13), R3p, (2.18), and R3f . _, (2.19) are already valid for an
arbitrary probe configuration. As shown in figure 2.7 (a) and (b) the scalar spacings s;
indicate the same distances as those described by the vectorial notations. They can also
be used for the derivation of the above mentioned equations in section 2.2.

In figure 2.7 (c) a further frequently used probe configuration is shown, namely a
square configuration with an edge length of s. Assuming that probes 1 and probe 4 are
the current probes and probes 2 and 4 measure the voltage drop, the probes spacing are
then defined by s = sy = s4 and d; = dy = 59 = s3 = V/25s. This leads to following
equations for R in the 2D and 3D case, again assuming r¢ = 0 (see also [4])

2-v2)

Rp™ = p Toms (2.28)
squar In(2
rge = B8, (2.20)

While the measured resistance can be easily be expressed for an arbitrary probe configu-
ration, the (approximate) crossover function in equation (2.23) is only valid for an in-line
configuration with equidistant probe spacing s [63]. In a 4-probe STM setup, however,
each probe can be positioned individually, which allows arbitrary probe configurations,
e.g. by varying the position of at least one probe starting from an equidistant in-line
configuration or by performing measurements in a square configuration. In the following
a generalized crossover function is derived for arbitrary probe positioning and discussed
for three specific configurations. This derivation and discussion has been published in
the supplemental material of my own publication [61].

Tehrani et al. [66] derived an expression for a 4-probe transport measurement of a
thin-film sample on a non-conducting substrate with arbitrary probe positioning, where
the voltage drop is measured between probes 2 and 3 [see fig. 2.7 (b)]:

AVyy = [V(s1) +V(s2)] = [V(s3) + V(sa)]

Here, Jy is the zeroth-order Bessel function of the first kind. The coth(kt)-term originates
from the boundary conditions due to the finite film thickness, i.e. the boundaries towards
vacuum and the non-conducting substrate. Equation (2.30) can now be rewritten as

AV23 = % |:/Oc [J()(k'sl) — Jo(kSQ)]COth(k'f)dk'—i-
’ (2.31)

i

/OO [Jo(kss) — Jo(kss)|coth(kt)dk
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2.4. Crossover for arbitrary probe positioning

where the first (second) term represents the potential at probe 2 (3) due to the currents
injected at probes 1 and 4. Similar to Albers and Berkowitz [63], the integrals can be
simplified by removing the Bessel functions, but limiting the integration limits with a for
the time being unknown function f(1/s;), such that the values of the definite integrals
are approximately preserved,

Ip [ pras F1/s0)
AV = — / coth(k’t)kor/ coth(kt)dk
f

. (2.32)
27 | Jp1sss) F(1/s3)

The function f can be obtained by considering the limiting case of an infinitely thick
sample (t — o0), for which the boundary condition coth(kt) — 1. The integrals in
equation (2.31) can then be solved analytically

AV = 5—7’; {/OOO[JO(ksl)—JO(kSZ)}dk—i—/OOO[JO(ksz;) —Jo(k:sg)]dk] (2.33)

Ip (1 1 1 1
Y 2. 2.34
277( +) (2.31)

As expected for an semi-infinite sample, this is the expression for the 3D transport
regime with non-equidistant probe spacings as previously derived in equation (2.13).
Accordingly, we define f(1/s;) = 1/s; and solve the integrals in equation (2.32) to
obtain a general expression for resistance R in a 4-probe transport measurement with
arbitrary probe positioning that solely depends on the spacings s; defined in figure 2.7
(b) and the film thickness ¢,

R AVos  p n (sinh(t/sl) sinh(t/&;)) '

I 2t \sinh(¢/sy) sinh(¢/s3)

(2.35)

Obviously, for equidistant probe spacing s; = s4 = s and s; = s3 = 2s, equation
(2.35) reduces to the crossover equation (2.23) deduced by Albers and Berkowitz [63].
The following presents and discusses the crossover function in equation (2.35) for three
specific probe configurations and compares them to the general 3D and 2D expressions
given in equations (2.13) and (2.19), respectively.

First, the previously mentioned square arrangement of the probes is considered as
shown in the inset of figure 2.8. Equations (2.28) and (2.29) express the measured
resistance for the limiting 3D and 2D cases. The crossover function in equation (2.35)
becomes

ey £y (_sinh(t/s)
K (s) = mt : (sinh(t/\@s)). (2.36)

In figure 2.8, these three expressions [equations (2.28), (2.29), and (2.36)] are plotted for
typical values of the isotropic resistivity p = 1 u2m and the sample thickness t = 200 nm.
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2. Theory of resistivity measurements

Obviously, the expressions for the 2D (blue line) and 3D (green line) regimes fit well
to the respective parts of the crossover function (red line). The black curve shows the
crossover function for the in-line configuration with equidistant probe spacing, which, in
comparison to the square configuration, reveals about twice as large resistance values.
Furthermore, the crossover point (51" of the square configuration is determined by
setting Ryp™° = RyE™

)

squarezfz 2_\/§:
¢ = o) 0.845. (2.37)

This is slightly larger than the crossover point of the in-line configuration [see equa-

oo Probe 1 s=s Probe 2
* s,=\2's s,=\2's
Probe4 °°  Probe3
<)
o
o T
(8]
c
i)
2 oo
2
4
0.5
0.1 1 10

Spacing s [um]

Figure 2.8.: Crossover function (red line) for the square configuration as sketched in the
inset. The green and blue lines represent the corresponding 3D ([R3D: sauare)
and 2D (R?P: swa€) transport regimes, respectively. The black line shows for
comparison the crossover function for the in-line configuration with equidis-
tant probe spacing s according to equation (2.23). The crossover point ¢ for
both curves is also indicated. All curves are plotted for resistivity p = 1 uQQm
and sample thickness ¢ = 200 nm.
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2.4. Crossover for arbitrary probe positioning

tion (2.22)]

in-line s 1
=-= = 0.721. 2.38
¢ t  2In(2) (238)

From the experimental point of view (and also limited by the setup used in this thesis,
where the injected current is limited to a maximum of 30 mA) the current is often chosen
in the 1 mA range or below to obtain a gentler, thermally less influenced measurement.
Since larger resistance values are easier to measure due to the correspondingly larger
voltage drop, the in-line configuration is preferred, although the square configuration
shifts the crossover point to slightly larger probe spacings.

Next, an in-line configuration is considered, where the current probes 1 and 4 are the
two outer ones and the voltage probes 2 and 3 the two inner ones. The measurement
is performed by simultaneously moving the two inner probes in opposite directions, see
inset of figure 2.9. Starting from a fixed, equidistant probe spacing s between all probes,
the probe spacings s; change according to

51 = s1+x (2.39)
Sg = S9—x (2.40)
S3 = 83— (2.41)
s54 = s4+. (2.42)

This leads to the expressions for the crossover function R™®" ProPes a5 well as for the 2D
and 3D transport regimes

g ptes(py _ 0y (SO [+ a]) sinh(t/[s £ 1)
2mt sinh(t/[sy — z]) sinh(t/[s3 — z]) ’
RBD, inner probes(x) — ﬁ . < 1 _ 1 —_ 1 + 1 > (244)
2w S1+x Sg—x S3—T Sit+ T
R2D, inner probes(x) _ L ‘1In <(52 - .%') (33 - (I,)> ) (245)
2nt (s1+x)(s4+ )

All three expressions are plotted in figure 2.9 starting at equidistant probe spacings
$1 =84 = s = H0um and ss = s3 = 25 = 100um, p = 1uQm, and ¢t = 200 nm.
Obviously, Rmner probes (red line) becomes zero at & = 25 um, where probes 2 and 3
meet in the center of the in-line configuration. For negative values of x probes 2 and 3
are moving apart from each other towards the outer probes 1 and 4, respectively. For
x = —50 pm, the inner probes reach the outer ones. Obviously, the 2D transport curve
(blue line) describes the crossover function very well in the entire physically meaningful
z-range. Only, for x < —47 um there is a small, hardly visible deviation, where the 3D
transport curve (green line) contributes weakly. This behavior is due to the large distance
between the current probes 1 and 4 (3s > ¢) that leads to a cylindrical current spreading
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Figure 2.9.: Crossover function (red line) for the in-line configuration with variable
positions of the voltage probes and an initial equidistant probe spacing
s = 50 um as sketched in the inset. The green and blue lines represent
the corresponding 3D (R3P:inmer probes) and 2D (R2P: nner probes) grangport
regimes, respectively. All curves are plotted for resistivity p = 1 uQdm and
sample thickness ¢ = 200 nm.

in the thin film independent of the positions of the voltage probes 2 and 3. Only in
the very vicinity of the current injection points (radius = t) is the current spreading
spherically distorted, which gives rise to a weak 3D-type contribution. Therefore, this
measurement procedure is not useful for the observation of the 2D/3D crossover for
experimentally feasible probe spacings.

Finally, again an in-line configuration is considered, but now the outer current probes
1 and 4 are moved, while keeping the positions of the voltage probes 2 and 3 constant, see
inset of figure 2.10. Taking the results in figure 2.9 into account, the starting equidistant
probe spacing is chosen rather small (s = 50nm) such that the distance between the
current probes d; 4 can be varied in the range from dy 4 < ¢ to dy4 > t. For increasing
x, the probe spacings s; change according to
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2.4. Crossover for arbitrary probe positioning

51 = s+ (2.46)
Sg = Satw (2.47)
S3 = Szt (2.48)
S4 = S4+x. (2.49)

This leads to the expressions for the crossover function Roer Probes a5 well as for the 2D
and 3D transport regimes

Routcr probcs(x) _ L .In Sinh(t/(sl + l‘)) Sinh(t/(84 + x)) (2 50)
2mt sinh(t/(se + z)) sinh(t/(s3 + z)) '
10
Probe 1 Probe 3
X X
Probe 2 Probe 4
1
)
x
3
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L
3
[h4
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Figure 2.10.: Crossover function (red line) for the in-line configuration with variable
positions of the current probes and an initial equidistant probe spacing
s = b0nm as sketched in the inset. The green and blue lines represent
the corresponding 3D ([R3D: cuter probesy anq 2 ([R2D: outer probes) rangport
regimes, respectively. All curves are plotted for resistivity p = 1 uQdm and
sample thickness ¢t = 200 nm.
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2. Theory of resistivity measurements

RBD, outer probes(x) — i . 1 _ 1 — 1 —+ 1 (251)
2 s1+x Sst+x S3+x St

R2D, outer probes(:r) — L 3 ln w (2 r2)
2mt (s1+x)(sqa+x))"

All three expressions are plotted in figure 2.10 for starting equidistant probe spacings
51 =84 =8 =50nm and s, = s3 = 2s = 100nm, and p = 1 uOm and ¢ = 200 nm.
As expected, for small displacements of the current probes (z < 20nm) the crossover
curve Router probes 4 follows the 3D behavior (green line), whereas for large displacements
(z > 1 um) the 2D regime (blue line) fits well the crossover curve. Hence, the crossover
in this configuration is observable at similar minimum probe distances d;; ~ 50 nm as in
the in-line configuration with equidistant probe spacing (see black line in fig. 2.8).

Concluding this section, there are several probe configurations to characterize the
crossover between the 2D and 3D transport regimes. The in-line configuration with
equidistant probe spacing derived by Albers and Berkowitz [63] is experimentally and
theoretically well established [64-66] and therefore used in this work. The square config-
uration as well as the in-line configuration with moving outer current probes are also well
working solutions and require the control of similarly small probe distances. However,
the in-line configuration with equidistant probe spacing yields the largest resistance val-
ues near the crossover point, making it the experimentally preferred probe configuration
for this thesis.

2.5. Summary and conclusions

In this chapter I have discussed the 4-probe electronic transport measurement method
as a powerful means for the measurement of the resistivity of a given material. The main
advantage over 2-probe measurements is that the contact resistances do not matter, if
the impedance of the voltage measurement is much larger than the intrinsic resistance
of the sample. This condition is usually easy to meet. The elimination of the contact
resistances from the measurement is of particular importance for investigations on the
micrometer scale and below, where the control and characterization of the probe and
contact properties becomes increasingly difficult. The relationship between measured re-
sistance R and resistivity p depends on the probe spacing s and the sample shape, which
is particularly relevant for the technologically important thin-film geometry. Thick films
with ¢ > s behave like a semi-infinite bulk. The current distribution penetrates undis-
turbed spherically inside the film. This corresponds to the 3D transport regime with
R x p/s. In thin films with ¢ < s, however, the current distribution is compressed
at the bottom boundary of the film and hence is cylindrically deformed. This limit is
called the 2D transport regime with R o p/t. In this thesis, the crossover between these
two regimes (t & s) is of particular interest. It can be described with the previously
derived approximate analytical crossover function that only depends on the ratio ¢/s.
However, so far the crossover function was only derived for the in-line alignment of the
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2.5. Summary and conclusions

probes with equidistant probe spacings. Hence, it does not meet the flexibility of the
4-probe STM, which, based on the individual positioning of each probe, allows a variety
of tip configurations and measurement protocols based on the movement of one or more
probes. Therefore, I have extended the crossover function in section 2.4 for arbitrary
probe positioning. This made it possible to compare different measurement protocols
(quadratic positioning, in-line positioning with moving current or voltage probes, re-
spectively). It turned out that the in-line configuration with equidistant probe spacing
is the best protocol for measuring the crossover function because it provides higher re-
sistance values near the transition point. Therefore, this protocol will be used in the
experimental part of this thesis.

In the next chapter the extension to anisotropic resistivity is carried out. It will be
shown that the crossover function is the key to the direct, simultaneous and parameter-
free measurement of both in-plane and out-of-plane resistivity components of a thin film
with anisotropic resistivity.
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3. Extension to anisotropic resistivity

This chapter introduces the determination of anisotropic resistivity, which is expressed
as a second ranked tensor. By introducing the transformation of van der Pauw, relations
between the components of the resistivity tensor and the measured resistance are derived
in section 3.1. These equations imply quite challenging measurements to determine the
anisotropic resistivity properties of a sample. Thus, different methods are introduced in
the following sections. In section 3.2 the properties of the crossover function are used
to determine the ratio of the out-of-plane to the in-plane resistivity component. This
represents a novel method for the direct, simultaneous and parameter-free determina-
tion of both the in-plane and out-of-plane resistivity components of a thin-film sample,
which T have developed and published in[61]. Section 3.3 addresses the well-known
measurement of an in-plane resistivity anisotropy by 4-probe measurements. Finally,
the measurement of three independent components of the resistivity tensor is briefly
discussed in section 3.4.

3.1. Anisotropic resistivity

For anisotropic resistivity Ohm’s law [equation (2.1)] is rewritten in vectorial form with
the second rank tensor p whose components pj; represent resistivities along certain di-
rections of the solid [4]. E; and J; are the electric field and the density current along the
ith direction of the solid, respectively [4, 67].

E, P11 P12 P13 Ji
Ey = P21 P22 P23 Jo | (3.1)
Es P31 P32 P33 J3

According to crystallographic symmetries the number of independent resistivity com-
ponents is nine or less. A cubic crystal is described by only one resistivity component
which represents nothing else than an isotropic resistivity case [67]

pr 0 0O
Cubic = 0 m 0 ]. (3.2)
0 0 m

Tetragonal, hexagonal as well as trigonal crystals require two independent resistivity
components and orthorhombic crystals three. For the sake of completeness, it is men-
tioned that monoclinic symmetry requires four indpendent components and triclinic
structures even nine [67].
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3. Extension to anisotropic resistivity

Tetragonal p1 0 0 pr 0 O
Hexagonal = 0 pp O Orthorhombic = 0 pa O
Trigonal 0 0 ps 0 0 ps
(3.3)
p1 0 pi3 P11 P12 P13
Monoclinic = 0 po O Triclinic = P21 P22 P23
piz 0 p3 P31 P32 P33

As a consequence the proportionality between the measured 4-probe resistance and the
resistivity described in chapter 2 for isotropic materials needs to be reformulated, since
the measured 4-probe resistance along one axis in general may also depend on the other
resistivity components. The situation is simplified, if the resistivity tensor is diagonal
allowing for a decoupling the components of the resistivity tensor. This is the case for a
maximum of three independent components [4, 51], i.e. for cubic, tetragonal, hexagonal,
trigonal, and orthorhombic symmetries. For the following considerations we restrict
ourselves to these symmetries. For simplicity reasons the resistivity components are
named py, py and p, and refer to the resistivities along the orthogonal space coordinates
z, y and z. Thus, the determination of the single resistivity components is based on
resistance measurements along each space coordinate.

For the treatment of an anisotropic sample van der Pauw [68] suggested a transfor-
mation of the coordinates of an anisotropic cube with edge length [ onto an isotropic
parallelepiped of resistivity p and dimensions I{ (also refer to fig. 3.1)

Il = /%li with i =ux,v, 2, (3.4)

where p = ¥/px - py - p,. This transformation does not affect the resistance R as it
preserves voltage and current [4, 50]. In the following the transformation of van der Pauw
is applied to 4-probe measurements of a homogeneous material with resistivity tensor
components py, py, p, and with the probes in in-line or square configuration.

Starting with the 3D transport case the transformation s, = /px/p s, is obtained by
assuming an in-line alignment of the probes along the z-axis of the sample. In addition,
equidistant probe spacing and negligible contact radii are assumed. Applied to the

Rsp-equation (2.15) delivers for the measured resistance Rglj"ifmm

x-axis 14 _ P

3D, aniso T 27Tb;( QW\/MSX
— VPl (3.5)

o Sy
Here, Rgﬁ"i;ﬂso is just the geometric mean of the resistivity components of the other
two axis [4]. Taking the sample thickness ¢, = \/p./pt. into account the Ryp-equation
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3.1. Anisotropic resistivity

Figure 3.1.: Mapping of an anisotropic cubic sample into an equivalent isotropic paral-
lelepiped using the van der Pauw transformation. Adapted from [4, 68].

(2.21), which only depends on the in-plane resistivity components px and py, transforms
into

T-axis IH(Q) 1I1(2)
RQD,aniso = t =
T, T p=/pts
~ In(2)
= =2 (3.6)

In comparison to the in-line configuration a square arrangement of the probes leads
to a more complicated transformation. As shown in figure 3.2, the 4-probe arrangement
for the anisotropic case is aligned along the z- as well as the y-axis. The equivalent
configuration for the transformed geometry still depends on the z- and y-axis and thus
the spacings s; are defined as follows

si=8 = s \/ py/p
s/ (p</p) + (py/p)
t/z =t pz/pa (37)

where the original square has s = s; = s4 and v/2s = s, = s3. Using equation (2.13) for
an arbitrary probe positioning delivers

R0 % [(51'1 - 51,2) - (51,3 - ;)} - % [i <\/ply/p - \/(px/p)1+ (py/p)ﬂ

_ v ()1
= Vi (1 m) (3.8)

r_
Sy = Sy
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Figure 3.2.: Mapping of a 4-probe square configuration placed on an anisotropic sample
(a) onto a rectangular configuration of an equivalent isotropic sample (b).
Redrawn from [4].

The same steps can be done for the 2D case using equation (2.19)

Rz—axis7 square 14 In (SIQ 8{3) _ 4 In ((Px/ﬂ) + (py/p)>
2

2D, aniso o t! sh s T pz/p t, Py/P
_ PPy, <1 + "’") . (3.9)
7th /Oy

It is obvious that for the square configuration rotated by 90° in the plane (i.e.current
along y- instead of z-axis), one has to exchange px and py. Here, the same counterintu-
itive dependencies of the resistance appear, namely the decreasing resistance value for
increasing probe spacing s in the 3D case as well as the s-independent resistance for
the 2D case. The reasons are again the different current distributions [4] as discussed in
section 2.2.

In the following the in-line and the square configuration are compared to each other.
The resistances for in-line configuration in the 3D and 2D transport cases depend only on
two different resistivity components, namely py, p, or py, p, for the 3D regime depending
on the measurement axis, while for the 2D case p; and p, have to be taken into account.
For the square configuration the resistance for the 3D case depends on all three resistivity
components, while again for the two 2D case only py and p, are relevant.

From the experimental point of view, in order to reveal information about all three
tensor components py, py, p, at least three measurements have to be performed. The
following discussion assumes a setup with four probes in an in-line configuration with
equidistant probe spacing s. The sample surface is assumed to be in the zy-plane and
perpendicular to the z-axis. First, a measurement in the 3D regime along the z-axis is
needed to determine the geometric mean ,/pyp,. Afterwards, the measurement axis is
rotated by 90° into the y-direction to determine /pyp, from an additional measurement.
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3.2. Simultaneous measurement of in-plane and out-of-plane resistivity components

The last combination ,/pxpy can be obtained by thinning the sample or cutting a thin
horizontal (zy-plane) lamella out of the sample to perform a measurement in the 2D
transport limit [4], which is quite challenging if one has to measure thin-film samples.

All in all, this is not a straight-forward determination of the resistivity tensor compo-
nents, since it requires sufficiently thick samples to measure first in the 3D regime and a
means to thin the sample for the final measurement in the 2D regime. A novel method
is introduced in the following sections, where one has to perform only two measurements
on one single film of a given thickness in order to determine py, py, p, without any fur-
ther treatment of the sample like cutting or thinning. First, the protocol for the direct
and simultaneous determination of both the out-of-plane and one in-plane resistivity
components (p, and e.g. p) is explained, followed by the well-known determination of
the in-plane anisotropy between py and py, and ends with a description of the procedure
for the measurement of py, p, and p, by combining the two methods.

3.2. Simultaneous measurement of in-plane and out-of-plane
resistivity components

This section presents a novel method for the simultaneous determination of the in-plane
and out-of-plane resistivity components from one single measurement. For the time
being, an isotropic in-plane resistivity is assumed for simplicity while the out-of-plane
resistivity component is different, which means px = p, # p,. This anisotropy is typically
expected for layered materials like the MAX phases as will be discussed in chapters 6
and 7. This method is also a powerful tool to characterize an out-of-plane resistivity
component in thin-film samples. The direct determination of p, uses the properties of
the crossover between the 2D and 3D transport case. The restriction to anisotropic
in-plane resistivity will be dropped in section 3.3, which finally leads in section 3.4 to a
measurement protocol for the determination of all resistivity components for the general
case px # py # p, from a thin-film sample without any intermediate sample treatment
like cutting or thinning. Parts of this chapter have been published in Flatten et al. [61].

Without loss of generality the coordinate system is defined that the sample surface lies
in the xy-plane and the probes are aligned along the z-axis. If now an anisotropic resis-
tivity p, with enhanced (reduced) resistivity normal to the sample surface is considered,
then the current distribution is modified in a such way that the current flow is closer
to (farther from) the sample surface. Accordingly, the onset of the perturbation due
to the finite thickness of the sample and the 3D-2D crossover will be shifted to smaller
(larger) sample thickness. Applying the transformation of van der Pauw to the crossover
function [equation (2.23)] as well as to the definition of the crossover point [equation
(2.22)] yields generalized expressions for the 3D-2D transient behavior for anisotropic
samples:

31



3. Extension to anisotropic resistivity

R L, In , = .In
t, sinh (Zt;, ) m mtz sinh ( pz/pts )
) 24/ px/p sx
sinh Le . t/s
= R vV pxpy 1 ( x ) (310)
it sinh ( Zf t/QS)
¢ S Vpe/pse 1
t, po/pt,  2I(2)
+¢ = == Vs (3.11)

The normalized and dimension-less form of equation (3.10) is plotted in figure 3.3
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Figure 3.3.: Transient behavior of the normalized resistance as a function of the normal-

ized probe spacing s/t according to equation (3.10) for in-line configuration
and for isotropic (p,/px = 1, red line) and different anisotropic resistivity
(p2/px = 1072, blue line; p,/px = 102, green line) as indicated.
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3.3. Measurement of in-plane anisotropic transport behaviour

for different anisotropy ratios of the perpendicular-to-plane and in-plane resistivities
p./px = 10?2 (green curve), 1 (red curve), and 1072 (blue curve), for clarity under the
assumption p, = p,. Obviously, the crossover between the 2D and 3D case depends
on the anisotropy ratio, as explained above phenomenologically by the modification of
the current distribution depending on p,. For fixed sample thickness ¢, the crossover
occurs for p, < (>)p, at larger (smaller) probe spacing s. Equation (3.11) quantifies the
anisotropy-dependent shift of the 3D-2D crossover point ¢ depending on the anisotropic
ratio of the out-of-plane and in-plane resistivity component. This modified crossover
function reveals a novel and parameter-free method for a direct determination of the
ratio p,/px and with this p, from the measurement of the 3D-2D crossover. Simulta-
neously, the in-plane resistivity px = p, can be obtained from the constant resistance
value in 2D limit (s/t > (), where equation (3.10) yields R =~ In(2),/pxpy/(7t). The
key feature of the method is that the crossover function is mapped by varying the probe
spacing s rather than the film thickness t. Therefore, it enables the direct measurement
of px and p, of a single in-plane isotropic thin-film sample of a given thickness ¢.

The above procedure can be also used for arbitrary probe configurations, if the gener-
alized crossover function [equation (2.35)] introduced in section 2.4 is taken into account.
This yields for a square configuration of the probes with the edges of the square aligned
along the z and y-axes

(3.12)

quuare

if the current flows along the z-axis. For current flow along the y-axis, the indices x
and y must be exchanged in equation (3.12). Equation (3.12) is plotted in figure 3.4
for different anisotropy ratios of the perpendicular-to-plane and in-plane resistivities
0./ px = 10% (solid green curve), 1 (solid red curve), and 1072 (solid blue curve) while
px = py. Comparing to the in-line configuration the resistance values are clearly smaller,
and the crossover between the 2D and 3D cases depends strongly on the out-of-plane
anisotropy ratio. As mentioned in section 2.4, larger resistance values are easier to
measure, so the in-line configuration remains preferred in the experimental chapters.

3.3. Measurement of in-plane anisotropic transport behaviour

Next, the restriction to in-plane isotropy is dropped and the general case with in-plane
as well as out-of-plane anisotropy, px # py # p,, is addressed. In figure 3.4, equation
(3.12) is additionally plotted for the same p,/py ratios 1 and 10%, but now for an in-
plane anisotropy Z—’y‘ = 102 (all dashed lines). These curves deviate clearly from the
in-plane isotropic ones. They are shifted to larger resistances and also show a shift of
the crossover point ¢ to slightly smaller normalized probe spacings s/t. Therefore, a
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Figure 3.4.: Transient behavior of the normalized resistance as a function of the normal-
ized probe spacing s/t according to equation (3.12) for square configuration
and for isotropic (p,/px = 1, solid red line) and different anisotropic resis-
tivity (p,/px = 1072, solid blue line; p,/p, = 102, solid green line), whereas
py/px = 1. The dashed lines are plotted for the same ratios, but an in-plane
anisotropy py/px = 102. The colored arrows indicate the different crossover
points (.

direct determination of p, is only possible, if the in-plane anisotropy ratio is known.
For this reason, the characterization of the in-plane anisotropy px # py is discussed in
this section. In the 3D transport regime, the measured resistance in general depends on
all three resistivity components, whereas for the 2D regime the resistance measurement
is independent of p, for both in-line and square configurations [see equations (3.6) and
(3.9)]. However, the resistance measured in the in-line configuration does not depend
on the in-plane orientation of the line connecting the probes even for strong in-plane
anisotropy. This counterintuitive behavior can be seen in equation (3.6), where R only
depends on the geometric mean ,/pypy. In contrast, the measured resistance in the
square configuration depends on the alignment of the the square edges with respect to
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3.3. Measurement of in-plane anisotropic transport behaviour

the z and y-axes. For instance, a rotation by 90° corresponds in equation (3.9) to an
exchange of  and y indices, which alters for py # py the argument of the logarithm.
Hence, the square configuration in the 2D transport regime allows determining the in-
plane anisotropy without knowledge of p,. To this end, a square 4-probe configuration
with the edges of the square aligned with the x and y axis, respectively, is considered.
Two transport measurements have to be performed by rotating the probe array by 90° or
by exchanging voltage and current probes to determine p, and py. If the probe array is
not aligned accurately, equation (3.9) cannot be applied [4] and a more general equation
found by Kanagawa et al. [54] in 2003 must be used. Here, we assume for simplicity a
perfect square array.

The formal description of a resistance measurement in the 2D regime with a square
probe configuration on a 2D sheet with in-plane anisotropic resistivity follows the pro-
cedure described in Ref. [4]. The square probe array with edge length s is first rotated
by an arbitrary angle # with respect to one of the orthogonal resistivity components p,
and py. As sketched in figure 3.5 (a), the corner points A, B, C' and D of the initial
square are transformed onto the positions A’; B’, C’ and D’ with the coordinates

A0, 0] — A'[0, 0]

Bls, 0] = B'[scos(0), ssin(0)]

Cls, s] = C'[scos(f) — ssin(h), ssin() + scos()] (3.13)
D[0, s] = D'[—ssin(#), scos()].

Next the transformation of vander Pauw is applied to map the square formed by the
contact points for in-plane anisotropic resistivity onto an in-plane isotropic rhomboid

CI

AIZAH

Figure 3.5.: Sketch of the rotation of a 4-probe square configuration (black) by the angle
6 with respect to the z and y axes (a) and mapping of the rotated square
(red) for anisotropic in-plane resistivity onto a rhomboid for isotropic in-
plane resistivity (blue) (b). Adapted from [4].
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3. Extension to anisotropic resistivity

(see fig 3.5 b)
A — A0, 0]
B' —  B"[s+/py/pcos(f) py/p81n(9)] (3.14)
C'— ’[s px/p (cos(0) —sin(8)), (s+/py/p (sin(8) + cos(6))] '
D' = D'[=s+/px/p bln(9), s/ py/pcos(9)].

Assuming that the current is injected by probes D (I'1) and C' (I7) and thus the voltage

is measured by probes A (V') and B (V) yields the probe spacings sf = A”’D",
sy =A"C", s§ = B"D", s = B"C" for the rotated and transformed array,

& = M
1
sy = s \/p— (cos(8) — sin(G)) + 22 (cos(f) + bln(9)>2
: - ) (3.15)
sy = s \/% cos )+ sin(@)) + %y( os(6) — sin(é’))2
sl = pxsin®(0) +py cos®(6)

P

Inserting these spacings into equation (2.19) for the isotropic 2D transport case with
arbitrary probe positioning, which is valid after the mapping of the anisotropic square
array onto the isotropic rhombic array, yields

2
P Px : 2
RO, per) =5 e 1“( Kp) (cos’(6) —sin’(B))"+
(p;?) (cos() — sin(@))4 + <p;§y) (cos(0) + sin(@))4+ (3.16)
-1

Px . 2 Py 2

—sin“(6) + —cos”(6 .

[ S (0) + ~cos( )] )

After a few rearrangements (see Refs. [4, 54]) one obtains

2 2
Py _ 2 in2 _ Py
= R0, pepy) = Y2 (H Px) 4 cos™(9)sin"(0) (1 ﬂx)
b XMy 2
i (sin2(9) + o 0032(9))

</;>2 (cos?(0) — sin*(9))”

. (3.17)

The normalized and dimension-less form of this equation is plotted in figure 3.6 for sev-
eral in-plane anisotropic ratios ranging from py/px = 5 to 60. For small small anisotropy
ratios py/px < 20, the largest difference between the normalized resistance values occurs
for two orthogonal contact configurations, § = 0° and 90°. For large anisotropy ratios
py/px > 20 negative values for the normalized resistance occur and the minima of the
curve shift from 6 = 0 to 45° and 135°. The artifact of negative resistance originates
from deformation of the electrostatic potential contours due to the large anisotropy, as
was experimentally first verified by Kanagawa et al. in 2003 [54].
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Figure 3.6.: Dependence of the normalized resistance on the angle of the probe array
with respect to the main axes x and y of the resistivity tensor for different
in-plane resistivity anisotropy ratios as indicated.

3.4. Measurement of out-of-plane as well as in-plane anisotropic
transport behavior

In section 3.2 an easy way to measure the out-of-plane component of a sample was
introduced, which however required the knowledge of the in-plane resistivity anisotropy,
while in section 3.3 the well established theoretical basics for the measurement of both in-
plane resistivity components were summarized. The combination of the two procedures
enables the measurement of all three resistivity components py # py # p, of a single
electrically homogeneous and oriented thin-film sample with thickness ¢t. Starting with
4-probe transport measurements in square formation with s > ¢ (2D transport case)
yields px and py. Then, the probe separation s is varied to observe the crossover point
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3. Extension to anisotropic resistivity

between the 2D and 3D transport case, which yields the ratio p,/p, and hence the value
p.. The entire procedure can be performed in-situ without any treatment, thinning,
cutting, rotation, or re-alignment of the sample.

3.5. Summary and conclusions

In this chapter the formalism describing the measurement of the independent compo-
nents (px, py, and p,) of anisoptropic, but diagonal resistivity tensors was addressed.
Diagonal resistivity tensors describe materials with cubic, tetragonal, hexagonal, trig-
onal, and orthorhombic symmetry. The van der Pauw transformation was used to map
the anisotropic real situation onto a spatially distorted, but isotropic model. This pro-
cedure makes it possible to formulate the relations between the resistance measured in
a 4-probe configuration and the components of the resistivity tensor for the 2D and 3D
limiting cases as well as for the crossover regime. The latter is of particular importance,
since I found that the observation of the 2D-3D crossover point allows for a direct deter-
mination of the in-plane to out-of-plane resistivity anisotropy ratio. I therefore propose
to measure the crossover function of an oriented thin-film sample of a given thickness ¢
with a 4-probe STM by varying the probe spacing s to determine the in-plane to out-of-
plane resistivity anisotropy. For in-plane isotropic system (px = py), this method even
allows the simultaneous and parameter-free measurement of p, and p,, since in this case
the measured resistance in the 2D limit only depends on py. In order to treat the most
general case px 7# py # p,, I introduced the well established method for the measurement
of px and py in the in-plane anisotropic case. This is achieved in the 2D regime, where
the resistance is independent of p,, by rotating the probe array with respect to the z and
y-axes. This procedure is possible with both the square and in-line probe configurations
(here T restricted myself for the sake of brevity to the square configuration) and can
of course easily be carried out in a 4-probe STM at large probe separations (s > t).
Finally, I described how the two methods, (i) variation of the probe spacings to address
the out-of-plane anisotropy and (ii) in-plane rotation of the probe array to address the
in-plane anisotropy, can be combined to measure with a 4-probe STM all three inde-
pendent resistivity components py, py and p, of a single oriented thin-film sample in a
parameter-free manner. In contrast to previous methods, the proposed measurement
protocol, which is based on the flexible probe positioning of the 4-probe STM, does
neither require a specific device structure, nor a comparison of samples with different
microstructure, or modelling of transport or effective medium properties. In particu-
lar, the protocol can be applied to materials that are not available as micrometer-thick
crystals or are unstable unless stabilized in thin-film form.

The theoretical basics outlined in this chapter will be used in chapters 6 and 7 to
design and interpret 4-probe electronic transport measurements of epitaxial films of
the hexagonal (CrgsMng;5)2GaC MAX phase and the orthorhombic (Cry/sHoy/s)2AlC
i-MAX phase.
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4. Experimental setup

This chapter presents the used experimental setups, the 4-probe STM LT Nanoprobe
from Scienta Omicron [23] as well as additional parts of the measurement system (the
preparation chamber) and the probe preparation. The chapter begins with the introduc-
tion to the LT Nanoprobe followed by an explanation of scanning tunneling microscopy,
a description of the top-mounted SEM that is used to monitor the probe positioning.
Then the setup for transport measurements is introduced, and finally the preparation
chamber and the probe preparation are described.

The never ending progress in modern science requires reliable tools for the character-
ization of physical and chemical properties of a wide range of materials. Furthermore,
the process of miniaturization demands for additional progress of the investigation tech-
niques. The STM is an experimental tool down to atomic resolution, where a probe
scans over a surface, allowing surface mapping, spectroscopy as well as even manipu-
lation of single atoms. Thus, it is a powerful tool for the microscopic and nanoscopic
world. The ongoing progress to nanostructures as well as new material classes repre-
sented for example by the 2D materials or by investigations of single molecules leads to
advanced instruments. The multi-probe STMs exhibit novel possibilities for investiga-
tions in the microscopic and nanoscopic world comprising in addition to the possibili-
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Figure 4.1.: Photograph of the entire measurement setup. The two chambers as well as
the cryostat and the ion-getter pumps for the main and preparation chamber

are marked.
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ties of single-probe STMs novel applications like scanning tunneling potentiometry or
the characterization of electronic transport properties at the nanoscale via the 4-point
method.

The 4-probe STM from Scienta Omicron called LT Nanoprobe was developed for these
purposes and is used in this work. The experimental setup of the microscope is shown
in figure 4.1. The 4-probe STM is inside the main chamber on the left side, and the
SEM is mounted from the top. A cryostat is fixed from below allowing cooling the
microscope with LN and LHe down to temperatures of about 77 K and 5 K, respectively.
A preparation chamber is attached to the main chamber and is used for cleaning the
STM probes as well as the samples. The whole setup is operated under UHV conditions
preventing the investigated sample from air contamination. Therefore, the system is
pumped by ion-getter pumps (one for the main and one for the preparation chamber) as
well as titanium sublimation pumps (again one for the main and one for the preparation
chamber). These pumps provide a pressure of (mostly less than) 5-1071° mbar. The main
chamber is mounted on a table with air damping system to reduce external vibrations,
while the preparation chamber stands directly on the floor.

4.1. LT Nanoprobe

A closer look at the main chamber is presented in figure 4.2 (a) and (b). (a) shows
the main chamber, which houses in the center the 4-probe STM to be discussed later in

9 SEM colum| [

Figure 4.2.: The 4-probe STM setup. (a) shows the main chamber with the SEM column
with attached photo-multiplier (white) and the SEM ion-getter pump. (b)
is a view on the load-lock system and the camera for observing the coarse
positioning of the probes as shown in the insert (the insert photograph is
taken by F. Matthes).
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4.1. LT Nanoprobe

more detail. The top-mounted SEM is a UHV Gemini column developed in collaboration
between Scienta Omicron and Carl Zeiss AG. The top part, which houses the source
filament, is separately pumped by the SEM ion-getter pump. Figure 4.2 (b) shows the
load-lock system used for transferring ex-situ prepared samples and probes into the UHV
system. It can be independently pumped via a turbo-molecular pump in combination
with a rotary-vane prepump. The load-lock system can be sealed from the main chamber
by a manually operated valve. During measurements all pumps of the load-lock system
are switched off to reduce vibrations. The also shown camera is used for the observation
and control of the coarse positioning of the STM probes. An example screenshot showing
four probes is displayed in the insert of figure 4.2 (b).

4.1.1. 4-probe Scanning Tunneling Microscope

After the outer parts are briefly described, the 4-probe STM stage placed in the center
of the main chamber is presented in the following. Around the 4-probe STM there is a
carousel with 28 slots for storing probes and samples. As can be seen in figure 4.3 (a), the

Sample stage

Probe stage

Scanner unit

Suspension springs

Figure 4.3.: Photograph of the 4-probe STM stage. (a) The four scanner units are ar-
ranged around the sample stage in the center. For reducing vibrations the
stage hangs on four suspension springs located at the outer perimeter. (b)
The stage is capsuled in the cooling shields ensuring measurements at 5K
(LHe) and 77K (LN). The mounting flange has an outer diameter of 32 cm
and the square golden structure an edge length of 15cm. Photographs are
taken by F. Matthes.
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central sample stage is surrounded by four scanner units (marked with the white lines),
that accommodate the STM probes. Each of these units can be controlled separately.
All scanners can be moved via piezo-motors within a coarse range of laterally (5x5) mm?
and 3mm in the z-direction. If a probe is in the tunneling regime (STM contact), the
scan range is about (20x20) wm? in zy-direction and 1.6 pm in z-direction. The sample
stage can moved laterally over a range of (4x4) mm? Normally, the whole stage is
locked, i.e. it is not hanging on the suspension springs, but is pressed against the flange.
For sensitive STM measurements the stage can be unlocked to the so-called hanging
stage. In this position, the STM is suspended from springs in the recipient, so that the
springs together with an eddy-current damping mechanically decouple the STM stage
from the recipient and the environment, which obviously reduces external vibrations.
Beneath the stage is a superconducting coil which is able to generate a magnetic field
perpendicular to the sample of about 25 mT. For measurements at low temperate, the
entire microscope stage is capsuled in two thermal shields, the outer with LN cooling
and the inner with LHe cooling [see fig. 4.3 (b)]. A silicon diode reads out the current
temperature.

The electronics for transport measurements is sketched in figure 4.4. The SEM has
its own control unit and computer for SEM image display and acquisition. The sample
stage is connected to ground with a switch. All four probes and all four scanner units

SEM Images

Keithley / |
Agilent / V

Transport measurements

STM/STS
: IV-curves

T
1 [mA]

Figure 4.4.: Scheme of the electronics for transport measurements.
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4.1. LT Nanoprobe

have their own control unit. Hence, it is possible to bring all four probes separately in
STM contact with the sample. The scanner unit 1 is connected to the so-called Matrix,
the standard microscopy hard- and software from Scienta Omicron to perform STM/STS
measurements with a single scanner/probe unit. The other three scanners are controlled
by Piezo Control Units (in the following PCU) which can be operated manually via
the front panel or remotely via the Matrix. However, if one of the PCUs is connected
to remote control, scanner 1 is disconnected from the Matrix and cannot be controlled
anymore. For all four scanner/probe units the current signal passes a preamplifier before
entering the PCU or Matrix.

A current switch is located immediately after the UHV feedthrough. It feeds the
current signals either via the preamplifiers to the control units when operating in the
tunneling regime or directly, i.e. without preamplification, to the so-called switch box for
2- or 4-probe transport measurements. This is to protect the preamplifiers, which operate
in the tunneling regime down to the 0.1 pA range, whereas the transport measurements
involve currents up to 30 mA. The switch box consists of a matrix of computer-controlled
switches that allow to connect any probe (1...4) to any of the leads (I~ and V7)
connected to the current supply (Keithley 2636A) and the voltmeter (Agilent 3458A).
With this setup two probes can be chosen to inject a current and two other probes
to measure the voltage drop. Sweeping the current from +I to —I and measuring
the voltage drop a I-V curve is taken, where the resistance is the slope of the curve.
The in-situ leads from the feedthrough to the probes each have a resistance of about
1802 [69]. This is a consequence of keeping the thermal conductivity of the wires and
therefore the base temperature of the STM stage as low as possible. These relatively high
parasitic lead resistances that add to the contact resistances R¢ (see fig. 2.1) emphasize
the importance of performing 4-probe measurements as discussed in section 2.1.

4.1.2. The piezo control

The control over the positions of the STM probes is separated in two devices. Stick-slip
piezo-motors are used for the coarse movement. Coaxially arranged piezos move the
scanner unit through a slow movement in the desired direction and then quickly retract.
The scanner unit cannot follow this fast contraction due to its inertia and remains in
its position. This cycle is repeated to move the driving axis step-by-step to the desired
position, i.e.to bring a probe to a certain position of the sample. Fine movements of
the probe along the x, y, and z-axes are performed by the piezo scanner which uses
an applied voltage between £135V to extend or shorten the piezo crystal. This mode
is used for approaching the probe to the tunneling regime and for STM imaging. The
scan range is about (20x20) um? in zy-direction and about 1.6 um in z-direction. The
absolute values in [nm] of this fine positioning is given by the calibrated hard- and
software of the Matrix which is connected only to scanner 1.

For scanner 2, 3 and 4 the PCUs display just uncalibrated numbers as a control of
a fine probe movement along the x, y and z-directions. Here, the fine movement is
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controlled via potentiometers. In this thesis just the potentiometer of the z-axis is used
for moving the probes several nanometers forward to bring them from the tunneling
regime to direct contact. For a precise knowledge of the ”contact depth” for transport
measurements the z-elongation of the piezo has to be known in terms of [nm] instead of
uncalibrated numbers. Therefore, the PCUs had to be calibrated as shown in appendix
A.1. After this calibration, each probe can be first brought to tunneling contact using
the STM approach procedure (see next section) and then be moved forward by few
manometers in a controlled manner to establish direct (ohmic) contact for 2- and 4-
probe transport measurements.

4.1.3. Scanning Tunneling Microscopy

The principle of a STM is to move a sharp probe close to a surface in order to measure the
tunneling current between probe and sample [70]. As shown in figure 4.5 (a) a voltage is
applied between probe and sample. Then the probe is approached until a current flow is
detected (tunneling current) that typically occurs at distances of about 0.5 — 1 nm. This
approach procedure process uses the coarse as well as fine movement of the scanner in
z-direction as can be seen in figure 4.5 (b). The probe is driven by the fine positioning to
the sample (bright blue arrows). If the piezo is maximum elongated without measuring
a tunneling current, it is quickly retracted and the coarse positioning is used to move
the probe one step closer to the sample surface (blue arrows). These steps are repeated
until a tunneling current is measured. Of course, the coarse step must be smaller than
the total range of the fine motion.

Feedback (b)

(a)

Probe

Scanning Unit
X, Y, Z

Sample

Figure 4.5.: (a) Scheme of a STM (adapted from [70]) and (b) sketch of the procedure
to approach the STM probe into the tunneling regime at a probe-sample
distance of 0.5 — 1nm (adapted from [69]).
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4.1. LT Nanoprobe

After the probe is approached to the surface and scans along the y or x axes to map
the surface topography, a feedback mechanism constantly adjusts the probe height by
approaching or retracting the probe with the fine piezo to keep the tunneling current
constant, which results in a constant probe-sample distance [70]. If the probe scans across
an atomic step, the tunneling current will rise due to a smaller distance between probe
and sample. The feedback circuit retracts the probe in order to keep a constant tunneling
current. Recording the feedback signal as a function of the lateral probe position results
in a map the probe height profile, which corresponds to the sample topography [70]. It
has to be noted, that electronic effects can change this simplistic interpretation.

From the theoretical point of view the tunneling junction, meaning the sample-gap-
probe system, can be treated in different approximations. Here, just a simple solution
is presented for a one-dimensional approximation for one electron. This leads to the
exponential dependency of the tunneling current on the probe-sample distance (the
following explanation is largely based on Ref. [70]). An electron of energy F in a solid
is described as a wave function t(r) which is a periodic function for a free-electron
approximation. The one-dimensional Schrédinger equation is solved by a non-normalized
wave function

2mely
h?

U(z) oc eF** | with k = (4.1)
The electrons in a solid with highest energy (F at the Fermi level Fr), which is called here
E = Eparticle, have a lower energy than free electrons at the vacuum level. Approximately,
this energy is the bonding energy of the electrons inside the solid. Thus, there is a barrier
at the surface preventing electrons to leave the solid. To remove an electron from the
solid a minimum energy is needed, which is the work function ®. This is schematically
sketched in figure 4.6 (a).

Classically, electrons cannot penetrate in the region, where E = Ep,yicle i lower than
the potential. However, in quantum mechanics electrons are able to penetrate into the
classically forbidden region. Solving the Schrodinger equation yields an exponentially
decaying wave function inside the region, ¥ (z) = ¥(0)e™"*. A wave function that is
decaying into the vacuum region is drawn in figure 4.6 (a). Note, that only the real part
of the function is plotted. The probability of a particle being in the forbidden region is
given by

2m P
o

[p(2)> = [¥(0)2e 2, with k = (4.2)
A tunneling contact can be approximated by two conductive solids (probe and sample)
separated by a vacuum barrier (or an insulating solid) of thickness d as shown in figure
4.6 (b). Also in the second solid the Schrédinger equation is solved by an oscillating wave
function. Hence, in quantum mechanic there is a probability that the electron can be in
both solids. Assuming a rectangular barrier with height ® = Fy,. — Er and thickness
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Solid

Classically forbidden

Incoming Particle wave funtion Incoming Particle wave funtion
particle wave in vacuum particle wave past the barrier

Figure 4.6.: (a) Potential diagram with a barrier of height ® and the energy of an electron
Epartice = Er. The graph below shows the real part of the electron wave
function with an exponential decay in the vacuum region. (b) Potential
diagram for a solid-vacuum-solid configuration. The electron wave function
oscillates in front of the barrier, exponentially decays inside the barrier, and
again oscillates after the barrier, but with a significantly reduced amplitude.
Redrawn from [70].

d, the transmission coefficient for the electron behind the barrier can be calculated and
is given by

_ W](d)'Q ~ 672nz
=R~ “3)

The main characteristic of the transmission coefficient is an exponential decay with the
barrier thickness d. The decay length is given by the square root of the work function.
This means that the right solid probes the probability density of the electron states
at distance d from the surface. It can also be derived that the tunneling current is
proportional to the transmission coefficient, thus it depends exponentially on the distance
between sample and probe. Assuming a typical work function ® = 4 eV, equations (4.2)
and (4.3) reveal that increasing (decreasing) the probe-sample distance by 1A results
in a 10-fold lower (larger) tunneling current. This strong dependency is the key to the
high spatial resolution of the STM.

Two exemplary STM images are shown in figure 4.7 (a) and (b). Both images show
a Au(111) surface for which atomic steps with a height 2.4 A as well as the so-called
herringbone reconstruction are expected. However, the image in (a) is quite blurry which
is related to the detrimental influence of external vibrations. The STM measurement is
sensitive to mechanical vibrations due to the small distance between sample and probe.
Therefore, in this thesis numerous vibration measurements were performed to identify
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Figure 4.7.: STM images of a Au(111) surface (a) before reducing external vibrations
showing a blurry step (tunneling current 1nA, bias voltage 0.5V, pressure
8.0 - 107! mbar, temperature 300K) and (b) after reducing external vi-
brations whereby the herringbone reconstruction and steps become visible
(4.7nA, —0.05V, 2.0 - 10~ mbar, 300 K).

and suppress parasitic, external sources of vibrations. To this end, a vibration transducer
was placed at different locations of LT Nanoprobe to measure vibration spectra [see
fig. 4.8 (a)]. On the basis of these data various countermeasures were taken to reduce
external vibrations. Just to mention a few: the air damping system of the LT Nanoprobe
was newly adjusted, the wires connecting the UHV system to the control electronics

Figure 4.8.: Measurement of external vibrations. (a) The vibration transducer (marked
by the red circle) is placed on top of the SEM column. (b) Heavy metal
blocks are installed to mechanically stabilize the wires connecting the UHV
system to the control electronics.
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4. Experimental setup

were fixed and mechanically stabilized on heavy metal blocks [see fig. 4.8 (b)], and the
preparation chamber was placed on vulcanized rubber feet. The achieved improvement in
the STM imaging stability is 4.7 (b), where clear atomic steps and even the herringbone
reconstruction of the Au(111) surface with a much lower corrugation are visible.

4.1.4. Scanning Electron Microscope

For the observation and control of probe positioning as well as for imaging of the sample
surface a SEM is mounted on top of the 4-probe STM stage. A SEM uses the interaction
between an accelerated electron beam with the sample surface to image several properties
like the sample surface. The principle setup of a SEM is shown in figure 4.9. The
electron beam is generated in the upper part. A filament, for the Gemini column made
of tungsten, acts as a cathode. The cathode is coated with zirconium oxide to lower
the work function of the electrons from 4.5 to 2.7eV [72]. The cathode is heated up
to 1800K. Electrons are emitted due to the Schottky effect, where the work function
of the electrons is reduced by applying a sufficiently strong electric field up to 7kV

Thermal Field
Emitter
Anode

Source
Chamber

Chamber
Isolation Valve

Electro Magnetic
Aperture Changer

CF UHV
Flange
Photomultiplier
Magnetic
Lens In-lens SED

Electrostatic Lens
Scan Caoil

Figure 4.9.: Sketch of the SEM column. Taken from [71].
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Figure 4.10.: Scheme of the interactions between the sample and the incoming electron
beam. Adapted from [73].

yielding a large emission current. The emitted electrons form a beam which is then
accelerated by acceleration voltages ranging from 1 to 30kV. A lens system built up
with electromagnetic coils provides the focus, zoom and scanning process (middle to
lower part of the SEM column in fig. 4.9). The detector system (see below) is located in
the lower part of the SEM column.

When the electron beam hits the sample surface several interactions are possible de-
pending on the energy of the electron beam and the sample material. Typically an
interaction volume as shown in figure 4.10 is created. Simply expressed, a higher energy
of the electron beam leads to deeper penetration depth. Secondary and backscattered
electrons are mostly used for the formation of SEM images. Backscattered electrons
are the result of elastic scattering of the incoming electrons at energies in the [keV]
range. The number of the backscattered electrons depends on the atomic number of
the collision partner and thus contains information about the sample’s composition. In
contrast, secondary electrons scatter inelastically and consequently have lower energy
typically in the [eV] range. Due to the low energies the secondary electrons are quite
surface sensitive and exhibit a information depth of just few nanometers, since secondary
electrons created in deeper regions of the sample do not reach the surface and thus are
not detected.

The used Gemini column is equipped with an in-lens secondary electron detector
(SED), i.e. a detector directly integrated in the interior of the SEM column. Due to the
small information depth of the secondary electrons, this method allows a good imaging
of the sample surface [73]. Thereby, the contrast of the image depends on the material.
In general, high atomic number elements appear typically brighter than lighter elements.
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Insulating materials or metallic structures on insulating surfaces exposed to the electron
beam are positively charged due the emission of secondary electrons and the lack of a
connection to ground and thus a compensating current. The charging prevents further
emission of secondary electrons. Therefore, insulating parts of the sample appear typi-
cally darker than conducting ones. Non-grounded samples show charging effects mostly
appear as bright and dark spots in the image [73]. Since only the secondary electrons are
detected in this work, further image formation mechanisms of the SEM are not discussed
here.

4.1.5. Software for transport measurements

Using all possibilities of the LT Nanoprobe, probes are exactly positioned under SEM
control and then brought into tunneling contact with the sample with the fine piezo
drives and the tip approach procedure of the Matrix controller. For this procedure,
the current switch shown in figure 4.4 feeds the current signal from the probes via
the preamplifier to the Matrix and PCU controllers. In the next step of setting up a
transport measurement, the current switch connects the probes with the switch box.
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Figure 4.11.: (a) User interface of the software for the control and acquisition of transport
measurements. (b) Connection matrix for the assignment of probes 1 to 4
to current (I7) and voltage (V1 7) leads.
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This box is controlled via a software shown in figure 4.11 (a). Both hard-and software
have been developed and realized by N.Schnitzler at the PGI-6 of the research center
Jilich. With this software one can choose between 4-point, 2-point, and 2-point versus
time transport measurements. For the 2-point measurements just the Keithley performs
the measurements, meaning that it applies the current and measures the voltage at the
same time. For the 4-point method the Keithley (current source) as well as the Agilent
(voltmeter) are used. Additionally, the current and the measured ranges can be set by
the user.

A further advantage of the switch box is the free assignment of probes 1 to 4 to the
current (I77) and voltage (V1) leads. Before starting the measurement the software
asks for a probe assignment that can be set using the matrix shown in figure 4.11 (b).
Here, the channel Hi and Lo are the current channels /1 and I~ as well as for the voltage
HiS and LoS for V* and V~. For the 2-point measurement only the channels Hi and Lo
have to be selected. The chosen configuration is accomplished by an electronic circuit in
the switch box. Note that due to isolation reason, currents larger than +30 mA cannot
be selected for the wires in the UHV system.

4.2. Probe preparation

For STM one needs well-defined and clean STM probes that are typically prepared
via wet-etching. However, for the LT Nanoprobe the probes have to fulfill additional
requirements. They should have a small contact radius in the lower nanometer range.

Dove Tail Dove Tail

Figure 4.12.: Requirements for the used probes. (a) to (d) SEM images illustrate the
special requirements concerning the microscopic and macroscopic geometry
of the probes. In (e) and (f) the probe holder, the so-called dove tail, is
shown in top and side view.
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In figure 4.12 (a) a wet etched probe is shown with a diameter of about 150 nm in the
front part. The contact point on the probe has to be well defined so that the probes can
be positioned close to each other as can be seen in figure 4.12 (b). On the other hand,
the probes have also to be long enough to contact small structures without interfering
with each other [see fig.4.12 (c)]. A zoomed-out image [fish-eye mode of the SEM in
fig. 4.12 (d)] shows a further reason to prepare long probes: The probe holders should
also not interfere with each other. The probe holders are designed such that the probe
axes are inclined with respect to the sample surface by an angle of about 45° [see fig. 4.12
(e) and (f)]. This angle is defined by a small tube that is fixed at the front end of the
probe holders, which due to their specific shape are called ”dove tails”. After the etching
process the probes are inserted into these tubes. All in all one needs long probes with
small tip diameters. This is somewhat in contrast to normal STM probes that should
be as short as possible to be less prone to vibrations.

The here used probes are self-made by wet-chemical etching of tungsten wires. The
setup for the etching process is shown in figure 4.13 (a). A 0.38 mm thick tungsten wire is
dipped into a 20 ml of 5 mol NaOH solution. Two ceramic tubes protect most of the wire
and only expose a certain part of the wire to the etching solution. The etching process
produces two tips, the upper one at the end of the wire and the lower one that drops
down. In this thesis, the dropped piece of the wire is used as probe. The base plate of the
bottom ceramic tube ensures that the dropped wire does not come in contact with any
parts of the setup and thus protects the etched probe for any detrimental deformations.
The counter-electrode for the etching process is a ring-shaped Pt wire. By applying
a current between the tungsten wire (anode) and the counter-electrode (cathode) the
following chemical reaction occur [74]

cathode: 6H,0 + 6e~ — 3Ha(g) + 60H™
anode: W(s) +80H™ — WOH}™ + 4H50 + 6e~
sum: W(s) +20H™ +2H,0 —  WOH? + 3H,(g).

At the anode this reaction involves the oxidative dissolution of tungsten to solu-
ble tungstate anions[75]. More exactly, firstly the tungsten oxidates to intermediate
tungsten oxide and then by the non-electrochemical dissolution of the oxide a soluble
tungstate anion is formed. At the cathode bubbles of gaseous hydrogen and OH™ ions
are produced [75, 76]. These bubbles mostly appears around the etched area of the
tungsten wire. To remove these bubbles from the wire and to maintain a homogeneous
solution during the etching, a magnetic stirrer is used [see fig.4.13 (a)]. This etching
process typically yields apex diameters between 50 to 200 nm.

The etching setup also offers possibilities to change the shape of the probes. Firstly,
the possibility tho choose the width of the etched area by varying the distance between
the two ceramic tubes allows to control the length of the probes. Figure 4.13 (b) shows
two probes etched with a distance of about 2 mm between the ceramic tubes, while the
third probe at the bottom is etched with a distance of about 5mm. As expected, the
third probe is clearly longer. The magnetic stirrer influences the shape of the probes as
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Figure 4.13.: (a) Sketch and picture of the setup for the wet-chemical etching of probes.
(b) to (e) SEM images of examples of etched probes.

can be seen in figure 4.13 (c) and (d). In (c) the stirrer is switched on for all probes. Here,
long cone-shape probes are produced, while etching without stirrer (see d) results in more
elongated and less regularly shaped probes. It is reasonable to assume that the cone-
shaped probes are less prone to vibrations than the elongated ones. Therefore, in this
thesis the magnetic stirrer is always used during the etching process. However, the stirrer
has to be switched off before the lower part of the tungsten wire falls down, otherwise one
gets a twisted probe as shown in figure 4.13 (e). Finally, the last adjustable parameter
is the etch current. Obviously, a high current leads to a fast etching and thus to shorter
probes, while a lower current leads to a slow etching producing long thin probes. Both
are not desired for the 4-probe STM setup, because short probes could interfere with
each other and too long probes tend to be excited to mechanical vibrations. During this
thesis it was found that reducing of the current from high to smaller values yields nicely
cone-shaped probes. Typically, the etching current of 30 mA at the beginning is reduced
after 2min etching time to 22mA, after further 4min to 15mA, and finally to 8 mA.
After about 4 to 6 min at 8 mA the probe drops down. The immediate removal from the
etch solution and cleaning in 80°C warm distilled water prevents post-etching processes
that may degrade the apex diameter and the cone shape [77]. Nevertheless, before using
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the probes they have to be further cleaned in the UHV system. This happens in the
preparation chamber to be described in the next section.

4.3. Preparation chamber

The UHV preparation chamber is connected to the main chamber and is used for cleaning
ex-situ prepared samples and STM probes. Figure 4.14 (a) shows the transfer system
between the preparation chamber (left) and the main chamber (right). In contrast to the
main chamber, the preparation chamber has no air damping system. To reduce external
vibrations which can be transferred to the main chamber, there is a Vibration Decoupling
Modul (VDM) between the main and preparation chamber. It consists of two concentric
soft bellows. The inner bellow maintains UHV in the interior, whereas pressurized
air between the two bellows compensates the vacuum force. This construction largely
mechanically decouples the two chambers and also allows the main chamber to float on
the air damping elements. Figure 4.14 (b) shows a different view to the preparation
chamber featuring the tip-flash tool, a sputter gun, and manipulator, which includes a
heating stage for samples. These three devices are explained in the following starting
with the tip-flash tool.

e Tip-flash tool

The ex-situ prepared probes are still covered with oxides, including tungsten oxide,
and other contaminations. A so-called tip-flash tool [see fig.4.15 (a) and (b)], which
is a rebuild version of Omicron‘s e-beam heater, is used to in-situ clean the probes.
To do so, the dove tail [see fig.4.12 (e) and (f)] with the mounted probe is inserted
into a specialized sample holder in such a way that the probe points perpendicular to

S Mk B
Tip-flash tool S

T

N Sputter gun #

Figure 4.14.: Photographs of (a) transfer system between preparation and main chamber
with the Vibration Decoupling Module (VDM) and (b) the preparation
chamber.
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the plate. This holder is introduced into the UHV and placed in the tip-flash tool.
There, the probe can be driven with a z-shift manipulator downwards into a Wehnelt
cylinder as can be seen in the picture of figure 4.15 (b). Inside this cylinder a thoriated
tungsten filament acts as a electron emitter to heat the probe surface. The emitted
electrons are typically accelerated onto the probe apex by a voltage of about 1.2kV,
while the filament current can be set between 0 A and 3 A, but is mostly set at 2.4 A.
The measured emission current depends on the filament current, the acceleration voltage
and the distance between probe and filament. Usually, the filament current as well as
the acceleration voltage are fixed at the above mentioned values. Only the probe-to-
filament distance is varied until an emission current of up to 15mA is measured. The
high-energy electron beam heats the probe and activates the following reaction [74]

OWO3 + W — 3WO, 7.

WO, sublimes at 800°C, while pure tungsten melts at 3410°C. This suggests that there

(a) (b)

Probe HV

Wehnelt [

Filament

Figure 4.15.: (a) Sketch (adapted from [78]) and (b) photograph (taken from [79]) of the
probe-flash tool. (¢) to (f) SEM images of probes before and after applying
the in-situ cleaning process with different parameters.
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will be no blunting of the tip as the WO, sublimes [80]. However, elevated temperature
also enhances the diffusion of surface atoms, which can lead to a blunting of the probe
even below the melting point of tungsten [81]. Hence, the temperature should not raise
much higher than 800°C and only for as short a period as possible. In the used setup,
there is no possibility to measure the temperature at the probe. Therefore, the color
of the probe is used as a rough indication of the temperature. It has been reported
that for a heating temperature of about 600°C the probe starts to glow exhibiting a
dark red color [82]. In a temperature range of about 900°C to 1100°C the probe shows
an orange glow [83, 84] and for temperatures higher than 1100°C [83] the probe glows
yellow. In the used setup an emission current of 15 mA leads to a bright yellow glowing.
For the cleaning process the probe is typically first annealed for few seconds at an
orange glowing occurring at an emission current of about 10 mA. Afterwards the probe-
to-filament distance is increased to reach a lower heating temperature (emission current
typically about 5mA). At the lower temperature the probe is heated for several minutes.
This heating process is based on Ref. [85].

Figure 4.15 (c) shows a probe after the wet-chemical etching process. The dark color
of the probe originates from tungsten oxide which is non-conducting and thus has a
dark contrast in SEM images. After flashing the probe in-situ, it appears bright as seen
in figure 4.15 (d), indicating there are no oxides anymore. For longer heating times or
higher emission currents, molten probes were observed as displayed in figure 4.15 (e)
and (f). Therefore, one has to carefully chose the probe-to-filament distance to adjust
the emission current. Nevertheless, it is advisable to check the probes by SEM imaging
before using them them as STM probes. Most importantly, all three steps — flash heating,
SEM inspection, and mounting into the 4-probe STM stage — can be performed in the
UHV system without breaking the vacuum.

e Sputter gun

Ex-situ prepared samples are contaminated and have to be cleaned in-situ, too. Surface
adsorbed contaminations can be sputtered off by using accelerated noble gas ions. In
principle, the ions hit the surface and take off the adsorbates. Therefore, a noble gas (in
this thesis argon) is let into the UHV system via a fine leak valve which allows an exact
flux control. The noble gas is ionized (in this thesis Ar") which enables the acceleration
of the ions via an electric field to energies between 500eV to 5keV. The accelerated ion
beam is directed to the sample.

There, three different mechanism lead to the sample cleaning as sketched in figure
4.16. In (a) the ion hits the adsorbate and knocks it directly from the surface. In (b)
the ion is able to penetrate the surface before it is reflected. By the reflection process
the ion can take off an adsorbate. Finally, in (c) the ion knocks off a substrate atom
that can also remove a contamination [87]. All this leads to a stochastic process for the
sputtering.

A sputter gun from Omicron, the ISE5[23] is used, which operates at acceleration
voltages between 500V to 5kV and achieves sample currents up to 80 pA. However for
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(@) (b) (©)

Argon ion Argon ion Argon ion
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Adsorbate Adsorbate Adsorbate

Substrate Substrate Substrate

Figure 4.16.: Sketch of the three possible processes occurring during the sputtering pro-
cess. Redrawn from [86].

the purposes in this thesis, sample currents of 5 to 10 pA are chosen, mostly at small
acceleration voltages between 500V to 1kV. For these conditions, an argon partial
pressure of about 1-107%mbar is required. Since the sputtering process structurally
impairs the sample and roughens the surface, thermal annealing is usually required after
the sputtering.

e Manipulator/Heating stage

The sample manipulator has four degrees of freedom: z, y, z, and rotation about its
axis. It is used to transfer samples to the sputtering position and to align it with
respect to the ion beam. A heater is integrated in the manipulator head, which also
allows simultaneous sputtering at elevated temperatures. The heating stage comprises
a PBN/PG/PBN button heater. PBN stands for pyrolytic boron nitride and PG for
pyrolytic graphite. The central PG layer is resistively heated by applying an electrical
current and the outer PBN layers serve as electrical insulation. The heater used in this
thesis can achieve sample temperatures up to 1000°C.

Heating a sample, which is typically called annealing, supports the recrystallization
of the sample surface. Furthermore, it can triggered the segregation of impurities to the
sample surface which leads to a re-contamination of the sample. In this case, annealing
and sputtering should be repeated several times, especially for highly reactive materials.

4.4. Summary

In this chapter, I have introduced the employed instrumentation and experimental proce-
dures. The principles of scanning tunneling microscopy were briefly introduced, mainly
focusing on the procedure to approach the STM probes to the surface, which is of im-
portance for establishing gentle and reproducible contacts for 2- and 4-probe transport
measurements. The switching from the tunneling regime for the controlled approach of
the probes to the (ohmic) contact regime for the transport measurements is achieved
with the currents switches and the home-built software-controlled switch box. The lat-
ter was in this thesis for the first time tested and employed under real experimental
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4. Experimental setup

conditions. Therefore, I gave a detailed description of both the hard- and software.
Further strong emphasis was finally put on the ex-situ and in-situ preparation as well as
SEM characterization of the probes, since I identified during my work the probe shape,
cleanness, and reproducibility to be the most critical aspects for successful transport
measurements with a 4-probe STM setup.
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5. Characterization of electronic transport
measurements by using a 4-probe STM

In this chapter the experimental part of electronic transport measurements with a 4-
probe STM is introduced. First, ex-situ and in-situ measurements of several test resistors
are shown to verify the transport measurement setup and procedure (section 5.1). Then,
the procedure for performing in-situ electronic transport measurements is introduced
(section 5.2) and possible errors emerging during experiments are discussed (section
5.3). Finally, measurements performed on copper (section 5.4) and gold (section 5.5)
thin-film samples are presented, which demonstrate the impact of probe contact quality

and verify the equations derived in section 2.4 for arbitrary probe configurations.

5.1. Measurements of ex- and in-situ test resistors

Before using the LT Nanoprobe for in-situ transport measurements the ex-situ setup
has to be verified, in particular the wiring and electronics connected to the feed-through
into the UHV system from the air side (see to fig.4.4). To this end, the in-situ part
(blue box fig.4.4) is mimicked by several test resistors ranging from 1m§ to 10kS).
The current switch connects the lead from the test resistor to the switch box using the
software described in section 4.1.5. Sweeping the current from —I to +I and back to —1
delivers the I-V-curve. Thereby, each measured I-V-point is the average of 10 repeated
measurements. For a test resistor of 10 k2 the curve in figure 5.1 is measured. Note, that
the errors of the measured values are too small to be visible in the plot. Additionally
as shown in the insert of figure 5.1, the test resistor is switched in series with two 100 €2
resistors demonstrating that contact resistances (here the 100 Q resistors) do not have
an influence on a 4-point transport measurement.

A linear fit function V(1) = R- I+ Vj is used to determine the resistance (slope of the
curve) as well as the offset 1}, which should be close to zero. For the 10k() test resistor
the fit yields R = (10003.93 £ 0.02) Q and a small offset of about V5 = (29 £ 8) uV. If
the current range is step-wise reduced from +1mA to £10nA (measurements are shown
in figure A.4 of appendix A.2), the result is basically unchanged as shown in table 5.1.
The offset is typically in the low uV range and thus much smaller than the voltage drop
and is most likely related to an instrumental offset of the voltmeter. The resistance is
always determined to be 10.003 k2 with an error bar that depends on the current range.
During the course of the thesis this measurement has been repeated several times, always
showing the same results. Therefore, it provides a clear indication for a functioning and
precise measurement system. The same set of measurements are performed with a test
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I v v /
100 Q——10 kQ——100 Q

10+

Voltage V [V]
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Current | [mA]
Figure 5.1.: I-V-curve for an ex-situ connected 10 k{2 test resistor. Two 100 2 resistances
connected in series as shown in the insert demonstrate that the contact
resistances have no influence on the 4-point transport measurement. The

linear fit function in blue yields
V(I) = (10003.93 4+ 0.02) - T 4 (29 £ 8) uV.

R

Current range ‘ Vo
—1mA to +1mA (10003.93 £ 0.02) 2 (29 £ 8) uv
—100 A to +100 pA | (10003.41 4+ 0.10) Q (25 £ 3)uVv
—10uA to +10pnA | (10003.65 & 0.04) (129 £0.2) uV
—1pA to +1pA (10003.0 £0.4) (13.9+£0.2) uV
—100nA to +100nA (10003 £+ 2) Q2 (17.28 £0.16) pV

—10nA to +10nA (10003 £7)Q | (18.496 + 0.04) uV

Table 5.1.: Fit results for the 10k test resistor measured in different current ranges.

resistor of 1. The V-I curves are shown in figure A.5 of appendix A.2, and the results
of the linear fits are compiled in table 5.2. The results are comparable to those of the
10 k€2 test resistor. For the current range —1 pA to +1 pA there are some deviations from
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| Current range | R ‘ Vo |
—10mA to +10mA | (1.00005 £ 0.00004) Q | (51.7 £ 0.38) uV
—1mA to +1mA (1.00023 £ 0.00008) 2 | (54.41 + 0.08) uV
100 kA to +100 A | (1.0002 £ 0.0009) Q | (54.50 = 0.05) kv
“10pA to +10pA | (1.025+0.012)Q | (56.11 £ 0.07) uV
T A to +1pA (1.00£0.00)Q | (28.84 % 0.05) uV

Table 5.2.: Fit results for the 12 test resistor measured in different current ranges.

a the I-V-curve indicating the resolution limits of the setup. The voltage measurements
are trustable in 1V range but not below, while the current can be chosen down to 10nA,
but not below.

Two calibrated test resistors, 10.0015 m£2 and 1.0008 m{2, are used to verify the setup
for small resistance values. Each resistor is ex-situ connected and measured four times.
The corresponding plots are shown in figures A.6 and A.7 of appendix A.2. The mean
resistance values are (9.98 &+ 0.06) m©2 and (1.006 & 0.015) mS2, respectively. In both

0.2}

o
N

Voltage V [V]
o

20 0

0
Current / [mA]

10

20

Figure 5.2.: V-I curve for a 102 test resistor that is in-situ contacted with the four
probes of the 4-probe STM (see SEM image in the insert).
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5. Characterization of electronic transport measurements by using a 4-probe STM

cases the nominal value is within the error bars of £0.6% and +1.2%, respectively. The
voltage offset Vj is in the uV range and is now in the range of the measured voltage
drop. However, as can be seen from the results the offset does not interfere with the
measurement, which solely relies on the slope of the V-1 curves.

Finally, a 10§2 test resistor is brought in the UHV system and in-situ contacted by
four probes as one can see in the insert of figure 5.2. The measured I-V-curve delivers
R = (10.00060 + 0.00005) © and V = (18.0 & 0.5) uV. This result verifies the transport
measurement setup including in-situ wiring and contacting. In conclusion, resistances
can be determined with the transport measurement setup via the I-V curves with error
bars way below 1%, except for resistance/current combinations resulting in voltage drops
of a few uV or less. There is a small voltage offset in the pV range which however does
not interfere with the determination of R.

5.2. Procedure of in-situ transport measurements

This section describes the procedure for performing of 4-point transport measurements
with the LT Nanoprobe. First the camera is used to coarsely approach the probes to
the sample surface. Then, the SEM is used to adjust the probes in the desired lateral
configuration (e.g.in-line or square) as will be shown in several images in the following
chapters. However, this procedure also limits the probe positioning below the pm range.
The best SEM resolution is achieved with the STM stage in the locked position which
ensures a short and rigid mechanical loop between SEM column and sample. On the
other hand, the gentle approach of the STM probes to the sample surface, which is
achieved by detecting the onset of a tunneling current, is best performed with the STM
stage in the hanging position. In this position the stage is suspended from springs in
the recipient and is decoupled from the environment. Weak mechanical oscillations of
the stage with respect to the recipient and thus the SEM column are detrimental to
SEM imaging and reduce the resolution, which also limits the smallest achievable probe
spacing to about 1 um [61]. Figure 5.3 shows a SEM image of four probes at a lateral
spacing s &~ 2 um. The wavy appearance is an image artifact due to slight oscillations of
the STM stage relative to the SEM column in the hanging position. Hence, the probes
can be positioned with separations ranging from the several 100 pm-range down to about
1 pm.

Next, each probe is individually brought to tunneling contact (typically 1nA to 10nA
tunneling current at 1V to 10V bias voltage) using the STM approach procedure de-
scribed in section 4.1. Then, the feedback loop is switched off, and the probes are driven
forward with the fine piezo, typically by about 1 to 2nm (or for the PCUs by about
1 to 2 uncalibrated units, see appendix A.1), which establishes an ohmic contact with
the sample. This gentle procedure ensures that the contact diameters do not exceed
200nm [29]. The next step is to disconnect the probes with the current switch from the
STM controller (Matrix or CPU) and to connect them via the switch box to the current
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Figure 5.3.: SEM image of four STM probes in linear arrangement with a mutual lateral
spacing of approximately 2 um. The yellow dots mark the approximate con-
tact points between probes and surface, and the labels indicate the probes
used for current injection (I~ and I*) and for the measurement of the volt-
age drop (V~ and V).

source and voltmeter (see fig.4.4). The desired measurement mode (e.g. 2- or 4-probe
mode) as well as the assignment of the probes to the current source and the voltmeter
are selected in the software controlling the switch box. Now, the setup is ready for the
measurement of resistances via V-I curves as discussed in the previous section.

5.3. Discussion of errors

In the course of this thesis, it turned out that resistance measurements carried out several
times in succession on the same material using same parameters, but with repositioning
of the probes, lead to a spread of the resistance values of about 10%. The previously
shown results for test resistors and the error bars resulting from fits of individual resis-
tance measurements show errors of 1% at most, but usually much smaller. Therefore,
possible error emerging due to the probe diameter as well as to the probe positioning
are discussed in the following. This discussion has been published in the supplementary
material of Flatten et al. [61].

e Probe contact diameter

A major advantage of using a 4-probe STM to perform 4-point measurements is the
possibility to realize much smaller and variable probe spacings than with conventional
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setups. However, the expressions relating the measured resistance R to the resistivity
p [e.g. equations (2.26) and (2.27) shown again below] have been derived in chapters 2
and 3 under the assumption that the probe spacings s are much larger than the probe
contact diameter d, i.e. s > d. For STM probes brought into ohmic contact, we estimate
d < 200 nm, and the smallest probe spacing considered in this work is s = 1 um. Hence,
s/d = 5 and the error due to the finite size of the contacts needs to be considered.

Ilse et al. [88] performed numerical simulations to determine geometrical correction
factors for finite-size probes. They find that for large sample size (> 10d, which is clearly
fulfilled in our case) and for s/d > 5 the error due to the finite probe contact radius is less
than 5%. A similar result was obtained by Just et al. [29] in the framework of the N-layer
conductance model. Probe contact diameters up to 200 nm at a similar probe spacing as
in our case did not have a significant influence on the results of the calculations. Hence,
we conclude that the errors due to the finite probe contact diameters do not exceed
a few % and should not lead to a significant variance between measurements taken at
different sample positions (but with the same nominal probe spacing s), since the probe
approach procedure ensures the probe contact diameters to vary only in a limited range.
Considering this, the contact diameter is neglected for the performed 4-probe transport
measurements in this thesis.

e Precision of probe positioning

The advantage of 4-probe STM setups allowing for smaller and in particular variable
probe spacings comes at the price of larger errors of probe positioning, compared to,
for instance, lithographically fabricated multi-point probe arrays [11]. Positioning errors
arise due to (i) unfavorable SEM imaging conditions caused by mechanical oscillations
of the STM stage in the hanging position for smallest probe spacings (see fig.5.3), (ii)
reduced SEM resolution due to the large field of view (up to 100 um wide, see fig. 5.8)
required for large probe spacings, and (iii) uncertainties in identifying the exact point
of contact, which is hidden by the body of the probe. Note for the latter point that
the axes of the four probes are 45° inclined with respect to the surface (see fig.4.12).
We estimate that the positioning error in the whole range of probe spacings in our
experiments amounts to 5-10% of the nominal probe spacing s.

In order to quantify the influence of the positioning error on the resistance (or resis-
tivity) measurement, the vectorial notation relating the measured resistance R to the
(isotropic) resistivity p for both the 3D [sample thickness ¢ > s, equation (2.26)] and
2D [t < s, equation (2.27)] transport cases is considered

o _ P [ 1 1 1 1
2w |§2*§1| |§4*§2| ‘5’3*§1| ‘54*§3|
J S g - Bkt ) 1
27t ‘§Z_§1||§4_§3‘ ’

where 8 denotes the position of probe i (i = 1...4). The current is injected through
probes 1 and 4, and the voltage drop is measured between probes 2 and 3. For a linear
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equidistant arrangement of the probes (|5 — §i_1| = s for i = 2, 3,4), equations (2.26)
and (2.27) reduce to equations (2.15) and (2.21) from section 2.2.

In the experimental procedure the first probe is placed at a random position §; on
the thin-film sample and the other three probes are positioned relative to 57 at nominal
equidistant spacings §, 25, and 3s. This involves the errors described above and results
in the effective probe positions

3 (5.1)
G = S 454067 (5.2)
5 = 5 +25+ 655 (5.3)
S = 54354635, (5.4)

where 6; (i = 2...4) denote the relative positioning errors in the direction of §. Of
course, in practice there are also positioning errors perpendicular to the 5. However,
they have only a second-order effect on the lengths |5; — 3)| (i,k = 1,2,3,4) and lead
to additional, but much smaller errors of the resistance measurement. The propagation
of the relative errors ¢ (i = 2...4) in equations (2.26) and (2.27) for the measured

40 ————— —_———
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Figure 5.4.: Relative error of the measured resistance AR3P?P /R3P2D for the 3D (red)
and 2D (blue) cases according to equations (2.26) and (2.27) as a function
of the relative positioning errors, which are assumed to be equal for probes
2-4 (52 = 53 = (54 = 6)
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resistances R*P and R2P is calculated and the result is plotted in figure 5.4. For both
the 3D and 2D case the relative error of the resistance measurement is larger than the
relative positioning error by a factor of about 1.6 and 1.2, respectively. The estimated
positioning error of the experimental setup of 5-10% thus cause resistance variations of
about 7-14%. Taking positioning errors in the direction perpendicular to § into account
slightly increases this error.

On the basis of this analysis, the positioning errors, in particular those along the
connecting line between two probes, are the main source for the observed variance of
the resistance measurements taken under identical conditions, but after repositioning
the probes.

5.4. In-situ 4-probe measurement of a thin Cu stripe

In the chronological order of the experiments performed in this thesis, a thin Cu stripe
served as a test sample for the first in-situ electronic transport measurement with the
4-probe setup. Copper was chosen due to its inertness and well-known low isotropic
resistivity of p = 0.01678 uQm for a perfect crystal [89]. The results emphasize the
importance of well-defined probe positioning and the as gentle as possible contacting
of the sample. In these respects, these test measurements have provided important
experimental hints for the improvement of the following measurements.

The stripe was prepared in a different UHV system by evaporating copper at room
temperature through a shadow mask onto a MICA substrate. The growth rate was
0.1 A/s and the film thickness was t = 30nm. After transfer to the LT Nanoprobe UHV
system through air, the Cu stripe was first annealed at a temperature of about 120°C

Figure 5.5.: (a) Photograph of the Cu stripe mounted on the sample holder. (b) shows a
SEM image where the sample is contacted by four probes with an equidistant
probe spacing of s = 40nm, while in (¢) the probe spacing is reduced to
s = 10nm. d measures the distance of the probes from the sample edge to
ensure that edge effects can be neglected, which is the case for d = 2s[4].
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for 2h to remove eventually physisorbed surface contaminations. The 7mm long and
600 um wide stripe geometry is visible in figure 5.5 (a). Note that the Cu strip does
not touch the metallic frame that fixes the insulating MICA substrate on the sample
plate. Therefore, the stripe is not contacted to the ground potential. This complicates
the contacting of the sample with the probes under SEM control because of charging
effects and also prohibits the approach of the (first) probe via the STM controller.

5.4.1. Impact of positioning precision and contact radii

The contacting is realized according to the following procedure. The first probe is in-
tentionally and vigorously driven into the sample using the coarse piezo motors, while
observing the sample with SEM. The initial charging effects disappear as soon as the
probe, which is ex-situ connected to ground, hits the sample. The disappearance of the
charging effects is the signal to manually stop the coarse approach motion. This proce-
dure inevitably degrades the probe apex and leads to an uncontrollably large contract
radius. With the first probe defining the potential of the Cu stripe, the other probes
can now be gently approached into the tunneling regime by monitoring the tunneling
current. This is done after positioning the probes under SEM control in the desired
probe configuration, here the Valdes in-line configuration as can be seen in figure 5.5 (b)
and (c) for an equidistant probe spacing s = 40 and 10 pm, respectively. In contrast to
the later performed measurements, the probes are moved several 100 nm forward with
the coarse approach to definitely ensure the formation of ohmic contacts. I-V-curves
are taken by sweeping the current from —10mA to +10mA and back to —10mA and
measuring the voltage drop ten times for each I value. An exemplary I-V-curve for
s =40 pm is shown in the insert of figure 5.6, which yields R = (1.0027 = 0.014) Q2 and
Vo = (28.5 £ 1.1) uV. Such measurements are performed for eleven spacings s between
100 and s = 5 um, where each measurement is repeated two times after retracting and
new re-approaching of the probes. The mean values of the measured resistances are
plotted versus the equidistant probe spacings in figure 5.6. According to the positioning
errors discussed in section 5.3, each measured resistance comprises a 10% error bar. The
rather crude contacting procedure with a forward motion of the z-piezo by about 100 nm
into the sample leads to a significant deformation of the probes that can even be seen on
the mesoscopic scale in figure 5.5 (b) and (c), where especially the outer current probes
are strongly bent. This is taken into account by assigning an error to the s values. Note
in this context, that a forward moving of the z-piezo by a distance Az ~ 100 nm does
not necessarily result in an indentation of the probe with the same depth. The angle of
45° between the probe axes and the surface normal [see fig.4.12 (e) and (f)] allows the
probes to accommodate most of the forward motion by elastic bending. Nevertheless,
the forward motion is significantly reduced Az &~ 2nm on the basis of the data in figures
5.5 and figure 5.6.

For the Cu thickness ¢ = 30 nm and large spacings in the pm-range one is clearly in a
2D transport regime (¢ < s). As described in section 2.2 for a 4-probe measurement with
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Figure 5.6.: Resistance R versus equidistant probe spacing s for the copper stripe sample.
Solid lines are fit functions that neglect (blue line) or include (black line)
edge effects, respectively. In the insert the V-I-curve for s = 40 um is
plotted.

equidistant probe spacings, R only depends on the thickness ¢, but is independent of s.
The measured R values in figure 5.6 are almost constant between s = 50 and 100 pm,
clearly indicating the 2D transport case. However, the resistance values strongly decrease
for s < 50 um. This can be explained by the influence of the contact radii, which in
this measurement tend to be quiet large due to the deep contacting of the probes with
Az ~ 100nm. Hence, the expression including the correction for finite tip radius (2.20)

25 —re

R — £ In(Z2Z—%~

D Tt . s—rc
discussed in section 2.2 is fitted to the data. The unknown variables are the resistivity
p as well as the contact radius r¢. The fit (blue line in fig. 5.6) yields p = (0.1495 +

0.0011) uOm and r¢ = (1.15£0.04) pm. This large contact radius is a further reason to
use a much lower Az =~ 2nm in later transport experiments.
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The red line d [see fig. 5.5(b)] measures the distance from the probes to the sample
edge, which is d = 70 pum for the measurements displayed in figure 5.6. Edge effects can
be neglected if d 2 2s. Since this condition is not fulfilled for all measurements the fit
equation is rewritten according to Refs. [4, 6]

4P p 25 —r¢ s s 1 1
fop = m'ln(s—rc ) ' <1+ 2d+s 2d+2s 2d+45+2d+5s> '
where the right bracket is a correction factor that takes possible edge effects into account.
The plot of the fit function is shown in figure 5.6 by the black solid line and yields
p = (0.1401 £+ 0.0015) uQm and rc = (1.07 £+ 0.07) um. Both values deviate about 6%
from the previously determined ones, thus edge effects can largely be neglected for these
measurements.

In conclusion, large probe deformations leading to large contact radii as well as ill-
defined probe positioning are detrimental the resistance measurements even in the large
um-range. Therefore, a precise probe positioning as well as a gentle sample contacting
are key requirements for high-quality transport measurement. This is especially true for
the characterization of the crossover between the 2D and the 3D transport cases, which
typically occurs for small probe spacings. Hence, the contact radii should be negligibly
small (r¢ < s). Furthermore, the probes should be positioned at a distance d = 2s from
the sample edge to avoid edge effects on the transport measurements.

5.4.2. Impact of thin-film quality

The resistivity measured for the Cu stripe deviates by a factor of 10 from the one
expected for a perfect crystal p = 0.01678 uQdm [89]. This can be explained by different
electron scattering. For electron transport there are four mechanisms contributing to
scattering in thin-film samples: surface scattering, grain boundary scattering, impurity
scattering, and roughness [90]. The film resistivity pam can be described via [91]

Pfilm = Pbulk + Pimpurity + Pimperfection + Pthickness » (55)

where is ppux the intrinsic bulk resistivity of a material, pimpuity describes the influence
of impurities, pimperfection the influence of imperfections due to growth including grain
boundaries, and pipickness the influence of the finite thickness. If the film thickness is
in the range of the electron mean free path [ in the material, there is a possibility of
scattering effects at the bottom or the surface of the film[92]. The electrons have to
scatter diffusely, i.e.inelastically, wherefore the resistivity increases above the intrinsic
bulk value. In contrast to this, specular scattering has no influence on the conductivity,
thus ppickness = 0 for specular scattering [91]. A simple model for diffuse scattering is
given by the expression derived by Fuchs[93] for ¢ < [, where a pure and structurally
perfect film is assumed

Pfilm 4
pouc 3+ (t/1) -log(l/t)’ (5.6)
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Figure 5.7.: (a) Sketch of a thin-film sample exhibiting surface or bottom scattering
(blue arrows, FS model) and grain boundary scattering (red arrows, MS
model) (adapted from [96]). (b) Increasing resistivity for decreasing sample
thickness for Cu films on glass measured at 4, 30, 55, and 99°C (taken
from [97]). The red star marks the here measured result for ¢ = 30nm
measured at 21°C.

This model was extended by Sondheimer [94] and is today known as the Fuchs-Sondheimer
(FS) model for surface scattering in conductors. FS scattering is sketched in figure 5.7
(a) with blue arrows. In addition, there is also the possibility of scattering at grain
boundaries, which occurs if the grain size is comparable to the electron mean free path.
This was found by Mayaday and Shatzkes [95]. The principle of the Mayaday-Shatzkes
(MS) model is sketched in figure 5.7 (a) with red arrows. Granular growth often occurs
for thin films. Depending on the substrate, growing rate, temperature as well as post
annealing the grains have different sizes and thus influence the resistivity in a differ-
ent manner. Finally, both surface and grain boundary scattering lead to an increased
resistivity for thin-film samples.

The here determined resistivity p = (0.1495 £ 0.0011) uQm clearly deviates from
that of a Cu film (¢ ~ 30nm) on a Si(100) substrate grown at a rate of 2.56 nm/min,
which amounts to p /~ (0.028 4 0.0011) uQm [98]. Evaporated, single-crystalline copper
films on Si(111) grown with a rate of about 1nm/min comprise a resistivity between
0.02 and 0.05 uQm for ¢t =~ 30nm depending on preheating the substrate between 500
and 1200 K [99]. A sputtered copper films with ¢ ~ 30nm yields p ~ 0.047 pQ2m [100].
For all these measurements the growth rate is much slower than the one used here
(0.1A/s). The grain size is typically smaller for a faster growth [101], thus exhibiting
stronger grain boundary scattering and higher resistivity. A result comparable to the
present one is measured by Pal[97] for Cu films on glass, grown with a rate of 7 to
8A/s and post-annealed at 120°C for 2h. As far as MICA and glass are more or
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less comparable substrate materials [101], the here measured resistivity is corroborated
by the results in Ref.[97], where different film thicknesses are measured at different
temperatures [see fig. 5.7 (b)]. The red star marks the measured resistivity of Cu stripe,
which is measured at room temperature (T ~ 21°C). It indeed lies between the curves
measured at 4 and 30°C, respectively. Finally, for the electron mean free path in copper
of I &= 39nm [100], the intrinsic bulk resistivity ppux = 0.01678 pQm, and the thickness
t = 30nm, equation (5.6) delivers pg, = 0.114 uQm, which is smaller than the here
measured p = (0.1495 + 0.0011) uQm. Therefore, not only diffuse surface and interface
scattering, but also grain boundary scattering has to be taken into account. Concluding,
the thin-film quality has a significant impact on transport measurements and needs to
be taken into account when discussing and comparing experimental resistivity values.

5.5. In-situ 4-probe measurement of a thin Au film — Test of
arbitrary probe configurations

The final test sample is a 10nm thick gold film grown at room temperature on Si(100)
by evaporation at a rate of 1.1 A/ s. The below presented results demonstrate again the
influence of electron scattering at the surface and the bottom interface on the resistiv-
ity, but also confirm the crossover function derived in section 2.4 for arbitrary probe
configurations. The latter is achieved by measuring the resistivity once in square config-
urations with variable edge lengths s and subsequently by keeping three probes fixed at
the corners of a square configuration, while moving the fourth probe towards the center
of the square.

After the transfer through air into the LT Nanoprobe UHV system, the gold film is
annealed at 150°C for 1 hour. Then, the surface is imaged by the SEM [see fig. 5.8 (a)]. A
pattern of dark lines is visible indicating that the film did not grow homogeneously and
that surface and grain boundary scattering may play a role. The probes are positioned in

Probe 2 Probe 3 Probe 2

Figure 5.8.: (a) SEM image of the gold thin-film sample. (b) Square configuration of the
4 probes for s = 1000 um. (c) Probe 1 has been moved along the arrow d
towards the center of the square.
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5. Characterization of electronic transport measurements by using a 4-probe STM

a square configuration with edge lengths ranging from 50 to 1000 um as shown in figure
5.8 (b). The probes are then brought into a gentle ohmic contact with the sample by
moving them from the tunneling regime forward by Az = 1 to 2nm. The determination
of the resistances is again performed by measuring /-V-curves. The square arrangement
of the probes allows two independent measurements just by exchanging the assignment
of two probes from current injection to voltage measurement. This change is sketched
in the insert of figure 5.9, where I~ and VT are exchanged. The red arrows indicate
the main directions of the injected current. For each square configuration (s and probe
assignment), several measurements are performed at different locations on the sample,
and the mean value of R for each measured s is plotted in figure 5.9. The error bars are
mostly less than 10% with the largest being less than 15%. Obviously, R is independent
of s, as expected since s is in the pm-range, while ¢ = 10 nm. This clearly corresponds
to the 2D transport case that is described by equation (2.29)

In(2)
P o2t
which is plotted in figure 5.9 as a blue line. In contrast to the previous section, the
contact radius of the probes can be neglected. This is because of the large probe spacings
and the gentle contacting of the sample, which ensures a contact diameter of typically less
than 200 nm [29]. The fit yields p = (0.0906 +0.0006) puQdm, which is by a factor of about
4 larger than the ideal bulk value for gold ppu = 0.02255 pQm [89]. Again, this can be
related to additional scattering. With the bulk resistivity ppux, the thickness t = 10 nm,
and the electron mean free path of gold I = 38 nm [102], equation (5.6) yields pam =
0.093 uQ2m, which is close to the measured resistivity. This means that the enhanced
thin-film resistivity is predominantly caused by additional surface/interface scattering.
Negligibly weak scattering at grain boundaries is compatible with microstructure visible
in figure 5.8 (a), since the length scale of the dark/bright contrast, which possibly
represents the grain structure, is much larger than the electron mean free path of gold
[ = 38nm.

The next measurement addresses arbitrary, i.e. non-regular, probe configurations. Start-
ing from a square configuration with edge length s = 1000 um, one probe is moved step-
wise towards the center of the square [see to fig. 5.8 (b) and (c)]. d indicates the distance
of the moving probe from the starting position in the corner of the square. Resistance
values R measured at different distances d are plotted versus d in figure 5.10. For de-
termining the resistivity via the crossover function for arbitrary probe configurations
[equation (2.35)] derived in section 2.4, the probe separations s; must be expressed by
the edge length s and d (see insert of fig. 5.10),

square
R2D -

s = /82 + d? — 2sd cos(a) (from V* to I) (5.7)
89 = V2s (from V* to I7) (5.8)
s3= /28 +d? — 2sd[sin(a) + cos(a)]  (from V™ to I) (5.9)
S4 = s (from V™~ to I7). (5.10)
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Figure 5.9.: Resistance R versus edge length s of the square probe configuration. The
blue line is a fit to equation (2.29). The insert shows two different probe
assignments that enable two independent measurements of R without phys-
ically moving the probes.

Note that these equations hold for both configurations sketched in the insert of fig. 5.10,
if the angle « is defined for the two cases as indicated. For the measurements in figure
5.10, the It probe is moved along the diagonal of the square configuration, thus o = 45°
yielding s; = /52 + d? — v/2sd and s3 = v/2s — d. The crossover equation (2.35) then

becomes

sinh (t) sinh (g)
R="n Ve ved . (5.11)

27t : t : ¢
™ sinh (E) sinh <m>

Fitting of equation (5.11) to the data in figure 5.10 with s = 1000 pm and ¢ = 10 nm
yields p = (0.09543 £ 0.00014) uQm, which is in good agreement (within 5%) with the
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Figure 5.10.: Resistance R versus distance d of probe I from the corner of the initial
square configuration. The blue line is a fit to equation (5.11). The insert
shows the probe configurations for exchanged V+ and I~ probes. Note the
different definitions of .

resistivity determined from the data in figure 5.9. Hence, this measurement confirms
the validly of the crossover function for arbitrary probe configurations, though here only
demonstrated for the 2D transport case.

5.6. Summary and conclusions

In this chapter, I have presented experiments with ex-situ and in-situ contacted test
resistors to check and verify the electronic setup, the wiring inside and outside the
vacuum system as well as the data acquisition software. I also described the procedure
for contacting a sample with the four probes and discussed the measurement errors
due to finite probe radii and due the limited accuracy of the probe positioning. The
latter leads for our setup to a variance of consecutively measured resistance values of
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the order of 10%, if the probes are retracted and re-positioned for each measurement.
Further test measurements of the resistivity of in-situ contacted thin Cu and Au films
yield good agreement with literature values, if additional scattering at the surface and
bottom of the film and to a lesser extent at grain boundaries is taken into account.
The main conclusions derived from these test experiments for this thesis concern the
utmost importance of carefully forming the contacts between probes and sample. Only
very gentle contacts realized by approaching the probes by Az ~ 1 to 2nm from the
tunneling regime towards the sample enable negligibly small radii of the probe apexes and
negligible (elastic and plastic) bending of the probes and thus reliable identification of the
exact contact points. Additionally, to avoid edge effects on the transport measurement
the probes should be placed at a distance d 2 2s from the sample edge. Finally, I also
tested and verified the crossover function that I have derived in section 2.4 for arbitrary
probe configurations.
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6. Electronic transport properties of a magnetic MAX
phase — (Mng 5Crg5),GaC

MAX phases with the general formula M, ;1 AX,, with n = 1,2,3 (M is an early transition
metal, A is a A-group element mostly of the main groups 13-16, and X is C or N) be-
long to the layered material class comprising a complex bonding scheme combining both
metal as well as ceramic properties. This bonding scheme is the basis of numerous appli-
cations ranging from electrical contacts, magnetic sensors, spintronics devices to coating
materials in aerospace technology [40-42], but also indicates anisotropic electronic trans-
port properties, where the out-of-plane resistivity component is typically larger than the
in-plane one [41]. In this chapter the magnetic MAX phase (CrgsMng5)2GaC is investi-
gated, which has attracted interest due to its peculiar spin structure and resulting mag-
netic properties that both originate from the nanolaminated crystal structure [103, 104].
However, for further possible applications the conductivity properties of this MAX phase
should be well known, thus the electrical transport properties are characterized in this
chapter, especially regarding to the expected anisotropic electronic transport properties.

First, in section 6.1 the complex bonding structure of MAX phases is discussed which
is an indicator for the anisotropic electronic transport properties. Section 6.2 introduces
the two used thin-film samples and the measurement procedure for the MAX phase
samples is shown. The results are discussed in section 6.3. First, the results for a 40 nm
thin sample are presented to measure the in-plane resistivity component p,, (section
6.3.1). Here, the previously derived equation for arbitrary probe configurations is em-
ployed. Section 6.3.2 presents the main result of this thesis for the (CrgsMngs5)2GaC
MAX phase, namely the determination of the in-plane and out-of-plane resistivity com-
ponents p,, and p. of a 155nm thick thin-film sample. The measurement protocol
derived in chapter 3 yields a large anisotropy ratio of p./pa, = 529 £+ 49. This is the
first experimental application of this novel method and has been published in Flatten
et al. [61].

6.1. Theoretical Background

The layered MAX phases comprise a complex bonding structure. The two-dimensional
building blocks of M, ;1AX,, phases are evident in the crystal structure for n = 1 shown
in figure 6.1(a). MsX layers formed by face-sharing MgX octahedrons and planar A
layers are stacked alternately along the c-axis. As a consequence, MAX phases exhibit
chemical bonding anisotropy [40]. All bonds are predominantly of covalent character with
different degrees of admixed metallicity or ionicity [40]. The mixed bonding character
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Figure 6.1.: (a) Layered crystal structure of MyAX phases. The red lines indicate the
unit cell. Bonds in the MyX layer: (b) Covalent M—X pd,, bonds, (c) covalent
M-X pd, bonds, and (d) mixed covalent-metallic M-M dd, bonds. (e)
Covalent M-A pd, bonds between MyX and A layers. (b) to (e) are adapted
from [40]. Figure is taken from Flatten et al. [61].

gives rise to the combined metallic and ceramic properties of MAX phases.

Strong hybridization between the d-orbitals of the M elements and the 2p-orbitals
of the X elements leads to M-X-M chains with strong covalent pd, and pd, bonds as
schematically shown in figure 6.1 (b) and (c), respectively. The primarily covalent M-A
bonds between the MsX and A planes sketched in figure 6.1 (e) are typically weaker
than the M-X bonds. The d-orbitals of the M elements also form metal-metal dd,
bonds with adjacent M atoms [see fig. 6.1 (d)]. The energy of these states, which are
spatially confined in the M5X layers, is in vicinity of the Fermi level Er. These states
dominate the overall density of states at Er and accordingly also the electric conductivity,
which is thereby much higher in the ab plane compared to the c-direction [40]. This
is corroborated by density-functional theory (DFT) calculations of band structures of
various MAX phases. Most MAX phases do not have bands that cross the Fermi surface
along the c-axis [41]. Therefore, the anisotropy in the electronic structure is theoretically
predicted to lead to anisotropic electronic transport. The anisotropy of the transport
may be further enhanced by electron-phonon interaction [60]. Typically, the resistivity
in the ab-plane p., = p. = pp is significantly lower than the resistivity along the c-axis
pe [40, 41, 55, 105], where p,p, and p. are the two independent components of the diagonal
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second-ranked resistivity tensor of MAX phases with hexagonal crystal structure, such as
(CrpsMng 5)2GaC. In literature, however, the resistivity components p.p, and p. are not
often characterized experimentally because it is difficult to determine the out-of-plane
resistivity component for thin-film samples. Therefore, in this thesis the anisotropic
conductivity is investigated for the magnetic MAX phase (CrgsMngs)2GaC by using
the crossover function to directly determine p,;, and p. as described in section 6.3.2.

6.2. Experimental procedure

The used (CrgsMng5)2GaC thin-film samples with thicknesses ¢ = 40 and 155 nm were
grown at Linkoping University by magnetron sputter epitaxy on a MgO(111) sub-
strate [103]. X-ray diffraction (in the following XRD) and transmission electron mi-
croscopy have proven the hexagonal M;AX phase structure on MgO(111) with
[1120]max||[101]mgo in the surface plane and [0001]yax||[111]mgo out of the plane, i.e. the
a and b-axes are lying in the thin-film plane and the c-axis along the surface normal.
Regarding the notation used in chapter 3 one can identify pan = pa = px = pp = py as
the in-plane resistivity and p. = p, as the out-of-plane resistivity. Thus the crossover
function derived in section 3.2 can be used for the direct determination of the in-plane
as well as out-of-plane resistivity components.

The 4-probe electronic transport measurements are performed at room temperature
with ex-situ wet-chemically etched and in-situ flash-annealed tungsten probes (see sec-
tion 4.2). Before the transport measurements each probe is inspected in the SEM to
ensure a probe diameter of less than 200 nm. After transfer into UHV, the 40 nm sam-
ple was annealed for 1h at 200°C and the 155nm sample for 1h at 150°C to desorb
physisorbed contaminants from the chemically inert surface. For each resistance mea-
surement, the four STM probes are first positioned under SEM control in the desired
configuration, namely in-line with irregular probe spacings for the 40nm sample (see
section 6.3.1) and in-line with equidistant probe spacing s for the 155 nm sample (see
section 6.3.2). Each probe is then approached into the tunneling regime (typically 1nA
tunneling current at 1V bias voltage) using the approach procedure of the STM con-
troller. Finally, the probes are individually moved (using the z-axes of the STM piezo
scanners) by Az = 1 - 2nm towards the sample to establish ohmic contacts. This gentle
procedure ensures that the contact diameters do not exceed 200 nm, and therefore they
have no significant influence on the measurement (see section 5.3). As described previ-
ously in chapters 4 and 5 for the resistance measurements, the probes are disconnected
from the STM controller and connected to a current source and a voltmeter. The current
I is injected through the outer probes (I and I7), and the voltage drop V' is measured
between the inner probes (V*t and V~). The current is swept from -10.0 to +10.0 mA for
the 40 nm sample and from -1.0 to +1.0 mA for the 155 nm sample to record a V-I-curve,
from which one obtains the resistance R by fitting the linear function V(I) = R- I+ V.
Vo is always of the order of 40 to 60 uV and thus much smaller than the voltage drop.
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The error bar of the resistance values is typically within 0.1%. The measured resistances
are finally plotted versus the adjusted probe spacing.

6.3. Electronic transport measurements

First the results for the 40 nm sample are presented to determine the in-plane resistivity
component p,p, from measurements performed in the 2D transport regime. Afterwards,
the 155nm sample is used to directly and simultaneously determine both the in-plane
and out-of-plane resistivity components p,, and p. as well as the anisotropic ratio p./pap
via the 3D-2D crossover function.

6.3.1. Determining the in-plane resistivity component measured on a 40 nm
thin-film sample

For the purpose to determine the in-plane resistivity component p., of the magnetic
MAX phase (CrgsMng5)2GaC, the probes are first placed in an in-line configuration

Figure 6.2.: 4-probe transport measurements of a 40nm thick (Crg;Mng;)2GaC film.
SEM image (a) of an in-line configuration with equidistant probe spacing
s = 200 pm used as the starting configuration, (b) of the new probe positions
after moving the voltage probes by a distance x, while the current probes
remain in their positions, (c) of the voltage probes at a separation of s =
20 um, and (d) of a different orientation of the probe configuration with
vertical current flow.
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with an equidistant probe spacing of s = 200 um as shown in figure 6.2 (a). Next, both
voltage probes are moved a certain distance z closer to each other [see fig. 6.2 (b)], and
for several distances x the resistance is determined via the measured I-V-curves (an
exemplary I-V-curve is shown in the insert of fig. 6.3).

Additionally, different orientations of the probe configuration with respect to the x
and y-axes are employed. Horizontal in-line configurations are shown in figure 6.2 (a) to
(¢), while a vertical configuration is shown in 6.2 (d). In all cases the spacing between
the probes is in the um range, while the sample thickness is ¢ = 40nm. Thus, all
measurements are clearly in the 2D transport regime. Note that under these conditions
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Figure 6.3.: Measured resistances R (red) versus equidistant travel distance z of the
voltage probes. The blue line is a fit of the 2D equation for arbitrary probe
positioning [equation (2.45)] to the data yielding p,, = (1.38 £ 0.06) uQm.
The insert shows a V-I-curve for x = 90 um. Red dots are measured values
(including error bars) and the blue line is a linear fit yielding R = (1.5809 &
0.0005) 2 and Vp = (61.9 £ 0.3) uV.
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— 2D transport regime and in-line configuration — the measured resistances do not depend
on the orientation of the in-line configuration or any (here for the hexagonal material
unexpected) in-plane anisotropy (see discussion in section 3.3).

All in all there are 28 resistances measured at various x values. For each x, the mean
R with an error bar obtained by averaging several measurements is plotted in figure 6.3.
For x values, where only one R measurement could be obtained, a relative error of 10% is
assumed, which is the expected error bar due to the uncertainty of the probe positioning
of 5-10% as discussed in section 5.3. The errors for a few x values are significantly larger
than the 10%, which is most likely related to the non-uniform surface as visible in the
SEM images in figure 6.2, especially the horizontal scratches appearing bright in (d).

For irregular probe configurations with moving inner probes in the 2D transport regime
the dependency between R and z is given by equation (2.45) derived in section 2.4. A
fit of this function to the data is shown figure 6.3 as a solid blue line and yields p,, =
(1.38+0.06) uQm. This low in-plane resistivity value confirms theoretical predictions [40,
41, 55, 105] and is also in the range of experimental values reported for various MAX
phases [40, 55, 60, 106]. A detailed discussion this result and a comparison with literature
will be given at the end of the next section.

6.3.2. Determining p./pa.p via the crossover function measured on a 155 nm
thin-film sample

The 155nm thin-film sample is measured with the in-line probe configuration with
equidistant probe spacing s, i.e.in contrast to the previous section all probes (or at
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Figure 6.4.: 4-probe transport measurements of a 155 nm thick (CrgsMngs)2GaC film.
(a) SEM image of an in-line configuration with equidistant probe spacing
s = 15um. (b) V-I-curve for s = 15um. Red dots are measured values
(including error bars) and the blue line a linear fit yielding R = (1.7738 +
0.0005) © and V = (51.0 £0.2) uV. Figure is taken from Flatten et al. [61].
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least three of them) need to be moved to change the parameter s. An example for
s = 15 um is shown in figure 6.4 (a). Small bright spots on the surface are most likely
due to gallium islands. A typically measured I-V-curve is shown in figure 6.4 (b) for
s =15 um. The linear fit V(I) = R- I + Vp (blue curve) yields R = (1.7738 & 0.0005) 2
and Vp = (51.0 £ 0.2) uV. As before, the error bar of the resistance values is within
0.1%.

Figure 6.5 shows a compilation of 38 resistance measurements (red symbols) for a set of
probe spacings ranging from s = 1 to 50 pm that were performed with numerous probes
and at several spots of the sample surface as well as in different in-plane directions. For
each probe spacing s, we plot the mean R with an error bar, both obtained by averaging
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Figure 6.5.: Measured resistances R (red) versus equidistant probe spacing s. The blue
curve is a fit of equation (3.10) to the data yielding p./pa, = (525 + 49).
Black curves show for comparison the isotropic behavior (solid line) and
anisotropic cases for anisotropy ratios 10% (dotted) and 10* (dashed). Figure
is taken from Flatten et al. [61].
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several measurements, each consisting of positioning and approach of the probes followed
by recording and fitting a V-I-curve. The thus determined errors of R are typically about
10% that can be traced back to the uncertainty of the probe positioning, in particular
along the line connecting the probes, of 5-10% as discussed in the section 5.3. For
s values, where only one R measurement could be obtained, the same relative error
is assumed. Obviously, R is constant for large s and increases for s < 5um. This
behavior can be fitted in a parameter-free manner with the transient behavior described
by equation (3.10) as shown by the solid blue line. For the present case, hexagonal
crystal structure with isotropic in-plane resistivity pa, = /pxpy and p. = p,, equation
(3.10) reads

" fab . sinh (\/g-t/s)
e sinh (\/g - t/2$)

The least-square fitting simultaneously yields both p,, = (1.14 4+ 0.04) pQm and p. =
(599 £ 52) uQm leading to the anisotropy ratio ”C = 525 + 49 and the 3D-2D crossover
point according to equation (3.11) at (t = (2.6 :I: 0 1) pm

The low in-plane resistivity pap, = (1.14£0.04) uQm is of the same order of magnitude
as the value determined in the previous section 6.3.2 for the 40 nm film and thus agrees
with theoretical predictions [40, 41, 55, 105] and previously reported experimental values
for various MAX phases[40, 55, 60, 106]. The deviation of about 20% between the 40
and 155nm films may be due to film-to-film variations, different thickness-dependent
film microstrutures and surface morphologies, or the inferior surface quality of the 40 nm
sample [see large-scale scratches in fig. 6.2 (d)].

The in-plane resistivity p., = 1.1-1.4 uQdm measured here for two films of different
thickness compares well with the resistivity ppo, = 2.2 p{2m reported by Lin et al. [106]
for sintered polycrystalline (CrgsMng 5)2GaC pellet samples, for which the impact of p.
is largely suppressed because the current paths can pass primarily in the ab-planes of
the crystallites due to current percolation. While numerous theoretical reports predict
that in MAX phases p. > pap [40, 41, 55], there are only very few experimental data
on the anisotropy ratio and no previous measurement for the (CrgsMngs)sGaC MAX
phase. The result p‘ = 525449 clearly deviates from the isotropic case (black solid line
in figure 6.5) found For the TisGeC MAX phase [59] and also exceeds the ratio of 14-18
reported for the TipAIC MAX phase[60]. On the contrary, it is of the same order of
magnitude as reported for CraAlC (300-475 at 300 K) and V,AIC (3000-9000 between
300 and 4K) MAX phases [55]. For comparison, the dotted and dashed lines in figure
6.5 indicate the transient behavior for p,, = 1.14 uQm and anisotropy ratios 10% and
104, respectively.
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6.4. Summary and conclusions

In this chapter, I have presented electronic 4-point transport measurements on
(Mng 5Crg 5)2GaC magnetic MAX phase films that were provided by the group of
J.Rosen at the Linkoping University in Sweden. The complex bonding scheme of MAX
phases that leads to anisotropic electronic transport properties was briefly introduced.
The measurements of a 40 nm thick film are clearly to be assigned to the 2D transport
regime (¢ < s) and therefore only allowed the determination of the in-plane resistivity
component p,,. On the contrary, the 155 nm thick film enabled the observation of the
2D-3D crossover such that I could measure both the in-plane and out-of-plane resistiv-
ity components of the nanolaminated MAX phase thin film. This was possible by using
the crossover function that I have derived and described in section 3.2. To the best
of my knowledge, this was the first measurement using this here specifically developed
parameter-free experimental procedure on the basis of a 4-probe STM to determine p,yp
and p. of a single oriented thin-film sample. The method does neither require a specific
device structure, nor a comparison of samples with different microstructure, or modelling
of transport or effective medium properties (see discussion of previous work in chapter
1).

Concerning MAX phases, this novel method will allow systematic studies of the im-
pact of the chemical composition on the resistivity tensor in order to achieve a deeper
understanding of the electronic structure of MAX phases. The measured sizable resis-
tivity anisotropy of a (CrosMng5)2GaC MAX phase thin film p./pa, = 525 49 reflects
the complex bonding scheme of MAX phases with predominately covalent bonds in the
basal planes as well as between the MX and A planes, but mixed with different degrees
of metallicity and ionicity, resulting in the unique combination of metallic and ceramic
properties of MAX phases. The presented data provide clear evidence for a sizable re-
sistance anisotropy in a magnetic MAX phase, thus opening an avenue for investigating
the so far unexplored interplay between electronic structure near the Fermi surface and
the magnetic order that may add novel spintronic functionality to the versatile class of
magnetic MAX phases.

The majority of these results has been published in Flatten et al. [61].
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7. Electronic transport properties of an i-MAX phase —
(Cr2/3H01/3)2A|C

Due to their unique structure M, 1 AX,, with n = 1,2,3 MAX phases can be prepared in
various solids with pure or mixtures of M elements [107]. Mixing different M’ elements
into traditional MAX phases led to the discovery of several sets of crystalline phases and
allows tuning their physical properties. An example is the magnetic (CrgsMng5)2GaC
phase discussed in the previous chapter. Recently, a large class of mixed (Mj/3M] /3)AX
phases, where M’ is a rare-earth element, was discovered [108-110]. Hybridization be-
tween 4f and conduction electrons promises a variety of electronic as well as magnetic
ground states with possibly intriguing properties [110]. This is all the more true as these
phases exhibit chemical order in the MXM’ planes. According to this in-plane ordering,
the name i-MAX phases has been coined for them [108]. It can be expected that the
additional in-plane order gives rise to additional in-plane anisotropy, in particular for the
conductivity. All i-MAX phases discovered up to now exhibit either a monoclinic or an
orthorhombic crystal structure [110]. In this chapter, the focus is on (Cryy3Hoy/3)2A1C, a
very recently and so far unpublished i-MAX phase [111]. Thin (Cry/3Hoy/3)2AlC crystals
with suitable thickness were kindly provided by Q. Tao from the Linkoping University in
Sweden. (Cry/3Hoy/3)2AlC exhibits an orthorhombic crystal structure [110] and is there-
fore well suited for the determination of in-plane (of course in addition to out-of-plane)
conductivity anisotropy with the procedures that I have developed in chapter 3, in par-
ticular sections 3.3 and 3.4. To the best of my knowledge, this is the first experimental
characterization of the anisotropic resistivity behaviour in an i-MAX phase.

In section 7.1, the general bonding structure of i-MAX phases is discussed, which is
an indicator for anisotropic electronic transport properties, especially now also for in-
plane anisotropy in the ab-plane, i.e. the MXM' planes. Section 7.2 introduces the two
investigated samples, and the measurement procedure applied to the i-MAX samples is
briefly shown. The results are presented in sections 7.3 and 7.4. Section 7.5 gives a
summary and conclusions.

7.1. Theoretical background

As usual for MAX phases the (Mg/sM] /B)AX i-MAX phases also exhibit a layered struc-
ture [see fig. 7.1 (a) to (c)] [107]. The M atoms are arranged on a honeycomb lattice and
the M’ atoms on a triangular grid [see fig. 7.1 (d)]. An in-plane layer is formed containing
(Mg sM] /3)X elements. The A atoms form a Kagomé-like pattern, which is alternately
with MXM’ planes stacked along the c-axis [see fig. 7.1 (a) to (c¢)]. Depending on the
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Figure 7.1.: Crystal structure of i-MAX phases. (a) and (b) show monoclinic structures
with space groups Cy/. and Co/p,, respectively. (c) shows the orthorhombic
structure with space group Cpem. (d) shows the chemically ordered M-M’
layer. All figures taken from [110].

stacking pattern, i-MAX phases exhibit a monoclinic structure with space groups Cs/.
[see fig. 7.1 (a)] or Cy/my [see fig. 7.1 (b)] or an orthorhombic structure with space group
Crnem [see fig. 7.1 (¢)] [110]. As shown for numerous i-MAX phases the bonding structure
is similar to the traditional MAX phases comprising chemical bonding anisotropy [107-
109]. There are metallic-like bonds between the d-states of the M/M’ atoms, strong
hybridization between the d- and p-orbitals of the M/M’ and X atoms as well as weak
hybridization between the d- and p-orbitals of the M/M’ and A atoms. Additionally, for
some i-MAX phases a small out-of-plane bonding between the M atoms is found [108].
As known for traditional MAX phases, the metallic property of the i-MAX phases also
originates mostly from the d-orbitals of the M/M’ atoms. These states dominate the
density of states at Er, thus contribute mostly to electronic conductivity. The contribu-
tion of the M atoms is larger since there are more M than M’ atoms in the unit cell [107].
Compared to the hexagonal MAX phase, the i-MAX phases comprise six times as many
atoms per unit cell, which is of course also reflected in the electronic structure determined
by DFT calculations [108]. The band structure exhibit significantly more bands than the
traditional MAX phases. One fingerprint of the latter phases is that they contain no
band-crossing at Er along the c-axis, which indicates the large conductivity anisotropy
measured in chapter 6. For some i-MAX phases it was shown that several bands cross
the Fermi level along in-plane as well as out-of-plane directions, which should lead to
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a less anisotropic resistivity behaviour [108]. The investigated (Cry/3Hoq/3)2AlC i-MAX
phase comprises an orthorhombic structure [111]. Referring to section 3.2, the resistivity
tensor in this case exhibits three independent components, in particular p, and p;, along
two orthogonal in-plane directions and p,. aligned along the out-of-plane c-axis. In-plane
and out-of-plane resistivity anisotropy is expected due to the in-plane chemical ordering
and the layered crystal structure, respectively. However, the less anisotropic band struc-
ture should result in a weaker out-of-plane resistivity anisotropy than for traditional
MAX phases, and — to the best of my knowledge — the in-plane resistivity anisotropy
has so far only been predicted, but not yet experimentally verified.

7.2. Experimental procedure

The (Cry/3Hoy/3)2AlC samples were prepared at Linképing University by Q. Tao in the
group of J. Rosen, who kindly provided the description of the novel sample preparation
and XRD data before publication [111]. The crystals were grown by the flux method,
which is here just briefly introduced. Elemental powder with a molar ratio of Cr:Ho:Al=
0.18:0.36:0.1 is mixed in a mortar, which is afterwards placed in an AL;Oj3 crucible
and heated in a tube furnace under flowing Ar up to 1600°C for 60 min. Then the
specimen is cooled down slowly to 1200°C in 2400 min, then to 800°C, and finally to
room temperature. Afterwards, the furnace is removed and the specimen is stored in
air for several days to oxidize the excess Ho. Several days later the remaining pellets
are immersed in 0.5 mol HCI for 1h to remove the remaining intermetallics. After this
preparation, shiny pellets with a size of up to few mm? are obtained.

These crystals are further investigated by XRD as shown in figure 7.2. The Rietveld
refinement of an XRD spectrum taken of crushed crystals confirms the space group
Chnem- The agreement is very good with y? = 2.39 and Ry, = 11.7[112]. Other typical
i-MAX phase structures like Cy. and Cy/m have also been considered, but give much
worse agreements. Thus (Crg/sHoy 3)2AlC exhibits the space group Cpem representing
nothing else than an orthorhombic crystal system. Furthermore, XRD of the platelet-
shaped crystals used for electronic transport measurements proves that the a and b-axes
are lying in the surface plane and the c-axis along the surface normal. However, the in-
plane orientation, explicitly the position of the a and b-axes with respect to the sample
edges, was not known when the transport measurement were performed. Regarding
the notation used in chapter 3, only p. = p, could be identified as the out-of-plane
resistivity. The exact position of the a and b-axes relevant for the p, and p, components
is described in section 7.3. As discussed in chapter 3, first the in-plane resistivities are
characterized using a rotating square configuration and then the out-of-plane resistivity
can be determined via the crossover function for arbitrary probe positioning by varying
the edge length of the square configuration.

The 4-probe electronic transport measurement are performed at room temperature
using self-made tungsten probes as described previously. Before the transport measure-
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Figure 7.2.: Rietveld refinement of an XRD spectrum of (Cry/3Hoy/3)2AlC crushed crys-
tals confirming the space group Cpem. Measurement and figure are kindly
provided by Q. Tao, Linképing University.

ment the platelet-shaped (Cry/3Hoq/3)2AlC crystal was clamped onto a mica substrate
and in-situ annealed at 150°C for 1h to desorb physisorbed contaminants from the
chemically inert surface. For each resistance measurement the probes are positioned
under SEM control in a square configuration, which is rotated by certain angles 6 to
determine the in-plane anisotropic transport properties as described in section 7.3. In
section 7.4 the edge length s of the square configuration is varied to determine the out-of-
plane resistivity. After positioning, each probe is approached into the tunneling regime
(typically 10nA tunneling current at 1V bias voltage) using the approach procedure
of the STM controller. Finally, the probes are individually moved (using the z-axes of
the STM piezo scanners) by Az = 1-2nm towards the sample to establish ohmic con-
tacts. As described previously, the probes are disconnect from the STM controller and
connected to a current source and voltmeter. The injected current is swept from —1.0
to +1.0mA to record V-I-curves, from which the resistances R are determined. The
measured resistances are finally plotted versus the rotation angle 6 or the edge length s.
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Figure 7.3.: Cross-sectional SEM images of a 80 um thick (Cry/zHo3)2AIC platelet-
shaped crystal at different magnifications. Several black lines in the ab-plane
indicate gaps between partly delaminated 10-30 pm thick lamellae.

A last important point to mention is that the effective thickness of the measured
crystals is unknown. The nominal thickness of the platelet-shaped (Cry/3Hoq/3)2AIC
crystals ranges between 60 and 150 um. However, cross-sectional SEM images (fig. 7.3)
show black lines in the ab-plane, which very likely represent gaps between partly de-
laminated lamellae. As seen in figure 7.3, the thickness of the delaminated lamellae is
strongly position-dependent and ranges between 10 and 30 pm. Such delamination is
tightly connected to the layered structure and thus not surprising. The gaps are an
indication for weak bonding between the MXM’ and A layers that has been explored to
prepare 2D materials of several parenting i-MAX phases, so-called i-MXenes, by exfoli-
ation [107, 108, 113, 114]. In the present context, however, the delamination leads to an
ill-defined thickness ¢ of the lamellae that are relevant for the quantitative analysis the
here presented electronic transport measurements. This issue will be discussed later in
more detail.

7.3. Characterization of the in-plane resistivities components

In this section, the in-plane anisotropic transport properties of the (Crg/3Hoy/3)2AIC
i-MAX phase are discussed. Three independent measurements on different spots on the
sample are performed. One of them is explained in the following in more detail.

As seen in figure 7.4, the four STM-probes contact the sample in a square configura-
tion. As discussed in section 3.3, a rotating square configuration is the best choice to
characterize an in-plane anisotropic resistivity. The SEM imaging software is used to
rotate the square configuration about a certain angle 6. Figure 7.4 (a) shows a zoom-out
SEM image. The yellow arrows define the angles # = 0° and 90° according to the coordi-
nate system of the SEM software. The green arrows indicate the crystalline a and b-axes
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Figure 7.4.: 4-probe configurations for electronic transport measurements on a
(Crgy3Hoq3)2AlC crystal. (a) shows an overview of the platelet-shaped crys-
tal contacted by 4 probes. The yellow arrows indicate the coordinate system
of the SEM software which defines the rotation angle 8. The green arrows
symbolize the crystalline a and b-axes of the platelet. (b) to (d) show 4-
probe square configurations with fixed edge length s = 30 um, but different
rotation angles # = 0°, 50°, and 90°.

as will be discussed below. In figure 7.4 (b), a square configuration with edge length
s = 30 pm is shown for = 0°. This square is then rotated clockwise [see fig. 7.4 (c) for
6 = 50° and (d) for 6 = 90°]. The resistance R is measured for 12 € values yielding the
plot R versus 6 shown in figure 7.5. Each R in the plot is measured either with a single
measurement or by two repeated measurements, re-positioning the probes each time.
The error bars of R in figure 7.5 represent the typically expected error of 10% (refer
to chapters 5 and 6). The resistance values are in the range of 3 to 6 mf2 revealing a
metal-like behaviour in agreement with literature for different i-MAX phases[110]. The
resistance values systematically depend on the angle 6 with a maximum between 40°
and 60°, clearly indicating an in-plane anisotropy.

If the measurements are performed in the 2D transport regime, then the R(6) de-
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pendence is given by equation (3.17), which allows for p, # pp. In order to fulfill this
condition, the edge length s of the square configuration must be long enough. Additional
transport measurements with an in-line configuration with equidistant probe spacing s
ranging from 20 to 70 um confirm that the measurements in square configuration with
s = 30 um in figure 7.5 are in the 2D regime and, hence, that equation (3.17) can be
applied.

However, equation (3.17) also depends on the sample thickness ¢, which is not precisely
known for the (Cry/sHoy/3)2AlC samples due to the gaps caused by delamination (see

fig. 7.3). Luckily, the variable ¢ only occurs in the pre-factor, which is expressed in the

V/PxPy

following as A = Y5~

and yields a rewritten expression of equation (3.17)

14 &)2 — 4 cos?()sin®(0) ( B &)2

Px Px

R(gv Pxs Py A) = A-In ( ) (71)

(sin2(9) + & 0082(9))2

with the unknown variables py, py, and A. Note that equations (3.17) and (7.1) assume
that @ = 0 corresponds a current flow from I to I~ in z-direction. As the orientation
of the a and b-axes was not known at the moment of the measurements, an additional
phase shift ¢ is added to the angle §. Using the in-plane anisotropic ratio r = % one
obtains

RO.1 A8 — A-In ((1 +7)2 — 4cos(0 + ¢)sin(0 + &) (21 - 7’)2) o)
(sin®(0 + ¢) + 7 cos?(6 + ¢))

This equation is fitted to the measured R yielding A = (6.20 & 0.15) m€, » = 1.59 &+
0.08 and ¢ = (33.8 & 2.1)° (blue line in fig. 7.5). Assuming that the thickness of the
measured, top-most lamella is in the range between 10 and 30 pm, one obtains py =
0.29...0.88 u2m and py = 0.47...1.41 pQm.

The maximum and minimum of the R(6) curve are at 90° — ¢ = (56.2 £ 2.1)° and
at 0° — ¢ = (—33.8 £ 2.1)°, respectively. These directions are marked in figure 7.4 (a)
by green arrows. After completing all transport measurements the sample was sent to
Q. Tao at the Linkoping University in Sweden to determine the crystalline axes. For the
very same crystallite that was used for transport measurements and could be identified
using the SEM image in figure 7.4 (a), the green arrows were found to coincide with
the a and b-axes, as labelled in figure 7.4 (a)[111]. This result allows the assignments
pa = py and p, = py. Note in figure 7.4 (a) that the phase shift ¢ indicates the offset
between the z-axis (§ = 0°) and b-axis and between the y-axis (# = 90°) and a-axis,
respectively.

R(0) measurements are repeated at two further locations on the same crystallite sur-
face and with different edge lengths of the square configuration, s = 60 um [see fig. 7.6
(a)] and s = 30 um [see fig. 7.6 (b)]. For the location, where the s = 30 um data was
taken, an additional measurement with an in-line probe configuration confirmed 2D
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Figure 7.5.: In-plane resistivity anisotropy of (Crg/3Hoy/3)2AlC. Measured resistance R
(red) versus the rotation angle 6 of the 4-probe square configuration. The
blue line is a fit to equation (7.2) yielding r = £* = (1.59 + 0.08).

transport behavior for s = 30 wm, meaning that the local lamella thickness ¢ is small
enough. The location, where the s = 60 pm data was taken, was also used for the
measurement of the out-of-plane resistivity anisotropy by varying the edge length of the
square configuration (see section 7.4). The resulting crossover function shown in figure
7.8 indicates that for this location s = 60 wm is only slightly larger than the crossover
point. Hence, deviations from the 2D transport regime are to be expected.

The blue lines in figure 7.6 are fits to equation (7.2), which yield an anisotropic ratio
of r =1.93£0.15 for s = 60 pm (a) and 7 = 1.33 £ 0.10 for and s = 30 um (b). The
s = 60 wm data yields a significantly larger value than the s = 30 wm data. This is most
likely due to deviations from the 2D transport regime at s = 60 pm. Therefore, this value
is not taken into account when calculating the average parameters ™" = 1.46 £ 0.13,
A= (57+£0.4)mQ, and ¢™" = (34.6 + 3.5)°. The deviations between the two fitted
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Figure 7.6.: In-plane resistivity anisotropy of (Cry/sHoy/s)2AlC. Additional measure-
ments of the R(6) dependence (red) taken at two further locations on the
crystal surface and with different s = 60 pm for (a) and s = 30 pm for (b).
The blue lines are fits to equation (7.2) yielding for r = % =1.93+£0.15 for

(a) and r = £2 = 1.33 £ 0.10 for (b).

anisotropy results can be predominantly related to the quite rough crystal surface visible
in figures 7.4 and 7.7.

The result that r» = ‘;“ > 1 means that p, > p,. For (Cry/sHoy/3)2AlC and numerous
other i-MAX phases the unit cell is larger in a-direction than in b-direction [107-110],
see figure 7.1 (d). In particular, the triangular grid of the M’ atoms consists of rows
of nearest-neighbor M’ atoms that are not present in the a-direction. In contrast, the
a and b-directions are equivalent for the honeycomb lattice of the M atoms. Therefore,
the in-plane anisotropy with lower resistivity component p, can be qualitatively linked
to enhanced transport mediated by metallic d-d nearest-neighbor bonds along the b-
direction of the two-dimensional M’ sublattice.

To the best of my knowledge, the electronic transport measurements presented in this
section represent the first determination of the in-plane resistivity anisotropy originating
from the crystal structure of an i-MAX phase. The orthorhombic (Cr2/3H01 /3)2AIC i-
MAX phase reveals a metal-like resistivity behaviour and a small, but significant in-plane
anisotropy with the ratio r = g—z =146 £0.13.

7.4. Determination of the out-of-plane resistivity component

In this section, the determination of the out-of-plane resistivity for the same
(Crgy3Hoy3)2AlC crystallite is discussed. To this end, the edge length s of a square
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Figure 7.7.: 4-probe configurations for electronic transport measurements on a
(Crgy3Hoq3)2AlC crystal. The edge length of the square configuration is
s =100 pm for (a) and s = 20 um for (b), while the rotation angle is fixed
at 6 = —30°.

configuration is varied from 100 to 5 pm as shown in figure 7.7 for s = 100 pm (a) and
s =20 um (b). Note that the angle of the resistance measured is fixed at § = —30° such
that the current is applied along the b-axis of the crystal.

The dependence of the measured resistance R (red) on s is plotted in figure 7.8, where
each R is measured at least three times, each after re-positioning the probes. The course
of the resistance values shows the crossover between the 3D and 2D transport regimes
as discussed in sections 3.2 and 3.3. Concerning the measurement protocol, first the
edge length of the square is varied. At first glance, the R values do not strongly vary
for s > 50 pm. This suggests that there is a clear 2D transport behavior, wherefore the
square configuration is then rotated with s = 60 pm to measure the data in figure 7.6
(a) and to determine the in-plane anisotropy (see section 7.3).

The crossover function [equation (3.12)] for the here shown scenario with the current
applied along the b-axis is given by

(7.3)

Apparently, the crossover function Rsquare($) depends on four parameters, namely the
resistivity components p., p, pe, and the lamella thickness ¢. However, there are only
three independent parameters. This can be easily seen with the substitutions p, = at,
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p» = Bt, and p. = v/t, which eliminate the parameter ¢ from equation (7.3).

_ mdrl sinh (/2 1)
& sinh <\/%1)

Hence, determining of the resistivity components is only possible, if the lamella thickness
t is known. Furthermore, the fitting in the previous section 7.3 yielded the in-plane
Pa — @

anisotropy ratio r = e=%= 1.46 £ 0.13, which reduces the number of fit parameters
in equation (7.4) to only two (e.g. 5 and 7). The corresponding fit with fixed o = 1.4603

(7.4)
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Figure 7.8.: Out-of-plane resistivity anisotropy of (Crg/3Ho1/3)2AlC. Measured resistance
R (red) versus the edge length s of the 4-probe square configuration. The
blue line is a fit to equation (7.4) performed with fixed o = 1.46(, which
yields B = (0.030 & 0.002) Q and v = (137 & 15) Qum?. The dashed and
dotted lines indicate the 2D and 3D transport cases, respectively.
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is shown as a blue line in figure 7.8. The fit results are 5 = (0.030 & 0.002) Q and
v = (137 £ 15) Qum?.

Although the lamella thicknesses t relevant for the different measurements are not
known in detail, the probable thickness range ¢ = 10...30 um can be estimated from
cross-sectional SEM images (e.g. fig. 7.3). Table 7.1 compiles the resulting ranges for the
resistivity components and the anisotropy ratios.

1 — — — -1 Pa _ Pc__ _ A 42
Lamella thickness t | p, = at | pp = St | pc =t w8 | T T Zagt
[pm] (Om] | [uQm] | [uOm]
10 0.44 0.30 13.7 1.46 37.7
30 1.32 0.90 4.38 1.46 4.0

Table 7.1.: Ranges for the resistivity components, the in-plane anisotropy ratio, and the
out-of-plane anisotropy ratio under the assumption of a lamella thickness
range from ¢t = 10 to 30 pm. The uncertainty of the lamella thickness ¢ makes
a precise determination of the resistivity components impossible. Therefore,
error margins resulting from the fits are omitted for clarity.

The fitted curve in figure 7.8 shows that capturing of the entire crossover region well
into the 2D regime would require significantly longer edge lengths s exceeding 100 pm.
This was not feasible for the present (Cry/3Hoy/3)2AlC sample due to structural inhomo-
geneity of the surface that is probably caused by delamination. Nevertheless, the pre-
sented measurements reveal a stronger out-of-plane than in-plane resistivity anisotropy.
The out-of-plane anisotropy ratio is smaller than that of the traditional MAX phase
discussed in chapter 6. This in agreement with the less anisotropic band structure of
the i-MAX phases.

7.5. Conclusion

In this chapter, T have presented electronic 4-point transport measurements on
(Crgy3Hoy /3)2AlC i-MAX phase crystallites, which were prepared at Linkoping Univer-
sity by Q. Tao in the group of J. Rosen. In i-MAX phases, the chemical order of the M
and M’ atoms (here Cr and Ho) in the ab-plane reduces the crystal symmetry compared
to the conventional MAX phases. (Cra/3Hoy/3)2AlC has orthorhombic symmetry that
leads to a diagonal resistivity tensor with three independent components, allowing for
anisotropic resistivity in the ab-plane. To the best of my knowledge, the data presented
in this chapter revealing ﬁ = 1.46 £ 0.13 represent the first experimental evidence for
such an in-plane resistivity anisotropy in an i-MAX phase. Furthermore, the major axes
of the resistivity tensor in the surface plane are found to coincide with the a and b-axes
determined by XRD. The lower resistivity component in b-direction p;, can be qualita-
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tively explained by enhanced transport mediated by metallic d-d nearest-neighbor bonds
along the b-direction of the two-dimensional M’ sublattice.

With the measurement protocols developed in chapter 3, I was also for the first time
able to simultaneously characterize the out-of-plane and in-plane resistance, i.e. the entire
resistance tensor of an i-MAX phase. Unfortunately, the thickness of the measured
crystallites (t = 10...30 pm) were not precisely known due to partial delamination of
the material. For that reason, only value ranges could be determined for the absolute
magnitudes of the resistivity components and the out-of-plane resistivity ratio. The
in-plane resistivity components p, and p, are of the order of 1 uQdm and p. is about
one order of magnitude larger, indicating good metallic behavior in agreement with
literature on other i-MAX phases. The out-of-plane anisotropy ratio \/% is in the range
between 4 and 40. The stronger out-of-plane than in-plane anisotropy ratio is compatible
with the bonding scheme of i-MAX phases, which is similar to that of conventional
MAX phases. However, the unit cell of i-MAX phases is larger and results in a larger
number of electronic bands crossing the Fermi energy, including some in ¢-direction. This
explains the reduced out-of-plane resistivity anisotropy of (Cra/sHoy/3)2AlC compared
to conventional MAX phases, such as (Mng5Crg5)2GaC investigated in chapter 6 with
% = 525 + 49.

Finally, I want to emphasize that I have given in this chapter first proof-of-principle
for the quantitative determination of the entire resistivity tensor of a material with
orthorhombic or higher symmetry on basis of electronic 4-probe transport measurements
performed on a single sample of a given (and known) thickness.
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8. Summary and Outlook

This thesis emphasizes the possibilities of characterizing resistivity properties of a sample
by using a 4-probe STM. Besides the constant progress in developing the 4-probe STM
for measuring resistances in the nanoscale regime, there are several opportunities using
the features of a 4-probe STM to analyse electronic transport properties of a sample, in
particular the variable probe positioning.

Nowadays materials with layered structures are in the focus of interest since they are
possible parent-materials for samples with one or a few atomic layers known as 2D ma-
terials. According to the layered structure, these materials grown as epitaxial thin films
typically comprise a bonding anisotropy and thus an anisotropic resistivity, where the
out-of-plane resistivity component usually differs due to the oriented growth along the
c-axis, i.e.the out-of-plane resistivity is typically larger than the in-plane resistivities.
There are straight-forward methods for the characterization of anisotropic in-plane trans-
port behaviour, but the determination of an out-of-plane resistivity is quite challenging
(vefer to chapter 1). Therefore, this thesis presents a specifically developed parameter-
free experimental method for the direct determination of an out-of-plane resistivity.

Briefly summarized, this method is based on the crossover between the 2D and 3D
electronic transport case. The dependency between the resistivity and the resistance
measured in a 4-point measurement is introduced to discuss the counterintuitive be-
haviour of the 2D (R « t) and 3D (R o s) transport cases. Subsequently, the crossover
between the two regimes is described, which is the key to the measurement protocol for
the direct determination of the out-of-plane resistivity. A novel solution to characterize
the crossover between 2D and 3D regime for arbitrary probe positioning is presented in
this thesis, too.

Anisotropic electronic transport can be analysed by introducing the resistivity as a
second rank tensor, whereby here the focus is on crystal symmetries exhibiting a diagonal
resistivity tensor (orthorhombic and higher symmetry). The van der Pauw transforma-
tion is used to determine the up to three independent resistivity tensor components.
In-plane resistivity components can be easily determined in the 2D transport case using
a rotating square configuration of the probes. On the other hand, transient behaviour
between the 2D and 3D regime obtained by variation of probe spacing and described by
the crossover function is used to obtain the out-of-plane resistivity. Therefore, the novel
method for determining the out-of-plane resistivity is based on the crossover function,
which I have reformulated for anisotropic materials using the van der Pauw transforma-
tion.

After calibration and testing of the experimental setup, measurements of a thin cooper
stripe and a gold film are presented to verify the theory behind the transport measure-
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ments, but also point out some challenges one has to care about, like a gentle probe
approach with a minimal penetration depth into the sample, surface and film quality
as well as different contributions of error sources emerging during the measurement.
Possible error sources are discussed in more detail and it is found that the largest er-
ror of consecutive resistance measurements results from the inaccuracy of the probe
positioning.

As a first key result of this thesis, I have simultaneously measured the in-plane
and perpendicular-to-plane resistivity, and thus the out-of-plane resistivity anisotropy,
of a nanolaminated MAX phase thin film using the here developed method. These
measurements represent proof-of-principle for future investigations about the depen-
dency between the chemical composition and the resistivity tensor in MAX phase films
with hexagonal crystal structure. The measured resistivity anisotropy of the magnetic
(CrosMng 5)2GaC MAX phase pe/pan = 525 £ 49 is sizable and reflects the complex
bonding scheme of MAX phases. Relating the magnetic properties of MAX phases to
transport properties of this kind opens an avenue for investigating the so far unexplored
interplay between electronic structure near the Fermi surface and the magnetic order
that may add novel spintronic functionality to the versatile class of magnetic MAX
phases. As an outlook, electronic transport measurements with an applied magnetic
field should give more insight into the electronic and magnetic properties. However,
the LT Nanoprobe only enables measurement with an applied magnetic field of 25 mT
perpendicular to the sample surface, and furthermore the measurement temperature is
fixed at about 4 K due to the superconducting coil used.

Finally, I have also measured the electronic transport properties of the
(Cr2/3H01 /3)2AIC i-MAX phase. The chemical in-plane ordering of i-MAX phases is
predicted to lead to in-plane anisotropic properties. Indeed, my experiments repre-
sent the first experimental verification of anisotropic transport properties in i-MAX
phases in in-plane as well as out-of-plane direction. The measurements have been per-
formed on a crystal sample for which partial delamination of crystalline lamellae leads
at the sample surface to platelet-shaped crystallites with an ill-defined thickness. The
in-plane anisotropic resistivity ratio could be accurately determined in the 2D regime
yielding ,’O’—Z = 1.46 £ 0.13, thus p, > pp. Cross-sectional SEM images indicate crystal-
lite thicknesses between 10 and ¢ = 30um. Using this value range, one can estimate
value ranges for all three resistivity components. It turns out the the out-of-plane

anisotropy ratio \/% is at least one order of magnitude smaller than for the conven-

tional (CrpsMng5)2GaC MAX phase and thus confirms predictions based on previous
DFT band structure calculations for other i-MAX phases.

At the very moment of writing this thesis, Q.Tao has prepared structurally better
crystals with a significantly flatter surfaces and also better defined thicknesses [111].
Therefore, the transport measurements performed in chapter 7 should be repeated on
those crystals to quantitatively determine all three resistivity components p,, pn, and p.
for a deeper understanding of the electronic transport properties of i-MAX phases.
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As a further outlook, selective etching of an i-MAX phase delivers so-called i-MXenes,
when the M’ elements are removed in addition to the A-layers. This leads to a metallic-
like 2D structure with ordered metal vacancies[113-115]. Thus, a large anisotropy in
conductivity should occur, which has not been experimentally confirmed yet. First
non-direction-specific experiments only showed that i-MXenes exhibit a high electric
conductivity [114]. There are also theoretical predictions that the physical properties
can be tuned by functionalization, e.g.adding O atoms to initially metallic i-MXenes
makes them semiconductors with indirect band gaps[107]. Functionalized i-MXenes
exhibiting piezoelectricity have also been reported [107]. All in all, i-MXenes open new
possible fields in 2D physics comprising either a conducting or semiconducting material
with significant piezoelectric properties. Therefore, it would be highly desirable to push
the here presented 4-probe measurement techniques to the nanometer scale to enable
direct access transport properties of i-MXenes.

The here presented novel method relies on the observation of the crossover between
the 2D and 3D regimes, which occurs at a probe spacing that is linearly dependent on
the sample thickness. Thinner samples require smaller probe spacings, and vice versa
smaller spacing allow thinner samples. In my experiments, the minimal probe spacings is
limited to about 1 wm, which, depending on the resistance anisotropy, requires a sample
thickness of more than 100nm to 1um. Accordingly, the here presented resistivity
values represent bulk properties. The smallest spacing between two probes reported
in literature is around 25nm [13]. Comparable small spacing between four probes has
so far not yet been accomplished, but is not a fundamental problem and will certainly
be reached soon. To this end, focused-ion-beam techniques can be used to prepare
much thinner and well-defined probes with radii down to 17nm [116]. This combined
with keeping the probes during the transport measurement in tunneling contact, i.e. the
STM feedback loop is active [117], will enable well-defined and non-destructive 4-point
measurements in near future, probably down to the lower nanometer range. This will also
be an improvement over to the lithographically fabricated multi-probes, which presently
offer precise probe spacings of 1 um due to correction factors applied. However, during
contact with a sample, these multi-probes are pressed onto the surface, resulting in
deformation of the probes and damage to the surface, both of which are detrimental.

The work presented in this thesis can be considered as a contribution to the devel-
opment of 4-probe STM towards a powerful tool for electronic transport measurements
including spectroscopy and potentiometry for the technologically increasingly impor-
tant nanometer range. The main focus of this work is introducing novel parameter-free
methods for the direct determination of the entire resistivity tensor of samples with or-
thorhombic or higher symmetry with unprecedented accuracy and reliability. The mea-
surement protocols are based on 4-point electronic transport measurements with variable
probe configurations and spacings combined with the observation of the crossover be-
tween the 2D and 3D transport regimes. The novel methods developed here rely just
on a single oriented thin-film sample and do neither require a specific device structure,
nor a comparison of samples with different microstructure, or modelling of transport or
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effective medium properties. They can be applied in-situ under UHV conditions and
to materials that are not available as micrometer-thick crystals or are unstable unless
stabilized in thin-film form.
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A. Additional Data

A.1l. Calibration of the PCUs

The PCUs are designed to operate with different piezo scanner systems, which may
have different piezo sensitivities. In contrast to the Matrix controller, the PCUs have
no access to the scanner configuration file containing the piezo sensitivities. Therefore,
the PCUs display the piezo position in uncalibrated units (values roughly in the range
[-1000, 1000]). The well controlled motion of the probes from the tunnelling regime into
ohmic contact, which is done under PCU control, requires a precise calibration of all
three CPU /scanner units. The calibration of the PCU 4 is shown here in detail, but the
same procedure has also been performed for PCUs 2 and 3. The corresponding data are
shown in figure A.2.

The PCU is connected via remote control with the Matrix controller, which is then
used to approach the probe with the z-piezo by several nanometers towards the sample,
while the PCU display is read out. The start value is arbitrarily set to z = Onm and
positions closer to the sample correspond to negative values of z. Additionally, the
potentiometer for the (uncalibrated) z-axis offset on the PCU front panel can be set
independently, which shifts the displayed values. Therefore, two calibrations are done
with the offset potentiometer set to 5 and 4, see figures A.1 and A.2. The linear relations
between calibrated z-position in nanometers and PCU values yield the following fits,
where # symbolizes PCU values.

PCU 2, potentiometer 5: z = 0.77332 +0.00013 — (850.09 £ 0.08) nm

PCU 2, potentiometer 4: » = (—0.77180 = 0.00009 ﬂ — (1102.70 £ 0.07) nm
unit

(
(
PCU 3, potentiometer 5: z = — (827.90 £ 0.08) nm
PCU 3, potentiometer 4: z = (
(
(

0.77420 £ 0.00010)——# — (1102.17 % 0.08) nm
un

PCU 4, potentiometer 5: 2 = — (831.91 £+ 0.09) nm

(- )
(= )
(—0.77446 + 0. 00012)%
(= )
(—0.77159 = 0. 00012)2
(- )

;‘55':#&&?;5
I F F O HF F*

PCU 4, potentiometer 4: z = 0.77180 % 0.00009 — (1102.71 £ 0.07) nm

The slope of the all curves is m ~ 0.77nm per PCU unit, meaning that changing PCU
display value by one corresponds to piezo motion of about 0.77 nm. In order to make the
PCU values unambiguous and comparable, it is highly advisable to always work with
fixed settings of z-offset potentiometers. Throughout this thesis, the offsets are fixed at
5, i.e.in the middle of the total range.
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Figure A.1.: Calibration of PCU 4 for z-offsets 5 (blue symbols) and 4 (red symbols).
Solid lines are linear fits.
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Figure A.2.: Calibration of PCU 2 (a) and 3 (b) for z-offsets 5 (blue symbols) and 4 (red
symbols). Solid lines are linear fits.
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Figure A.3.: Matrix output voltage vs. PCU output voltage for a series of user-selected
z-positions. The solid line is a linear fit.

As a final test of the calibrations, one has to make sure that choosing a given z-position
in the Matrix software (in nm) or with the PCU potentiometers (in PCU units) leads
to the same voltage applied to the z-piezo. To this end, the desired z-position of the
piezo is varied via the Matrix interface and manually via the PCU potentiometer and
the resulting high-voltage outputs of the Matrix controller and the PCU are recorded.
In figure A.3, the Matrix output voltage is plotted versus the PCU voltage output. A
linear fit (solid line) delivers a slope of (0.9995 & 0.0003). The small offset of about
(—0.99 + 0.03) can be related to a small deviation of the z-offset potentiometer from
the value 5, which corresponds to an offset voltage of 0 V. Hence, this plot demonstrates
that the voltage output of both Matrix controller and PCU are the same for a given
position of the z-piezo.
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A.2. Measurements of ex-situ and in-situ test resistors

Plots for test resistor R = 10k{2
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Figure A.4.: V-I plots for test resistor R = 10 k{2 measured in different current ranges.
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Plots for test resistor R =12
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Figure A.5.: V-I plots for test resistor R = 10 ) measured in different current ranges.
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Plots for test resistor R = 10.0015 m£2
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Plots for test resistor R = 1.0008 m{2
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Figure A.7.: Four repeated measurements of the V-1 curve for test resistor R = 1.0008 (2.
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