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Zusammenfassung

Vielversprechende Forschungsfelder aus dem Bereich der Festkörperphysik, wie zum Beispiel Thermo-

elektrik und Spintronik, werden durch die einzigartigen Eigenschaften von Bismut-basierten Materialien

geprägt. Bismuttellurid (Bi2Te3) ist beispielsweise ein Halbleiter mit kleiner Bandlücke und exzellen-

ten thermoelektrischen Eigenschaften, die für die Umwandlung von thermischer in elektrische Energie

bei Raumtemperatur eine der höchsten Effizienzen aufweist. Außerdem wird Bismuttellurid einer neuen

Klasse von Quantenmaterialen, den Topologischen Isolatoren (TI) zugeordnet, die Spin-Bahn-gekoppelte

Oberflächenleitfähigkeit bei gleichzeitig isolierendem Verhalten im Volumen besitzen. Beide Eigenschaf-

ten verheißen Anwendungen in der Elektronik und Spintronik, die durch Energieeffizienz und hohe

Rechenleistung bestechen.

Die experimentelle Bestimmung der speziellen Charakteristika des TIs stellt jedoch eine besondere Her-

ausforderung dar, weil die Leitfähigkeit des Volumens das elektrische Signal dominiert und die Ober-

flächenzustände nur schwer zugänglich sind. Um diese Hürde zu überwinden beschäftigt sich diese

Dissertation zunächst mit der Herstellung von Bi2Te3 Nanodrähten, deren Oberflächen-zu-Volumen Ver-

hältnis extrem groß ist und deren geometrische, kristallographische und morphologische Eigenschaften

unabhängig von einander kontrolliert eingestellt werden können. Dadurch können die Anteile der Ober-

flächenzustände aufgelöst werden.

Bi2Te3 Nanodrähte wurden durch elektrochemische Abscheidung in ionenstrahlgeätzten Polymermem-

branen synthetisiert. Hierfür wurden zuerst 30 µm dicke Polycarbonatfolien mit hochenergetischen

Schwerionen bestrahlt. Jedes einzelne Ion erzeugt eine Ionenspur, die durch einen selektiven chemi-

schen Ätzprozess in zylindrische Nanoporen umgewandelt wird. In diesen Poren wurden anschließend

Nanodrähte mit Durchmessern zwischen 25 und 100 nm abgeschieden. Röntgendiffraktometrie und

Transmissionselektronenmikroskopie zeigen texturierte Nanodrähte, die aus mehreren einkristallinen

und bis zu mehreren hundert Nanometern langen Segmenten bestehen. Die chemische Zusammenset-

zung wurde durch energiedispersive Röntgenspektroskopie und Röntgenphotoemissionsspektroskopie,

sowohl für das Volumen als auch für die Oberfläche, bestimmt. Erstere zeigt dabei eine homogene,

beinahe stöchiometrische Zusammensetzung, während letztere das Vorhandensein von Sauerstoff- und

Kohlenstoffkontaminationen bestätigt. Diese Kontamination wird Polymerresten zugeschrieben, die von

der Auflösung des Polymertemplates herrühren.

Untersuchungen der elektronischen Eigenschaften einzelner Bi2Te3 Nanodrähte wurde mit Hilfe von

nano-winkelaufgelöster Photoemissionsspektroskopie (nano-ARPES) am französischen Synchrotron SO-

LEIL durchgeführt. In einem speziellen Aufbau, der für das Detektieren von Photoemissionssignalen von

Nanoobjekten entwickelt wurde, wurden einzelne Abschnitte der Nanodrähte analysiert. Winkelinte-

grierte Messungen von Rumpfelektronenniveaus entlang der Drahtoberfläche bestätigen die homogene

chemische Zusammensetzung. Mit winkelaufgelösten Messungen wurde die Valenzbandstruktur einzel-

ner Drahtabschnitte erfolgreich aufgenommen. First-Prinzipal Rechnungen für die bevorzugt abgeschie-

denen Kristallorientierungen stimmen gut mit den experimentellen nano-ARPES Ergebnissen überein.

Um elektrische Transportmessungen durchzuführen, wurden einzelne Nanodrähte mittels Laser- und
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Elektronenstrahllithographie kontaktiert. Der spezifische Widerstand weist die für Metalle typische

Temperaturabhängigkeit auf und steigt mit abnehmendem Drahtdurchmesser an. Des Weiteren wur-

den Magnetotranportmessungen in gepulsten (bis 60 T) und statischen (bis 12 T) Magnetfeldern mit

paralleler und senkrechter Orientierung bezüglich der Drahtachse, durchgeführt. Im Allgemeinen ist der

Magnetwiderstand positiv und steigt mit größer werdendem Magnetfeld linear oder quadratisch an ohne

zu saturieren. Schwache Antilokalisierungseffekte, die bei kleinen Temperaturen und in schwachen Ma-

gnetfeldern auftreten, weisen auf das Vorhandensein von Quanteninterferenzphänomenen aufgrund der

hohen Spin-Bahn-Wechselwirkung hin. Die erhaltenen Ergebnisse sind erste Hinweise auf Quantenphä-

nomene an elektrochemisch in Polymermembranen abgeschiedenen, zylindrischen Bi2Te3 Nanodrähten.

Die in dieser Arbeit dargelegte erfolgreiche Vermessung von elektrochemisch abgeschiedenen, einzel-

nen Bi2Te3 Nanodrähten mittels Nano-ARPES und Magnetotransportmessungen eröffnen neue Möglich-

keiten, die für weiterreichende Untersuchungen von topologischen Isolator-Nanostrukturen von großer

Bedeutung sind. Die entwickelten experimentellen Methoden legen den Grundstein für künftige Unter-

suchungen in Abhängigkeit des Drahtdurchmessers, der Kristallorientierung und der Korngröße. Dieses

Wissen, in Kombination mit der hier gebrauchten einfachen und kontrollierbaren Bi2Te3 Nanodrahther-

stellung, verspricht ein großes Anwendungsportfolio als innovative Elektronik- und Spintronikbauteile.
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Abstract

Promising research fields associated to solid state physics, such as thermoelectrics and spintronics, have

been influenced by the unique properties of bismuth-based materials. Bismuth telluride (Bi2Te3), for

example, is a semiconductor with a very small band gap and excellent thermoelectric properties which

show one of the highest thermal to electrical energy conversion efficiency at room temperature. Moreo-

ver, bismuth telluride belongs to a new class of materials called Topological Insulators (TI), which exhibit

surface conductivity with spin-momentum-locked electronic surface states while being bulk insulators.

Both properties promise many application possibilities in electronic and spintronic devices with regards

to energy efficiency and faster computing.

The experimental investigation of the special topological insulator characteristics is very challenging, be-

cause the bulk conductivity dominates the electrical signal resulting in hardly accessible surface states.

In order to overcome this challenge, the present dissertation initially presents the fabrication of Bi2Te3

nanowires with extremely large surface-to-volume ratio and independently controllable geometric, cry-

stallographic and morphologic properties that enable a resolution of the surface states.

The Bi2Te3 nanowires were synthesized by electrodeposition in ion-track etched polymer templates. For

this purpose, 30-µm thick polycarbonate foils were irradiated by highly energetic heavy ions. Each ion

creates an ion track, which can be converted into cylindrical nanopores by selective chemical etching.

Subsequent electrochemical deposition within these nanopores resulted in nanowires with diameters

between 25 and 100 nm. X-ray diffraction and transmission electron microscopy reveals highly textured

nanowires consisting of single crystalline sections that are several hundreds of nanometers long. For

both, bulk and surface, the chemical composition was analyzed by energy-dispersive x-ray spectroscopy

and x-ray photoemission spectroscopy. The former shows a chemically homogeneous composition close

to stoichiometry, while the latter revealed oxide and carbon contaminations, which is attributed to poly-

mer residues from the template.

Investigations of the electronic properties of individual Bi2Te3 nanowires were performed using nano-

angle-resolved photoemission spectroscopy (nano-ARPES) at the French synchrotron SOLEIL. Sections

of single nanowires were analyzed by employing a setup that was especially developed to obtain pho-

toemission signals from individual nanoobjects. Angle-integrated measurements along the length of the

nanowire recording the core levels, confirmed the homogeneous chemical composition. Employing the

angle-resolved mode, the valence band structure of single nanowires sections was successfully revealed.

First principles calculations of the preferably deposited crystallographic orientation are in good agree-

ment with the experimental nano-ARPES results.

In order to conduct electrical transport measurements, individual nanowires were contacted by laser and

electron beam lithography. The resistivity recorded as a function of temperature exhibits typical metal-

lic behavior and increases with decreasing wire diameter. Magnetotransport investigations for different

nanowire diameters were successfully performed by applying pulsed (up to 60 T) or static (up to 12 T)

magnetic fields perpendicular and parallel to the wire axis. Generally, the magnetoresistance was found

to be positive, increasing either linearly or quadratically with the magnetic field and shows no saturation.
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At low temperatures and within the zero-magnetic-field regime, the appearance of weak antilocalization

effects indicates the presence of quantum interference caused by large spin-orbit coupling. The obtained

results provide first signs of quantum phenomena in electrochemically deposited Bi2Te3 nanowires.

The presented successful investigation of electrodeposited Bi2Te3 nanowires by nano-ARPES and magne-

totransport measurements opens new possibilities that are of great importance for future investigations

of the electrical transport characteristics of topological insulators nanostructures. The developed ex-

perimental methods lay the groundwork to pursue these studies as a function of various nanowire

properties such as diameter, crystallographic structure and grain boundaries. This knowledge combi-

ned with the easy and controlled fabrication of the unique nanowire samples employed here, promises

many applications as innovative electronic and spintronic devices.
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Difficulties are just things to overcome, after all.
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Motivation

The accelerating technological advances continue to impact on various fields of human life revolutioni-

zing our social and working environment [1].

Initially, interaction via networks was limited to people communicating via personal computers. As a

result of the invention of smartphones and tablets, more and more electric devices offered similar ap-

plications and access to wireless interconnection enabling data sharing and synchronization between

different devices. The next area of innovation and growth is the so called Internet of Things, a term

defined by K. Ashton in [2], where physical devices intelligently communicate with each other without

the permanent control of a human operator. One famous and already commercially available system

is the smart home, where light sensors, window blinds, thermostats, entertainment devices and even

home appliances are interconnected, sharing data and operating independently according to weather

data, time schedules and personal preferences of the resident. Further areas of human life in which the

Internet of Things develop a great impact are mobility and transportation, worksites and factories as well

as consumerism and health care.

On the one hand, technical advances such as the ongoing miniaturization and decreasing costs of micro-

electronics, the expansion of wireless connectivity, the increasing data storage and processing capacities

as well as innovative software solutions triggered a rapid expansion of the Internet of Things [3]. On

the other hand, global challenges such as efficient energy usage, fast computing performance and data

security are faced when developing electronic devices for implementation in everyday items. Especially

mobile devices and wearables require energy efficient operation as one way to increase battery life-

time [4].

These challenges have inspired multiple strategies to develop innovative materials. One example for

enhanced energy efficiency is the ongoing optimization of thermoelectric materials, such as Bi2Te3 and

Bi1-xSbx, to be used as thermal to electric energy converters [5, 6]. A promising idea to increase the data

processing speed, while lowering the power consumption, is to not only use the charge, but also the spin

of electrons for information processing. In contrast to semiconductor field-effect transistors using the

on- and off-state for information transport, a device based on both, charge and spin state, can provide

more efficient information transport as well as storage [7, 8]. For this reason, materials allowing for a

manipulation of the spin states opened up a progressing field of research [7].

Topological insulators, for example, posses unique properties, because their spin is locked to the momen-

tum of the electrons. They belong to a new class of quantum materials opening an exciting branch in

solid state physics by exhibiting an insulating bulk and a conductive surface [9, 10]. The surface, or edge

states in the case of 2D objects, are unique due to their spin-momentum locking properties giving rise

to electrons in helical spin states. Furthermore, the surface states are protected by time-reversal symme-

try preventing their destruction by non-magnetic impurities resulting in dissipationless transport. Both

of these exotic characteristics lead to many application possibilities, especially in electronics, spintro-

nics and optoelectronics [5]. Additionally, many proposed Topological Insulators (TIs), such as Bi2Te3,

Bi1-xSbx are good thermoelectric materials extending their range of application even further [5, 6]. Apart
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from new devices for applications, TIs are predicted to be excellent model systems for testing fundamen-

tal theories of solid state physics such as the prediction of new particles like the Majorana fermions [11].

Furthermore, the new concept of classifying matter topologically gives rise to many new material classes,

such as topological crystalline insulators [12] and Weyl semimetals [13, 14].

Surface sensitive techniques including Angle-Resolved PhotoEmission Spectroscopy (ARPES) and scan-

ning tunneling microscopy [15, 16] provide an easy way of probing the surface states without over-

lapping their signal by the background bulk charge carriers. Transport measurements are challenging

due to the dominance of the bulk charge carriers compared to their surface counterparts and intrinsic

doping of the material. Ways to overcome this challenge are TI nanomaterials. They provide a large

surface-to-volume ratio, reducing the bulk contributions geometrically [17, 18]. Furthermore, the Fermi

level can be adjusted to the surface states inside the bulk band gap, by making use of field-effect gating

especially efficient for nanostructure-based devices [19, 20]. Another advantage of TI nanomaterials

are the possibility to manipulate the 2D surface states by geometry and morphology [21] as well as by

fabricating TI nano-heterostructures [22].

So far, the search for topological surface states in Bi2Te3 nano-objects such as nanowires has been lad by

electrical transport measurements providing an indirect investigation of these unique surface states [23–

28]. However, it is well-known that a heterogeneous stoichiometry drives important electronic mo-

difications such as changing the doping, carrier density, gaps as well as massless properties and thus

influences the thermoelectric [29, 30] and electrical transport properties [31]. Consequently, the direct

investigation of the electronic band structure of TI nanowires and their surface states requires a full

study using ARPES. This is extremely challenging, but possible by ARPES measurements with enough

spatial resolution and sufficient signal intensity that had to be specifically developed to characterize

nano-objects [32–36].

On that basis, the present dissertation aims for the investigation of the electronic properties of bismuth

telluride nanowires electrochemically deposited in etched ion-track polymer membranes. For this pur-

pose, nano-ARPES and magnetotransport experiments were developed and conducted on cylindrical

nanowires of different diameters. In general, Bi2Te3 is one of the first discovered TI materials, but exhi-

bits a small bulk band gap leading to a significant bulk state contribution to an electrical transport signal.

The high surface-to-volume ratio of the nanowires investigated in this work is expected to reduce the

bulk contribution and thus providing access to measure the surface states.

Chapter 1 introduces bismuth telluride in context of the discovery of TI materials and as a well-known

thermoelectric material. Chapter 2 describes the synthesis method to obtain nanowires with controlled

properties and parameters. The wires are characterized in terms of their geometry, morphology, chemi-

cal composition, crystallographic orientation and annealing behavior using various methods. The results

presented in chapter 3 provide important knowledge for the optimal sample preparation for nano-ARPES

and magnetotransport measurements. Chapter 4 presents the nano-ARPES investigations by introducing

the unique setup, the sample preparation and the measurement results. These experimental results were

compared to those obtained by first principles calculations of similar samples. Finally, the magnetotrans-

port experiments conducted in pulsed and static magnetic fields for various wire diameters are described

in chapter 5.

2



1 Introduction to bismuth telluride (Bi2Te3)

In the last decades bismuth telluride (Bi2Te3) based materials have attracted great interest due to their

potential application for thermoelectric cooling and power generation. Besides being the most efficient

room-temperature bulk thermoelectric material [37] for 60 years, in 2009, Bi2Te3 was predicted to be a

three-dimensional Topological Insulator (TI) [38].

Bismuth telluride is a compound between the post-transition metal bismuth (83Bi) and the metalloid

tellurium (52Te). Besides Bi2Te3, other compositions of bismuth and tellurium have been reported, in-

cluding BiTe, Bi4Te5, Bi4Te3, Bi6Te7 and Bi7Te3 [30]. Naturally, Bi2Te3 occurs in minerals in combination

with elements such as Se, S, Pb, Au, etc. Recently two of them, Kawazulite (Bi2(Te,Se)2(Se,S)) [39] and

Aleksite (PbBi2Te2S2) [40] were found to be natural topological insulators. In pure combination of Bi

and Te, the commonly known minerals are tellurobismuthite (Bi2Te3), pilsenite (Bi4Te3) [41], tsumoite

(BiTe) [42] and hedleyite (Bi7Te3) [43]. Bi2Te3 is commercially produced as gray powder and exhibits a

bulk melting point of 573◦C [44].

Bismuth telluride has a trigonal crystal structure with space group R-3m and is described in the rhom-

bohedral or hexagonal lattice system as schematically depicted in figure 1.0.1. Within the hexagonal

description a quintuple with an alternating -Te(1)-Bi-Te(2)-Bi-Te(1)- structure is formed [45]. The index

on the Te layer denotes a different arrangement of the Te atoms in reference to the surrounding Bi and

Te layers. Three quintuples form the hexagonal unit cell. While the intra-atomic layers are covalently

and ionically bond, the Te(1)-Te(1) bondings exhibit van der Waals interaction resulting in easy cleavage

along these planes [46] oriented perpendicular to the c-axis. Due to their crystal structure, Bi2Te3 single

crystals feature a high degree of anisotropy of their (thermo-)electric transport properties [47]. The

lattice parameters for rhombohedral [48] and hexagonal [45] systems are indicated in figure 1.0.1.

Figure 1.0.1: Schematic representation of the Bi2Te3 crystal: hexagonal (blue; a = 4.3835 Å, c =
30.487Å [45]) and rhombohedral (red; a = 10.473 Å, α = 24.17◦ [48]) unit cell.
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In this chapter the concept of topological insulators as well as thermoelectric materials is introduced.

Besides the basics and most important experimental breakthroughs, special attention is given to the re-

levance of bismuth telluride as a thermoelectric and topological insulator material. In this work the term

bismuth telluride refers to the chemical composition of Bi2Te3.

1.1 Topological insulators

Throughout the evolution of the different disciplines in physics, materials have been classified employ-

ing various criteria. Figure 1.1.1 provides a schematic summary of different selected material classes

dependent on the (mathematical) space on which they are defined.

Figure 1.1.1: Concepts for the classification of states of matter using selected examples: solid, liquid and
gas phase are distinguished in real space (black box). Solids are characterized as metals,
semiconductors and insulators by their energy gap in momentum space (red box). Applying
topology distinguishes trivial and non-trivial topology (green box). Semiconductors and con-
ventional insulators are topologically equivalent, while a topological insulator is an example
for non-trivial topology.
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The most commonly known approach is to distinguish states of matter in real space by considering the

geometrical arrangement of their atoms (blue spheres) resulting in solid, liquid and gas phases (black

box). Following this concept for condensed matter, various crystal symmetry classes are defined in real

space such as cubic and hexagonal.

Considering different electronic properties, condensed matter is classified depending on its band struc-

ture and density of states requiring a transition of the translation symmetry of the crystal into momentum

space (red box). Consequently, metals and insulators are distinguished according to their energy band

structure. In metals, overlapping or partially filled bands allow for easy excitation of electrons into un-

occupied states, while the completely occupied (yellow) lower (valence) band in insulators is separated

from the upper (conduction) band by an energy gap. This energy gap, though much smaller than for

conventional insulators, is also a characteristic of semiconductors allowing thermal excitation across the

small energy gap into the conduction band. Tuning the band structure, i.e. the Hamiltonian, in a way

that the finite size of the energy gap changes but does not reach zero, a conventional insulator can be

transformed into a semiconductor and vice versa. In a certain sense, the two different states are related

and this relation is ascribed to the topology of the states of matter rather than their geometry.

In a topological understanding (green box), conventional insulators and semiconductors are equivalent.

On the other hand, not all insulators are topologically equivalent giving rise to a new class of quantum

matter: the topological insulator. The most simple picture of a topological insulator is a bulk insulator

exhibiting metallic states on its surface (more precise: on its interface to e.g. vacuum). In terms of band

theory, the energy gap is closed by the so called surface states (red and blue lines). The closing of the

gap is an indicator of the topological change, while the bulk band gap defines the insulating nature of

the material.

In the following sections, the concept of applying topology to classify quantum states (section 1.1.1), the

chronological development (section 1.1.2) and the key "ingredients" to obtain a TI (section 1.1.3) are

summarized. The hype about TIs becomes obvious by the fact that they were experimentally discovered

only two years after their prediction. The two breakthrough experiments are shortly introduced in sec-

tion 1.1.4, marking the starting point of an extremely fast developing and fascinating field of research.

Lastly, the topological non-trivial properties of Bi2Te3 are introduced in section 1.1.5.

1.1.1 Applying topology to classify quantum states

Topology is a fundamental branch of mathematics developed on the basis of geometrical problems. The

key studies are properties of mathematical spaces that are preserved under continuous deformations.

The most figurative illustration of topology is again linked to geometry, namely classifying objects into

topological classes according to their number of holes. A schematic illustration is provided in figure 1.1.2.

By definition a sphere belongs to the same topological class as a disc, because squishing a sphere deforms

it into a disc1. Similarly, a cup and a donut are topologically equivalent, being transformable into each

other and possessing one hole. On the contrary, a sphere is not convertible into a donut, because it requi-

res the creation of a hole, which corresponds to a non-continuous deformation. In this way geometrical

objects are described by only one parameter called genus g (g = 0 for a sphere and g = 1 for a donut)
1 In more mathematical terms, one says that the sphere is homeomorphic to the disc. A homeomorphism is a continuous

map between two topological spaces that also has a continuous inverse [49].
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and are classified regardless of their actual geometrical shape [50]. Gauss and Bonnet independently

described the link between the geometry and the topology of an object (without boundaries) by

∫
S

KdA = 2πχ(S), (1.1)

where S is the surface, dA any area element, K the Gaussian curvature and χ(S) = 2(1 − g) the Euler

characteristic. It follows that the total Gaussian curvature is given by an integer only dependent on the

genus and thus the topology of an object, while its exact local shape is irrelevant [49].

In physics, smooth transformations are considered adiabatic. Analogous to the geometrical objects,

the electronic band structure of materials is deformable by adiabatic transformation. Changing the

Hamiltonian smoothly, gapped band structures are transformed into each other, making both insulator

and semiconductor topologically equivalent (like a sphere and a disc).

Figure 1.1.2: Geometric examples of different topologies: Under continuous deformation a sphere is for-
med into a disc (left) and a donut into a cup (right). The topological class is determined by
the number of holes in the object, called genus g.

If a system undergoes adiabatic changes, its wavefunction picks up a so called Berry phase while traveling

on a closed loop in its parameter space [51]. A simple picture of a Berry phase is the angle by which

an arrow or a compass needle pointing in one direction is rotated as it is moved on a closed loop along

the surface of a sphere. Once it returns to its starting point, the compass needle has been rotated by a

certain angle. The Berry phase is defined as

γn =

∮
C

An(R)
Stokes
=

∫
S

dA(∇R × An(R)) =
∫
S

dAΩn(R), (1.2)

with R = (R1,R2, ...) denoting a vector with varying parameters, An = i 〈n(R)|∇R |n(R)〉 being the

Berry vector potential with the Nabla operator ∇R defined with respect to the parameters andΩn deno-

ting the Berry flux.

The equivalence classes differ by a topological invariant called the Chern invariant n ∈ Z. The physical

correspondence to the Gauss-Bonnet Theorem (equation 1.1) writes as

n =

N∑
i

1
2π

∫
BZ
d2kΩn(k) (1.3)
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with Brillouin Zone (BZ). It follows that for quantum mechanical systems, the total Chern invariant n

over all occupied bands N corresponds to the total Berry flux in the BZ.

The first time topology was considered to describe a special state of matter was the explanation of the

Quantum Hall State (QHS). This state occurs, when a Two-Dimensional Electron Gas (2DEG), in which

electrons are confined in two dimensions, is exposed to a strong magnetic field at very low temperatures

of a few Kelvin [52]. The electrons are then forced on circular orbits resulting in their localization

within the 2D plane. Furthermore, their energy is quantized into so called Landau Level (LL) whose

energy εLL =  hωc(LL + 1/2) is defined by the cyclotron frequency ωc. Viewing the LL splitting as a

kind of band structure manifests the similarity to the insulating state, since the filled and empty Landau

levels are separated by an energy gap of  hωc. Nevertheless unlike for an insulator, a quantized Hall

conductance

σxy = ν
e2

h
, (1.4)

is measured across (xy-direction) the 2DEG with ν being an integer, e being the elementary charge

and h denoting Planck’s constant. Thouless Kohmoto Nightingale and den Nijs (TKNN) realized that

the difference between a QHS and a conventional insulator derives from their differing topology. They

showed that ν is identical to n in equation 1.3 [53]. In the following, ν = νTKNN was also referred

to as TKNN invariant which does not change under adiabatic transformations of the Hamiltonian. For

his work on the topological characterization of new quantum states, Thouless was one of the physics

Nobel laureates in 2016. In the QHS, νTKNN > 0 (or 1) while in the conventional insulator νTKNN = 0
manifesting two different topological classes.

The occurrence of the quantum Hall conductivity can now be explained in two different ways that are

sketched in figure 1.1.3 (a). In a geometrical picture, the electrons (red) close to the edge of the 2DEG

(blue) are not able to complete a full circular motion due to its boundary or interface. Instead, half

circles are described resulting in chiral propagation along the edges of the 2DEG. The motion is chiral in

the sense that its direction (red arrow) is predetermined by the orientation of the magnetic field (green)

and by the lack of energy states available for backscattering. Thus, the electronic transport at the edges

is robust against disorder (e.g. kinks) and can be considered dissipationless. In the topological picture,

the edge states arise at the interface between two materials of different topological classes namely the

QHS with νTKNN > 0 and, in the simplest case, vacuum of νTKNN = 0. Considering that the topology is

invariant under continuous transformation, the band gap has to vanish and reopen again at the interface.

Consequently, metallic edge states are formed for which the energy gap amounts to zero.

Two possible band structures for the QHS are sketched in figure 1.1.3 (b). The most straightforward

possibility is a single edge state (red) exhibiting a positive group velocity vg = ∂E/ h∂k (corresponding to

a right moving mode), connecting the valence and conduction bands directly. Imagining transformations

of the Hamiltonian close to the edge, that change the energy landscape in a way that kinks are arbitrarily

introduced (green). Consequently, also negative group velocities (or left moving modes) are created.

Due to the requirement of gapless edge states, the difference between the number of right NR and left

NL moving modes remains constant

NR −NL = 4νTKNN. (1.5)
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This relation is called the bulk-boundary correspondence, because the edge state dispersion is uniquely

determined by the topology of the bulk material.

Figure 1.1.3: Schematic representation of the quantum Hall state (a) and its band structure (b). Elec-
trons (red) confined in a 2DEG (blue) exposed to a magnetic field (green) move on circular
orbitals. Inside the 2DEG, the splitting of the energy bands into Landau levels leads to a
localization of the electrons creating a gapped band structure (yellow box). On the edges,
the incomplete circular motion leads to a conductance σ that is not destroyed by disorder
(kink). The topological invariants change from νTKNN = 0 to νTKNN = 1 crossing the inter-
face between the 2DEG and vacuum. (b) Possible surface states connect the valence and
the conduction band crossing the Fermi level by an odd number of times (red and green).

In order to explain the quantum Hall state, the mathematical branch of topology was applied leading to

a new classification of quantum states of matter. While a semiconductor and a conventional insulator

are topologically equivalent, the quantum Hall state presents a different state distinguishable by the

topological TKNN invariant. The beaming question is, if this topologically non-trivial QHS can be realized

elsewhere.

1.1.2 The search for exotic quantum states

The realization of the QHS requires strong magnetic fields of about 15 T and very low temperatures

of approximately 4 K [52]. Searching for quantum Hall-like systems without such extreme condition

requirements, Haldane investigated a model system of a graphene-like crystal structure which exhibits

Dirac points where the valence and conduction bands touch each other following a linear dispersion

relation [54]. Since all atoms are considered to be identical, such a system fulfills inversion and time-

reversal symmetry, protecting the existence of the Dirac points. If one of these symmetries is broken,

the degeneracy at the Dirac points is lifted. In the case of broken inversion symmetry (different kinds

of atoms), a mass term is added to the Dirac Hamiltonian resulting in an energy gap in the dispersion

relation and thus the system becomes a conventional insulator. Haldane achieved the broken time-

reversal symmetry by adding a magnetic flux following the crystal periodicity and that amounts to zero

over the complete unit cell. In that case, he found that each Dirac point adds ±e2/2h to σxy, resulting

in a quantum Hall state. For his work on this model, amongst others, Haldane was another laureate of

the physics Nobel prize in 2016. The importance of his research was to show that the QHS is possible

in other systems, but yet, it still required the breaking of time-reversal symmetry (i.e. a magnetic flux).
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Almost 20 years later, Kane and Mele studied the effect of spin-orbit coupling on the basis of Haldane’s

model for graphene [55] in order to replace the magnetic flux. In this system the time-reversal symmetry

is unbroken and a new topological state of gapped band structures was found, the Quantum Spin Hall

State (QSHS). Although the TKNN invariant amounts to zero, it exhibits a Chern number which is a Z2

invariant [56]. Later on, Moore proposed the term "topological insulator" for the QSHS [57].

1.1.3 Key requirements for Z2 topological insulators

According to Kane and Mele, the key requirements for a QSHS are spin-orbit coupling and time-reversal

symmetry. The former describes the interaction between the electron orbital angular momentum L gene-

rating a magnetic field B and the electron spin S resulting in an energy increase for parallel orientation

and a decrease in the anti-parallel case. In solids, the spin-orbit coupling results in the splitting of energy

bands according to their spin direction that are otherwise degenerate. The heavier the atoms in the solid,

the higher is the electric field of their nucleii and the more pronounced is the spin-orbit splitting [58].

In a time-reversal invariant system, its state remains unchanged under time-reversal transformations

t→ −t. The time-reversal operator Θ effectuates the change of the direction of time [59]. The position

operator remains unchanged, while momentum and spin operators switch signs. Within a classical pic-

ture, applying Θ twice, i.e. reversing the time twice, should reestablish the original state. A half-integer

spin system yields Θ2 = −1, leading to a constraint called the Kramers theorem [60]. It can be easily

understood by assuming that the states |ψ〉 and Θ |ψ〉 are the same quantum state only differing by a

certain constant c, Θ |ψ〉 = c |ψ〉, then applying Θ results in

Θ2 |ψ〉 = |c|2 |ψ〉 . (1.6)

With Θ2 = −1 and |c|2 6= −1, it follows that |ψ〉 and its time-reversed state Θ |ψ〉 are not equal. Hence,

Kramers concluded that the energy states of a time-reversal invariant half-integer spin system have to be

at least twofold degenerate [59, 60]. In the trivial case without spin-orbit interaction, this degeneracy is

provided by the two different spin states (↑, ↓) satisfying

E↑(k) = E↓(k). (1.7)

However, the situation in a spin-orbit coupled system is more complicated provided that the spin dege-

neracy is lifted by definition. A time-reversal invariant Hamiltonian satisfies the condition

ΘH(k)Θ−1 = H(−k). (1.8)

Consequently, for every energy state with momentum k and a certain spin direction, there must by a

state available at the same energy with opposite spin at momentum −k. Any two states satisfying

E↑(k) = E↓(−k), (1.9)
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are thus called Kramers pairs. From equation 1.9 it directly follows that the Kramers pairs are degenerate

at the Time-Reversal Invariant Momenta (TRIM), k = 0 and k = ±π/a of the BZ with a denoting the

interatomic distance. Figure 1.1.4 displays two possibilities of how edge states can occur for time-reversal

invariant insulators exhibiting spin-orbit coupling. In both cases the bands are spin-split for momenta

between −π/a < k < 0 and 0 < k < π/a (red and blue lines).

In a conventional insulator, the bands connect pairwise at the TRIM (pink circle) crossing the Fermi

energy an even number of times (green circles) between 0 < k < π/a as depicted in figure 1.1.4 (a).

By changing the Hamiltonian, these edge states can be pushed out of the energy gap. This means

that they are not robust against adiabatic transformations. On the contrary, figure 1.1.4 (b) shows

how Kramers degeneracy is fulfilled by the crossing of the spin-split bands (pink circles) at k = 0 and

k = ±π/a. Consequently, they intersect the Fermi energy an odd number of times (green circles)

between 0 < k < π/a. The bands cannot be eliminated by pushing them out of the bulk band gap under

continuous transformations. This is the topological insulator case in which the metallic edge states are

protected by time-reversal symmetry.

Figure 1.1.4: Examples of band structures of time-reversal invariant systems exhibiting strong spin-orbit
coupling (schematics inspired by [9, 61]). In the conventional insulator (a) the spin-split
edge states (red and blue) degenerate pairwise at the TRIM (pink circles). An even number
of Kramers points cross the Fermi level EF between 0 < k < π/a (green circles). In the
topological insulator (b) the surface states intersect at the TRIM and an odd number of
Kramers pairs cross EF. These edge states are robust against adiabatic deformations.

Compared to the QHS in figure 1.1.3 (b), the edge states of a topological insulator exhibit a spin-

momentum locking. As a consequence of the time-reversal invariance, there are two edge states with

opposite group velocities. Furthermore, they belong to the same Kramers pair resulting in electrons with

opposite spin direction moving in different transport channels in the opposite direction. Similar to the

QHS, elastic back scattering at non-magnetic impurities is forbidden2.

The new Z2 invariant νZ2 defines a new bulk boundary correspondence analogous to the one of the QHS

in equation 1.5 as

4νZ2 = NKP mod 2, (1.10)

2 Scattering at magnetic impurities can change the spin direction and thus allows for backscattering.
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with NKP being the number of Kramers pairs and4νZ2 the difference of the νZ2 across the interface. In

other words, if the topology changes across the interface, the number of Kramers pairs is odd.

Until now only two-dimensional systems were considered, but the above concepts are also applicable to

three dimensions. Instead of crossing edge states, the surface states form Dirac cones at the TRIM. A

3D TI is then characterized by four Z2 invariants, namely (ν0;ν1ν2ν3) with νi = 0, 1 for i = 0, 1, 2, 3.

The invariant ν0 describes if the system is a weak (ν0 = 0) or a strong (ν0 = 1) topological insulator

determined by the number of Dirac cones encircled by the Fermi surface: an even number for a weak

TI and an odd number for a strong TI. The invariants (ν1ν2ν3) can be related to the direction of the

encircled Dirac cones and viewed as Miller indices [62].

1.1.4 The discovery of topological insulators - experimental breakthroughs

Soon after their theoretical prediction, experimentalists started to verify the existence of topological edge

and surface states. Since graphene exhibits a rather weak spin-orbit interaction, Bernevig, Hughes and

Zhang (BHZ) theoretically predicted that a topological insulator can be realized in a mercury-cadmium

telluride semiconductor quantum well (CdTe-HgTe-CdTe) [63]. By increasing the thickness of the quan-

tum well above a certain value dc = 6.3 nm, its band structure is changed from a normal to a band-

inverted type. Figure 1.1.5 (a) depicts the sample dimensions (green) and the corresponding band

structures (black and yellow) schematically.

Figure 1.1.5: Topological edge states in CdTe-HgTe-CdTe quantum wells (green): (a) The band structure
(black, yellow) changes from a normal (d < dc) to an inverted type (d > dc), resultin in
edge states (red circles). (b) The resistance versus gate voltage for increasing d (I, II, III,
IV) saturates at a constant value corresponding to a conductance value of G = 2e2/h.
This behavior marks the transition between a trivial insulating state and a QSHS. From [64].
Reprinted with permission from AAAS.

HgTe is a semiconductor with inverted bands with respect to CdTe (light grey and light yellow). Bringing

both materials in contact results in the lifting of the band inversion for d < dc (black and yellow) and

the occurrence of surface states (red circles) for d > dc. BHZ proposed purely electrical measurements

of the conductance across the system in a two-terminal configuration under application of a gate voltage

sweeping the Fermi level across the bulk band gap. About one year later, in 2007, König et al. realized
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the experiment and their originally obtained results are presented in figure 1.1.5 (b). They discovered

a large (or infinite) resistance for d < dc (I) and a small (or finite) resistance for d > dc (II, III, IV) at

gate voltages corresponding to a Fermi level inside the energy gap [64]. Additionally, the conductance

measured for III and IV remains constant exhibiting an integer QHS. Obviously, a transition between the

trivial insulating and the QSHS is substantiated. This experiment is commonly known as the first proof

of the existence of topological edge states.

Simultaneously to the predictions of BHZ, Bi1−xSbx was calculated to be the first strong 3D TI [61]. The

evolution of the topological insulator phase with Sb doping is schematically depicted in figure 1.1.6 (a)

identifying the topological insulating phase (orange) for 0.07 < x < 0.22 [65]. Both elements exhibit

a finite negative indirect gap with the electron pockets located around the L points. The hole pocket

for Bi is found at the T point, while in Sb the holes are at the H point. The LS and LA symmetric bands

denote the bottom of the conduction band for Bi and Sb, respectively. As the Sb content is increased,

a band inversion of LS and LA is created exhibiting the inversion point at x = 0.04. Additionally, the

T and H valence bands for Bi and Sb, respectively, drop below the corresponding conduction bands for

0.07 < x < 0.22 inverting the otherwise negative band gaps and creating the semiconductor phase of

Bi1−xSbx [65]. Together with the L-band inversion enforced by Sb, the topological phase occurs within

this range and exhibits conducting surface states. The maximum positive energy gap amounts to 30 meV

(green) at about x = 0.18 [61].

Figure 1.1.6: Bi1−xSbx being the first strong 3D TI: (a) The evolution of energy bands with increasing
Sb content leads to a transition between the semimetallic (blue) and -conducting (yellow)
phase as the valence bands T and H for Bi and Sb, respectively, drop below the conduction
bands between 0.07 < x < 0.22. A topological insulator phase (orange) is arising due to
the band inversion of the LS and LA bands enforced by the Sb content. The maximum direct
energy gap amounts to 30 meV (green) at about x = 0.18 (schematic inspired by [9, 61,
65]). (b) The ARPES results visualize the electronic band structure close to the Fermi level
(EB = 0) which is crossed an odd number of times (yellow circles) between the Kramers
points Γ̄ and M̄. The bulk energy bands are shaded white. Reprinted by permission from
Macmillan Publishers Ltd: Nature Physics (reference [66]), copyright (2009).

In order to confirm the topological surface states, Angle-Resolved PhotoEmission Spectroscopy (AR-

PES) was the experiment of choice due to its surface sensitivity [9]. Using this method, Hsieh et al.

directly mapped the electronic band structure by detecting the kinetic energy and emission angle of pho-
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toelectrons emitted from the sample surface under photon irradiation [66]. Their result is presented in

figure 1.1.6 (b) showing the surface band dispersion between the Kramers points Γ̄ and M̄. The energy

bands cross the Fermi level (EB = 0) an odd number of times (yellow circles) confirming Bi1−xSbx being

a 3D TI belonging to the (1;111) class.

In 2009, Zhang et al. predicted the three binary chalcogenides, Bi2Se3, Sb2Te3 and Bi2Te3 to be 3D

topological insulators with a single Dirac cone on the surface[38]. This triggered enhanced interest in

this field by experimentalists discovering the existence of the TI surface states by ARPES on thin films of

Bi2Se3 [67], Sb2Te3 [68] and Bi2Te3 [68–70] shortly after.

To date, many more materials were predicted and identified experimentally as topological insula-

tors [71]. In most cases their TI nature is confirmed by angle-resolved photoemission spectroscopy

on thin films or bulk single crystals. Although (magneto-) electrical transport measurements seem to be

a very straightforward method in order to investigate the unique non-trivial topological edge or surface

states, they are until now very scarce. This is due to the fact that the known 3D topological insulators

exhibit bulk energy gaps of only few hundred meV resulting in a signal dominated by the bulk states

hindering the detection of surface states. One-dimensional nanostructures offer a possible solution to

overcome this problem. Their large surface-to-volume ratio reduces the otherwise dominating contribu-

tions from the bulk, thus improving the access to surface contributions. To date such measurements are

still very challenging, but essential on the route to develop future spintronics devices based on topological

insulators [7, 21, 72–75].

1.1.5 Bi2Te3 as 3D topological insulator

Bismuth telluride belongs to the so called second generation of TIs predicted by first principles calcula-

tions [38]. Figure 1.1.7 (a) displays the calculation by Zhang et al. revealing a bulk band gap of about

100 meV.

Figure 1.1.7: Topological non-trivial surface states in Bi2Te3: (a) first principles calculations revealing a
single Dirac cone in the bulk energy gap with the Dirac point inside the valence band. Re-
printed by permission from Macmillan Publishers Ltd: Nat. Phys. [38], copyright (2009). (b)
ARPES investigation on single Bi2Te3 crystals showing the bulk conduction and valence band
(BCB and BVB) connected by the surface state band (SSB) confirming the calculated band
structure (green frame in (a)). From [69]. Reprinted by permission from AAAS.
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Within this gap, Bi2Te3 exhibits a rather simple structure with only one Dirac cone located in the middle

of the BZ. The Dirac point of Bi2Te3 lies within the valence band about 130 meV below its maximum [69].

Contrarily, in other bismuth-based TIs, such as Bi2Se3, the Dirac point is found within the bulk energy

gap [38].

In the case of Bi2Te3, first ARPES studies were performed on high-quality thin films and single cry-

stals [68–70] revealing the important role of strong spin-orbit coupling and the existence of surface

states [70], as well as showing their Dirac-like nature and visualizing the band gap [68, 69]. Fi-

gure 1.1.7 (b) presents results of the ARPES studies of Chen et al. performed on Bi2Te3 single crystals

confirming the existence of a single Dirac cone at the Γ -point of the BZ. The Dirac point is located

340 meV below the bulk conduction band (BCB) minimum. The green frames in (a) and (b) indicate the

calculated and corresponding measured regions of the band structure, respectively.

Additionally, Bi2Te3 nanowires were used to address the surface states employing magnetoresistance

measurements [17, 22, 24, 25, 27].

1.2 Thermoelectrics

The term ThermoElectric (TE) describes the conversion of thermal into electrical energy or vice versa.

TE materials exhibit three effects based on this ability, namely the Seebeck, the Peltier and the Thomson

effect which are all named after their discoverer [76].

The Seebeck effect describes the occurrence of a potential difference dU between two ends of a thermo-

electric material when a temperature gradient dT is applied. The reason for that is the thermodiffusion

generated by the different kinetic energies of the charge carriers at the hot and cold end of the material.

In order to maintain the equilibrium state, an electric field is created in reverse direction to the thermo-

diffusion. The Seebeck coefficient S = dU/dT quantifying the phenomenon is a material property.

The opposite situation is known as the Peltier effect, describing the emergence of a temperature gradient

based on the application of a current. The Peltier Π = Q/I coefficient determines the ratio between the

obtained heat exchange Q and the applied electric current I.

The third effect, named after Thompson (later Lord Kelvin) is always present once the material experi-

ences a temperature gradient. In that case, heat is absorbed and emitted proportionally to the applied

current I and the temperature gradient dT . The Thomson coefficient τ is thus defined as τ = Q/(IdT).

All three effects are related through the so called Thomson relations

Π = S · T and τ = T
dS

dT
. (1.11)

Making use of these effects, thermoelectric generators and refrigerators are constructed by connecting

a p- and n-type TE materials electrically in series and thermally in parallel. Consequently, a current is

generated by applying a temperature gradient as schematically shown in figure 1.2.1 (a). In the con-

trary situation depicted in (b), the different ends of the device are heated and cooled by applying a

current [76]. Thermoelectric devices are especially of interest, because they exhibit a long lifetime while

at the same time requiring less maintenance due to the absence of moving parts. They can be fabricated

on very small length scales, making them attractive for use as small coolers for, e.g. laser diodes.
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Figure 1.2.1: Schematic representation of a thermoelectric generator (a) and refrigerator (b) consisting
of a n- (green) and p-type (yellow) TE material arranged electrically in series and thermally
in parallel.

Furthermore, TE refrigerators are environmentally-friendly, by not employing e.g. chlorofluorocarb-

ons [77, 78].

For the purpose of quantifying and comparing the thermoelectric conversion efficiency of different TE

materials, the dimensionless figure of merit ZT is defined as

ZT =
S2σ

κ
· T , (1.12)

with σ denoting the electrical conductivity and κ = κe + κphonon being the sum of the electron and the

phonon (lattice) thermal conductivity contributions. During the past 60 years, many efforts have been

undertaken to obtain a highly efficient thermoelectric material maximizing ZT . The aim is to increase

the power facter S2σ while, at the same time, decreasing the thermal conductivity κ. Unfortunately, in

bulk materials these parameters are not independent. In metals, for example, the electrical and thermal

conductivities are related by the empirical Wiedeman-Franz law given by

κe

σ
= L · T , (1.13)

with L = 2.44 · 10−8 WΩK−2 being the Lorenz number [58, 79]. In general, S, σ and κe change as a

function of the charge carrier density and temperature. With more charge carriers available, σ and κe

increase naturally, while S favors a gapped band structure. The highest ZT materials are thus expected

to be semiconductors or semimetals such as bismuth. Additionally, due to the temperature dependence

of S, σ and κ, the thermoelectric efficiency is maximized in a certain temperature range specific for the

material. Bi2Te3 exhibits the largest ZT of approximately 1 at room temperature [37] making it a pro-

mising candidate for thermoelectric devices.

Until the 1990s, after receiving little attention so far, the TE field of research experienced a boost pro-

voked by the prediction of several approaches for increasing ZT beyond 1, of which one is to reduce

the dimensions of the material. Hicks and Dresselhaus suggested quantum-well superlattices [80] and

1D nanowire structures [6] in order to decouple S, σ and κ and manipulate them independently. As
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the dimension of a system is lowered and charge carriers are confined, the density of states ρ(E) of a

material as a function of energy changes from a square root (3D), to a stepwise (2D) over an inverse

square root (1D) to a delta distribution (0D) [81]. Consequently, the derivative dρ(E)/dE and with that

the differential density of carriers dn(E)/dE increases as the dimension is lowered. According to Drude,

the electrical conductivity σ

σ(E) = n(E)eµ(E), (1.14)

directly depends on the density of carriers n(E), their charge e and their mobility µ(E). The Mott relation

connects the differential electric conductivity to the Seebeck coefficient

S =
π2

3
k2
BT

e

(
d [ln(σ(E))]

dE

)
, (1.15)

where kB is the Boltzmann constant. By implementing equation 1.14 in 1.15 the proportionality between

S and the derivative density of carrier becomes clear

S ∝
(
dn(E)

ndE
+
dµ(E)

µdE

)
. (1.16)

The Seebeck coefficient is maximized for low numbers of charge carrier densities changing largely with

energy. At this point is becomes clear that S and therefor ZT change as a function of the Fermi energy.

For example, ρ(E) of a 1D structure consists of spikes and, hence, maximizing dρ(E)/dE accounts for

a Fermi energy adjustment. Alternatively, dµ(E)/dE can be increased in order to enhance the Seebeck

coefficient. This can be realized by increasing the energy dependence of the scattering time so that the

electrons are scattered depending on their energy. This approach is referred to as energy filtering and is

technically accessible by counter doping the TE material [82]. Furthermore, introducing more sample

interfaces enhances the phonon scattering while reducing the thermal conductivity without affecting the

electrical conductivity much. Recently, a molecular dynamics study compared Bi2Te3 nanowires with

smooth and rough surfaces within a diameter range of 3-30 nm. It was confirmed that the reduction of κ

by 30-40% for smooth and 55% for rough nanowires below 10 nm thickness compared to bulk at room

temperature [83].

Both effects, the improvement of the power factor S2σ and the reduction of the thermal conductivity, pro-

mise an enhancement of ZT . First calculations for Bi2Te3 predict a ZT up to 6.9 for a single layer, 3.8 Å
thick quantum well [80] and a ZT up to 14 for a 1D nanowire with a diameter of 5 Å [6]. Experimentally,

the highest ZT measured for nanostructured Bi2Te3-based materials are ∼2.4 for p-type Bi2Te3/Sb2Te3 su-

perlattices [84] and 1.35 for Bi2Te3 bulk exhibiting a layered nanostructure [85]. Furthermore, ZT > 2.5
has been achieved in SnSe single crystals [86] and lamella-structured Cu1.94Al0.02Se [87] at elevated

temperatures above 700 K.

Complete measurements of all thermoelectrically relevant parameters (S, σ and κ) in order to determine

ZT for nanowires are up to now scarce. This is due to the complex challenge of downscaling the experi-

mental setup to measure the TE properties of an individual nanowire. The design of special measurement

microchips, such as the Z-chip [88], promise to overcome this challenge. Additionally, only few synthe-
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sis methods allow for a controlled downscaling of the TE sample. Here, especially the development of

template-assisted fabrication of nanowires, as employed in this work, provides property control and is

of important interest. For Bi2Te3 nanowires with a diameter of about 55 nm electrochemically deposited

in alumina membranes, a ZT of 0.1 at 400 K [89] was realized. Furthermore, a study investigating

the influence of crystal defects obtained a maximum ZT of 0.31 for twin-boundary containing Bi2Te3

nanowires with 50 nm diameter [90]. In contrast to the predictions made by Hicks and Dresselhaus, the

experimental values are still much lower than those obtained for their bulk counterpart.

1.2.1 Coexistence of thermoelectric and topological insulator properties

In the first decade after nanostructuring excellent bulk thermoelectric materials became a popular ap-

proach to enhance ZT , topological insulators had not been discovered. That is why the influence of the

non-trivial topological surface (edge) states are only very recently taken into account when predicting

ZT for TE nanostructures [91–97]. In a recent approach, the comparatively low ZT values measured for

nanowires until today were explained by the topological surface state contributions.

Both, TE and TI materials feature heavy atoms and small bulk energy gaps3 in the order of a few hundred

meV (∼0.1 meV for Bi2Te3). For TE materials the heavy elements account for low thermal conductivity,

while they generate the necessary spin-orbit coupling to create the topological insulating phase. In com-

bination with the small energy gap, a band inversion is favored and, regarding thermoelectric properties,

the power factor S2σ is increased. For this reason almost all so far known TIs experience good TE pro-

perties. When searching for TIs, good TE materials are thus preferably considered. The most commonly

known examples are the chalcogenide 3D TIs (Bi2Te3, Sb2Te3, Bi2Se3, Bi1−xSbx). However, exceptions

of this relation exist, for example, PbTe is a good TE material, but has an even number of Kramers pairs

intersecting the Fermi level and is, hence, no topological insulator [98].

Consequently, the question arose how the TE and TI properties influence each other. Generally, the bulk

and surface (edge) contributions to ZT coexist in TE materials. As the surface-to-volume ratio of a mate-

rial increases, the role of the surface (edge) states becomes much more pronounced to the point where

the TE bulk properties converge to those of the surface (edge) [96]. The two most important differences

are: firstly, backscattering at nonmagnetic impurities is forbidden for surface (edge) states while in the

bulk scattering occurs at any disorder. Secondly, the bulk states possess an energy gap, while those at

the surface (edge) are gapless, which leads to a lower S. In both cases, ZT is a function of the Fermi

level and, generally their maximum values do not coincide at the same energy, reducing the overall ZT

as the surface contributions become more important [97]. First calculations separately observing bulk

and surface (edge) states were performed for 3D TI thin films assuming an overall ZT determined as

ZT =
(Ssσs + Sbσbd)

2
T

(σs + σbd) (κs + κbd)
, (1.17)

with the indices s and b denoting the surface and bulk contribution, respectively and d being the film

thickness [91].
3 For electrical transport in TIs a large bulk energy gap is favored in order to suppress the bulk conductivity signal by

placing the Fermi level within the band gap.
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For very thin films (d < 10 nm) the surface states are known to hybridize opening an additional gap

of a few meV at the Dirac point [91]. Consequently, ZT is enhanced above the known bulk value of 1

due to a maximum S value close to the surface state gap. Here, the narrow gap imitates the difference

between a metallic and a semiconducting phase for surface states. In the latter, the Seebeck coefficient

is larger, because electronic states below and above the Fermi level do not compensate each other as

for the metallic case. Additionally, ZT increases with decreasing temperature [92]. For this reason an

improved TE efficiency exceeding ZT ∼ 1 is predicted for TIs with gapped surface states, when the Fermi

level position dependent on temperature and doping is optimized [91]. Very recent calculations without

Fermi level optimization comparing Bi2Te3, Sb2Te3 and Bi2Se3 thin films with 1nm 6 d 6 20nm indicate

no ZT beyond 2, although the ZT value of the surface (ZTs) tends to be much larger. Especially in the

calculations for Bi2Te3, the total ZT of the film exceeds that of the bulk for film thicknesses smaller than

2 nm [96].

In more experimentally accessible regimes of nanowires with diameters greater than 10 nm, calculations

revealed an increase of the electrical and thermal conductivity with decreasing wire diameter, while the

Seebeck coefficient changes depending on the position of the Fermi level and thus dominates the total

ZT . The thermoelectric efficiency is thus predicted to be enhanced for materials with ZTb > ZTs and

limited for ZTb < ZTs. In the case of Bi2Te3 for both thin films (ZTs ≈ 0.5) and nanowires (ZTs ≈ 0.9)

of 10 nm diameter, the surface TE efficiency does not exceed that of the bulk counterpart. In order to

increase ZT , the suppression of the surface states by magnetic impurities is proposed [97].

On the other hand, predictions made for the 2D TI fluorinated stanene expect a ZT value larger than

bulk as the dimensions are changed. In this approach, ZT is not considered to be an intrinsic material

property but rather size-dependent due to the different dimensions of the transport channels [95].

In summary, the TI nature of materials is clearly affecting their thermoelectric performance due to their

unique band structure [94]. For all theoretical calculations, the additional conducting surface states

seem to hinder the TE efficiency as the material is downscaled. Only if the surface states hybridize and

a band gap appears at the Dirac point an increase of ZT above the bulk value might be possible. Since

this effect occurs only below dimensions of 10 nm, experimental confirmation has yet to be provided.
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2 Fundamentals of Bi2Te3 nanowire synthesis

The ongoing miniaturization and the demand for nanoscale opto-, thermo- and electrical devices as well

as sensors have triggered many advances and innovations in the field of nanowire fabrication [99]. Com-

monly, bottom-up and top-down methods are distinguished for nanowire synthesis.

Amongst many bottom-up approaches the Vapor-Liquid-Solid (VLS) growth is an established method

since the 1960s. As the name suggests, the nanowires grow from vapor sources using nanoparticles,

mostly made of gold, as catalysts [100]. The VLS method enabled the mass fabrication of large amounts

of single-crystalline nanowires. Their shape, size and morphology are determined by the crystal struc-

ture of the desired material. On the other hand, this technique suffers from contamination caused by

the incorporation of the metallic catalyst influencing, for example, the crystalline quality [101, 102]

of the wires. Different variations of the VLS growth were developed and an exhaustive review on the

existing techniques is given in [103]. For synthesizing Bi2Te3 nanowires, the VLS growth is commonly

used [104, 105] and is even performed catalyst-free [106].

The second widely used bottom-up method for Bi2Te3 nanowire fabrication is the template-assisted

solution-based growth developed in the 1970s [107]. Using this approach, a template serves as a

scaffold or form in which the nanowire is growing. Various templates have been tested differentia-

ting between "soft templates" such as surfactants [108] and "hard templates". For instance, the step

edges in highly oriented pyrolytic graphite [109] and nanochannels in porous alumina [110–114] as

well as in polymer membranes [115–117] are considered to be "hard templates". Employing the latter,

the nanowires are generally synthesized from solution by electrochemical deposition in a layout that

forces them to grow within the template. Compared to the VLS techniques, the nanowires fabricated

by template-assisted electrodeposition in nanochannel membranes replicate the shape, size and mor-

phology of the template providing the flexibility to tune these properties. Furthermore, the process of

electrodeposition enables the control of the crystallographic properties and chemical composition within

a broad spectrum [116, 118]. Another very important advantage of template-assisted methods is the

ability to handle the samples very easily. Still embedded in their template, various investigations on

arrays of nanowires, such as x-ray diffraction and (thermo-)electrical transport measurements are pos-

sible. Especially for thermoelectrical investigations on nanowire arrays, the polymer templates are to

be preferred over the porous alumina due to their comparatively low thermal conductivity [119, 120].

Furthermore, polymer matrices offer many different pore geometries (cylindrical, conical, etc.) due to

their unique etching properties. Additionally, they are fairly easy to dissolve in organic solvents, such as

dichloromethane.

At the GSI Helmholtzzentrum für Schwerionenforschung GmbH1, the research exploring the formation

and properties of tracks in ion-irradiated polymers triggered their application as polymer templates for

metallic micro- and nanostructure fabrication [121, 122]. Until today the expertise of the Materials

Research group in preparing nanowires [123] ranges from metallic [122, 124, 125] over semiconduc-

ting [126, 127] and thermoelectric [116, 128–131] to metal-alloyed [132, 133] nanowires.

1 In the following, it is mostly referred to as GSI.
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Figure 2.0.1 summarizes the template-assisted method as employed at GSI schematically. First, the ir-

radiation of polymer foils with swift heavy ions creates tracks of damaged template material along the

path of each individual projectile (1, 2). Using an appropriate reactant, tracks are selectively etched and

converted into open pores (3) [134, 135]. In the following step, a conductive back layer is sputtered on

one side of the template (4) to serve as working electrode for the subsequent electrochemical growth of

the nanowires inside the pores (5). Arrays of nanowires with controlled lengths are realized by stopping

the deposition process before the nanowires reach the upper side of the template. If the process conti-

nues, the material overgrows the polymer forming so called caps on the top of the nanowires (6). For

further characterization or nanowire transfer to different substrates, the polymer can be dissolved in an

organic solvent (7), releasing the nanowires.

Figure 2.0.1: Schematic representation of the separate steps of the ion-track technology providing nano-
porous polymer templates (blue box) and of the electrochemical deposition resulting in the
fabrication of nanowires (green box). The detailed explanation for each process step (1-7)
is given in the text.

Until now, research on Bi2Te3 nanowires elucidating their topological insulator properties has been

conducted on wires synthesized by VLS [24], from solution [136] and by electrodeposition in porous

alumina templates [25, 26]. Systematic studies are not only scarce due to the complexity of the mea-

surements, but also because these techniques limit the control of crucial nanowire parameters. On the

other hand, Bi2Te3 nanowires electrodeposited in polymer membranes account for independent control

over various wire parameters, such as geometry, morphology, crystallographic orientation and chemical
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composition. For this reason, they promise to be excellent model systems to explore their electronic

characteristics as a function of these properties which has not been conducted in a systematic manner so

far. Furthermore, these nanowires can be fast and easily synthesized in a large quantity.

The present chapter examines the particular synthesis steps of Bi2Te3 nanowires and their transfer to

different substrates in detail.

2.1 Heavy-ion irradiation and track formation

While penetrating through matter, heavy ions loose their energy by various interaction processes such

as Cherenkov radiation, Bremsstrahlung, electronic energy loss and nuclear energy loss. This so called

energy loss is defined as the deposited energy per unit path length dE/dx. At specific energies of several

MeV/nucleon as employed here, Bremsstrahlung and Cherenkov radiation are negligible due to the

large mass of the ions and their comparatively low velocity. This leaves the Coulomb interaction to

be the dominant process. Coulomb interaction occurs between the projectile ion and the target nucleii

specified as nuclear energy loss, (dE/dx)n, as well as between the ion and the target electrons called

electronic energy loss (dE/dx)e [137]. The sum of both gives the total energy loss

(
dE

dx

)
=

(
dE

dx

)
n
+

(
dE

dx

)
e
. (2.1)

The cross sections of these processes are dependent on the velocity of the projectile. For lower ion

velocities (6 0.01 MeV/nucleon) elastic collisions with the target nucleii are dominant, while at higher

velocities electronic excitation and ionization play a more important role. This results in the stripping

of the orbital electrons of the ions as they pass through the target creating an effective charge state Zeff

given as

Zeff = Z

[
1 − exp

[
−130β

Z
2
3

]]
, (2.2)

with Z being the atomic number of the ions and β = v/c, the ratio of the speed of the projectile to the

speed of light. Considering relativistic velocities v ≈ c, equation 2.2 is reduced to Zeff ≈ Z meaning all

electrons are stripped off the projectile. At high energies, the electronic energy loss is described by the

Bethe-Bloch formula

(
dE

dx

)
e
=

4π · e4 ·N · Z · Z2
eff

mev 2

[
ln
(

2mev 2

I

)
− β2 − δ−U

]
, (2.3)

with e and me being the electron charge and mass, respectively. The ion velocity is denoted by v , while

N is the density and I the ionization energy of the target atoms. Additionally, two correction factors δ

and U are added for relativistic cases and low velocity conditions, respectively. Being proportional to

Z2
eff, maximum electronic energy loss values are achieved by using high energetic heavy ions. Interacting

with the free or outer electrons of the target atoms, the projectile ions induce excitation and ionization

processes of the target atoms. In the latter case, the electrons emitted interact themselves with the
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surrounding target ions. If their energy is high enough they effect further ionization, creating an electron

cascade in the vicinity of the projectile trajectory. Along the penetration path of the incident ion a so

called ion track of modified material is created [138]. Two different phenomenological models are in

well-recognized competition to explain the formation of ion tracks: The thermal spike and the Coulomb

explosion model. The former assumes a strong rise of temperature confined to the ion trajectory, melting

the target material and forming the track due to rapid cooling [139]. The latter originates from strong

repulsive electrostatic forces due to the target ionization along the ion track [140].

Polymers such as PolyCarbonate (PC) and PolyEthylene Terephthalate (PET), exhibit a high sensitivity

to ion irradiation causing severe damage to the polymer structure within the ion track [141, 142]. Such

an ion track typically consists of a cylindrical track core, that is about 10 nm in diameter surrounded by

a track halo created by the electron cascade extending up to several 100 nm [134, 143–145].

In this work, amorphous Makrofol N polycarbonate foils (Bayer AG) of 30 µm thickness were chosen as

suitable templates for the Bi2Te3 nanowire fabrication. The foils were irradiated at the X0 beamline of

the Universal Linear Accelerator (UNILAC) at GSI. Schematic representations of the irradiation facility

and setup are shown in figure 2.1.1 (a) and (b). In a typical irradiation experiment, stacks of three foils

adding up to 90 µm of PC were bombarded by Au ions with a fluence of 109 ions/cm2. Prior to the next

step, the foils were exposed to UV light (λ = 280...400 nm) for 1 h per side under ambient conditions.

The UV sensitization mainly affects the ion track and not the surrounding bulk material and results in a

more uniform pore size distribution [146–149].

Figure 2.1.1: Schematic representation of the accelerator facilities at the GSI Helmholtzzentrum für
Schwerionenforschung (a) with the X0 beamline marked (red) at the end of the UNILAC.
The setup of the ion irradiation of three stacked polymer foils at the X0 is schematically
shown in (b).

2.2 Selective chemical etching of ion tracks

Immersing the irradiated polymer foils into a suitable chemical agent converts each individual ion track

into an empty channel resulting into a porous membrane. The mechanism is based on the fact that

the damaged zones in the ion tacks are preferentially dissolved, i.e. chemically more active compared

to the unirradiated surrounding bulk material. The process is described by two different etching rates:

the bulk etching rate −→v b and the track etching rate −→v t [140]. The former is mainly influenced by the
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material properties, the etchant concentration and temperature. In addition to those parameters, the

latter is obviously defined by the irradiation process (e.g. the energy loss of the ions) as well as post-

irradiation treatments and storage conditions [149, 150]. By carefully controlling the entire parameter

space, the geometry of the pores is mainly determined by the ratio of the two etching rates defining the

cone half-angle α as

sin(α) =
vb

vt
, (2.4)

and demonstrated in figure 2.2.1 (a). To create cylindrical channels, vb/vt has to be minimized resulting

in an etching rate ratio which is as small as possible and thus α ≈ 0◦ [151]. At higher etching rate ratios

conical (figure 2.2.1 (b)) or biconical (figure 2.2.1 (c)) channels can be created. The former is achieved

by etching the foil asymmetrically only from one side [152, 153]. Combining the symmetric and asym-

metric etching configurations results in funnel-shaped pores as depicted in figure 2.2.1 (d) [154].

Figure 2.2.1: Schematics of the selective chemical etching of ion tracks in polymers: (a) The interplay
of bulk vb, track vt and radial vr etching rates defining the cone half angle α; Different
template cross-sections with (b) conical, (c) biconical and (d) funnel-shaped nanopores; (e)
Setup for symmetrical etching of cylindrical nanopores in a thermostat.

Experimentally, the ratio vb/vt is mainly controlled by the etching conditions such as composition,

concentration and temperature of the etchant as well as the etching setup. The pore dimensions on

the other hand are configured solely by the etchant concentration, the etching time and the tempera-

ture [138, 146, 155]. Taking the pore diameter as a measure, the dimensions of individual pores can be

directly investigated using microscopy techniques such as Scanning Electron Microscopy (SEM) [138] or

an average diameter can be measured taking advantage of [148, 151, 156]. Comparing both methods,

similar results are found [157, 158].

From the many investigations performed on the detailed etching process, three findings are of crucial

importance for this work:

• UV exposure as post-irradiation treatment sensitizes the ion track’s chemical reactivity and results

in small pore size distributions [148, 149] of 3% [157].

23



• Using an appropriate etchant, the etching rate ratio can be adjusted to obtain uniform quasi-

cylindrical pores [151].

• The pore diameter increases steadily as a function of etching time [151, 159].

In this work, the etching of 30-µm thick irradiated PC foils was performed symmetrically inside a

water-circulating thermostat with magnetic stirring. A schematic illustration of the setup is shown in

figure 2.2.1 (e). An aqueous sodium hydroxide solution of 6 mol/L concentration at 50◦C was cho-

sen as a suitable etchant. Samples were typically etched for 1, 2, 3, 4 and 6 min resulting in pore

diameters of about 25, 50, 75, 100 and 150 nm, respectively. The pore diameter was investigated

by SEM and measured from pore-replicating nanowires. The etching rate in this work was estimated

to (25 ± 5) nm/min comparable to literature values yielding (23.9 ± 0.5) nm/min [158] found by

Small-Angle X-ray Scattering (SAXS) investigations and (22 ± 5) nm/min [160] using SEM analysis.

2.3 Electrochemical deposition of Bi2Te3 nanowires

Electrochemical deposition is a process in which an electrolyte is exposed to a potential gradient resulting

in the reduction of ions at a cathode. Consequently, the charge transfer at the interface between the

electronic (electrodes) and the ionic (electrolyte) conductors is the crucial point of interest. The overall

reaction at the electrode is written as

Mn+ + n · e− �M (2.5)

with M denoting the ion species and n the number of charges e−. The reaction from left to right, called

reduction, gains electrons while the reaction from right to left liberates them and is called oxidation.

When a metal electrode is immersed into an electrolyte containing ions, oxidation and reduction do

not proceed equally fast. This provokes a charging of the electrode forming an electrical or Helmholtz

double layer. Assuming more positive ions leave the electrode’s crystal lattice and enter the solution than

vice versa, effectuating a negatively charged electrode and an excess of positively charged ions in the

solution, the oxidation rate will be slowed down because of the repulsion of the equal charges on the

interface. On the other hand, the reduction rate will be accelerated until a dynamic equilibrium stabilizes

at which the same amount of ions enter than leave the electrode’s lattice. The equilibrium potential Eeq

at the electrode is described by the Nernst equation

Eeq = E0 +
RT

nF
lna

(
Mn+

)
, (2.6)

where E0 is the standard potential, R the gas constant, T the absolute temperature, n the number

of transferred electrons, a (Mn+) the activity of the ion Mn+ and F the Faraday’s constant. In an

electrochemical cell, at least two electrodes are immersed into the electrolyte creating two half reactions
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of the form as in equation 2.5. Applying an external potential leads to a current flow through the

electrodes. In this case, the potential Ecell of the cell is defined as

Ecell = Ec − Ea + Iext. · Relect., (2.7)

with Ec and Ea being the cathodic and anodic potentials, Iext. the external current and Relect. the resistance

of the electrolyte. The difference between the equilibrium state of the cell while no current is flowing

and the potential of the cell as a part of an electric circuit is called overpotential η:

η = Ecell − Eeq. (2.8)

The algebraic sign of the overpotential indicates whether the reaction taking place in the cell is cathodic

(η < 0) or anodic (η > 0). In the cathodic process, diluted ions reaching the cathode by diffusion, mi-

gration or convection, are adsorbed onto preferred spots (kink sites) of the cathode surface and reduced

[161–163]. This process is divided into four separate steps: (a) mass transfer to the electrode surface,

(b) charge transfer, (c) chemical reaction and (d) adsorption and crystallization. The slowest of these

processes determines the overall cell reaction rate. Whichever process is dominant depends on the value

of the overpotential. For small η the charge transfer is the limiting factor, while at large η the mass

transfer restricts the process [162].

In general, the initial reduction is dependent on the atomic structure and surface character of the

cathode. Consequently, physical and chemical properties related to the growth mechanism such as

crystallographic orientation or chemical composition (for alloys) are strongly influenced by the initial

electrochemical deposition process [164]. Faraday’s law (equation 2.9) describes the relation between

the mass of the deposited material and the electric charge Q passing through the electrochemical cell.

mdep =
M

n · F
·Q =

M

n · F

∫
Idt, (2.9)

with mdep being the deposited mass, M the molar mass of the deposited material, n the number of

valence electrons, F = 96484 C the Faraday constant and I the current.

For the nanowire synthesis by electrodeposition of material into nanopores, an appropriate cathode is

required. For this reason, the prepared PC templates were sputtered with a thin gold layer in order to

prepare the so called working electrode referred to as cathode before. Subsequently, electrodeposition

was employed to close the nanopores and reinforce this working electrode by depositing a gold layer.

In this case, a commercial electrolyte (AuSF, Metakem) in a two-electrode setup applying a constant

potential of -1 V for approximately 10 min was used. For the deposition of Bi2Te3 nanowires inside the

channels, the electrolyte employed consists of 5 mmol/L bismuth nitrate pentahydrate and 7.5 mmol/L

tellurium dioxide in 1 mol/L nitric acid [165]. The overall chemical reaction can be viewed as

2Bi3+ + 3HTeO+
2 + 9H+ + 18e− ⇀ Bi2Te3 + 6H2O (2.10)
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The deposition conditions applied here are based on the work of Dr. Oliver Picht providing a detai-

led characterization of electrodeposited Bi2Te3 nanowires in PC templates [166]. By tuning the growth

parameters, an influence on morphology, chemical composition and crystallographic texture was found

and systematically investigated [116]. Following his findings, those electrodeposition parameters were

selected that provide nanowires with a smooth morphology, stoichiometric composition and highly tex-

tured crystal orientation. For this reason, the depositions were carried out potentiostatically in a three-

electrode configuration applying 0 V in reference to a saturated calomel electrode (SCE) using a Gamry

REF600 potentiostat. During the deposition the temperature was kept constant at 30 ◦C. A schematic

cross section of the electrochemical cell is presented in figure 2.3.1 (a).

Figure 2.3.1: Electrodeposition of Bi2Te3 nanowires: (a) schematic of an electrochemical cell. The three-
electrode setup consists of a gold layer on one side of the membrane serving as working
electrode, a Pt spiral used as the counter electrode and a saturated calomel reference elec-
trode. (b) Current-time curve recorded during electrodeposition exhibiting four distinct re-
gions: (1) Charging of the Helmholtz double layer, (2) nanowire growth, (3) cap growth
and (4) layer formation. Reprinted from [123] (open access)

The ion track-etched PC template was fixed between two teflon compartments in a way that the prepared

gold working electrode was pressed against a copper ring serving as contact. The compartment facing

the open nanopores of the template was filled with the corresponding electrolyte containing Bi and Te

ions. A platinum spiral wire serving as counter electrode and the SCE reference were immersed into the

electrolyte. The deposition was started by applying an external potential of 0 V vs. SCE and the process

was monitored by recording the deposition current over time.

A typical current-time curve for cylindrical nanowire growth is shown in figure 2.3.1 (b) exhibiting four

pronounced regions: (1) The current steeply decreases due to the formation of the Helmholtz double

layer. The charge transfer is started and a diffusion layer is formed. (2) A rather constant current value

represents the growth of the nanowires within the nanochannels. Since the current density is kept con-

stant and the area of deposition does not change due to the cylindrical channel geometry, the measured

current is expected to be constant. (3) A significant increase of the current is ascribed to the complete

filling of the nanochannels. As the wires outgrow the nanochannels they form so called caps enlarging

the deposition area and hence the current. (4) The second region of constant current is attributed to
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the formation of a planar layer due to overlapping caps, resulting an a constant deposition area which

is much larger than that in (2). In order to control the length of the nanowires, the I-t-curve is carefully

monitored and the electrodeposition is stopped, for example, just before the cap growth starts [123].

2.4 Template dissolution - release of single nanowires

For the characterization of the nanowires employing various analysis techniques as well as for the fa-

brication of electronic devices based on nanowires, it is crucial to extract single wires from the polymer

template. In order to do so, the template has to be removed by a suitable dissolution technique such

as wet chemical etching. The released nanowires are, depending on their mechanical stability, either

free-standing or collapsed on the gold working electrode also referred to as back electrode. It is also

possible to transfer the wires onto a different substrate by releasing them from the gold back electrode,

keeping them in solution and depositing them onto the appropriate substrate.

In this work two different approaches were applied using dichloromethane (CH2Cl2, Carl Roth, 99.5%

purity) as organic solvent to dissolve the polycarbonate membrane. The first method starts with placing

a wire-containing membrane on a Si wafer and drop-casting dichloromethane on it. This removes the

template and the released nanowires break off the back electrode and flow together with the solvent

onto the Si substrate as schematically suggested in figure 2.4.1 (a). In this way, some of the nanowires

deposit on the Si substrate within the flow direction of the solvent. To remove possible polymer residues,

the nanowire-covered substrates were immersed consecutively in two fresh baths of dichloromethane for

several minutes to attain clean wires that are suitable for further characterization. Experience showed,

that the nanowires are quite strongly attached to the substrate and after the cleaning process enough

nanowires are deposited on the Si substrate. For the preparation of the nanowires on Transmission

Electron Microscopy (TEM) sample grids this drop-casting method was modified by replacing the silicon

substrate by the desired TEM grid.

Figure 2.4.1: Two alternative methods for the preparation of released nanowires: (a) as the polymer tem-
plate is dissolved by an organic solvent, the nanowires deposit on a suitable substrate. (b)
Multi-step process to obtain nanowires suspended in a solution: (1) dissolution of the po-
lymer template and transfer to second bath, (2) centrifugation to separate the nanowires
and the polymer, (3) discarding of the dissolved polymer, (4) refilling with fresh dichlorome-
thane. Steps (2)-(4) were repeated three times.
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In the second method, the polymer matrix filled with nanowires is completely immersed into a bath of

dichloromethane (∼ 5 mL) inside a test tube. As the PC is dissolved, the nanowires ascend towards the

surface of the bath. Short ultrasonication (∼ 2 sec) is used to force the nanowires to break away from

the supporting back electrode. In this way the back electrode and attached polymer residues remain in

the first bath, while the wires are pipetted into a second test tube (1). Fresh dichloromethane is added

to the second bath (filling up to ∼ 5 mL) for further cleaning of the nanowires. Then the nanowires were

centrifuged at 4000 rpm for 45 min up to 1 h at room temperature (Biofuge primo R, Heareus) (2). Sub-

sequently, the upper half of the bath’s volume was discarded (3) and replaced by fresh dichloromethane

(4). The solution was shaken and centrifuged again. This routine is repeated for three runs to obtain

clean nanowires in solution. This solution was then drop-casted onto the desired substrate such as a

silicon wafer or TEM grid.

This second method was specifically developed to obtaining controlled wire concentrations as required

for the characterization of polymer free individual nanowires. Particularly devices based on single na-

nowires require a low wire density and a very clean surface provided by the second method as will be

shown in chapter 5.
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3 Characterization of Bi2Te3 nanowires

For Bi2Te3 nanowires that are electrochemically deposited in etched ion-track membranes, properties

such as geometry, morphology, crystallographic orientation and chemical composition are independently

controllable by tuning various parameters during the fabrication process. In order to develop good

thermoelectric materials, this has been extensively studied before [166]. Nevertheless, with respect to

the new challenge of conducting nano-Angle-Resolved PhotoEmission Spectroscopy (ARPES) and elec-

trical transport measurements on individual Bi2Te3 nanowires, it is crucial to characterize not only the

above mentioned properties, but focusing on the wire surface. A contamination-free surface is absolutely

necessary to access the electronic band structure of the nanowire as will be shown in chapter 4 and to

contact individual nanowires by lithographical methods as demonstrated in chapter 5. Especially surface-

contaminating polymer residues, that are unique to the nanowire synthesis employed here, had not been

thoroughly considered to interfere with measurement performed on Bi2Te3 nanowires, mainly because

the wire surface has not been of primary interest. An extensive X-ray Photomission Spectroscopy (XPS)

study of the contamination degree of the nanowire surface and possible cleaning strategies are an im-

portant part of this work, enabling nano-ARPES and electrical transport studies that would not have

been possible otherwise.

The following sections present the characterization of Bi2Te3 nanowires by means of different analysis

methods. Their shape, geometrical size and morphology were explored by microscopy methods including

High Resolution Scanning Electron Microscopy (HRSEM) and Transmission Electron Microscopy (TEM)

shown in section 3.1. High resolution images, diffraction patterns and darkfield images in TEM provided

information on the crystal structure, grain sizes and boundaries. Additionally, X-Ray Diffraction (XRD)

performed on arrays of nanowires embedded in the polymer matrix revealed the average crystal ori-

entation perpendicular to the nanowire axis. The results of the crystallographic structure analysis is

presented in section 3.2. The chemical structure of the Bi2Te3 nanowires was studied in section 3.3

by Energy Dispersive X-ray spectroscopy (EDX) and X-ray Photomission Spectroscopy (XPS) comparing

both, the bulk and surface chemical compositions. Finally, the thermal stability of the nanowires was

explored in section 3.4, in order to estimate their suitability for device fabrication involving elevated

temperatures.

3.1 Geometry and morphology

The geometry and morphology of the synthesized Bi2Te3 nanowires were explored by means of HRSEM

(JSM-7401F, JEOL) and TEM (ARM200CF, JEOL). The process of releasing the nanowires from the po-

lymer membrane and transferring them onto a suitable substrate (e.g. silicon wafer or TEM grid) is

described in the previous section 2.4.

Figures 3.1.1 (a, b) show representative SEM images of cylindrical Bi2Te3 nanowires of different diame-

ters. The wires with diameters of (100 ± 5) nm (a) and (50 ± 5) nm (b) were grown in 2 min and

4 min etched PC templates, respectively. Nanowires deposited in 30 µm-thick membranes are maximum
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27-29 µm long, because the uniform etching rate of the unirradiated polymer results in a thinning of

the template. Owing to the breaking away of the wires from their substrate during their release from

the polymer matrix, nanowires of lengths of up to 20 µm were observed. In some cases, the Au back

electrode was etched away in potassium iodide (KI/I2 acc. to Lugol, Carl Roth) prior to the template

dissolution in order to reduce the amount of broken wires. Nanowires of up to 29 µm were obtained.

Figure 3.1.1 (c) displays an SEM image of such a maximally long nanowire which fully outgrew the

template as indicated by the cap (inset).

Figure 3.1.1: SEM (a-c, f) and TEM (d, e) images of Bi2Te3 nanowires transferred onto a silicon substrate
and a Si3N4 TEM grid, respectively: The nanopores were etched for (a) 4 min and (b) 2 min
revealing nanowires with diameters of (100 ± 5) nm and (50 ± 5) nm, respectively. (c)
Nanowires of about 30 µm length exhibit cap growth (inset). TEM images reveal the surface
contour of nanowires with (100 ± 5) nm (d) and (50 ± 5) nm (e). The surface roughness
becomes also visible in SEM by a 60◦ tilt of the wire (f).

Independent of their dimensions, the nanowires exhibit a fairly smooth contour without obvious surface

defects like kinks as observed before for nanowires electrodeposited applying 0 V vs. SCE at 30◦C in

PC [116]. Compared to the previous work, slightly elevated temperatures and a different layout of the

electrochemical cell was used here. Figure 3.1.1 presents TEM images of these nanowires with diameters

of (100 ± 5) nm (d) and (50 ± 5) nm (e). A slight surface roughness is observed in the TEM images,

which is best visible in image (e). For SEM, the contrast due to the surface roughness is only well obser-

vable by tilting the nanowire by 60◦ as shown in image (f). The slight deviation from the smooth surface

is attributed to the roughness of the PC wall of the nanopores. Their morphology is directly replicated

on the nanowire surface. Compared to other polymer templates such as PET, this roughness is relatively

small. The contour of the nanopore obviously defines the nanowire shape suppressing crystal orienta-

tion dominated growth as it is the case for the VLS method. Generally, the surface roughness can by
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adjusted by either selecting the template material (polycarbonate, polyethylene terephthalate) [128] or

by increasing the deposition potential [166]. Electrical transport measurements on topological insulator

nanowires are not expected to be influenced by the roughness of the surface due to the time-reversal

protection of the surface states.

3.2 Crystallographic structure

The investigation of the crystallographic orientation is crucial for the interpretation of data obtained from

(thermo-)electrical transport measurements, since the anisotropy of Bi2Te3 induces anisotropic transport

characteristics [47, 167]. To gather information on the crystallographic orientation and the grain cha-

racteristics, such as size and boundary type, XRD diffractograms (section 3.2.1) and High Resolution

Transmission Electron Microscopy (HRTEM) images (section 3.2.2) were analyzed. While TEM is a per-

fectly suitable method to investigate nanoobjects, XRD measurements1 require a minimum of sample

volume to generate meaningful results.

3.2.1 Nanowire arrays - X-ray diffraction

Previous studies revealed that the crystallographic orientation of Bi2Te3 nanowires synthesized by elec-

trochemical deposition is controllable by variation of the growth parameters such as the deposition po-

tential and temperature [116, 131, 166]. Because the Bi2Te3 nanowires used in this work were fabricated

in different electrochemical cell and at slightly higher deposition temperature (30◦C) as in [116, 166],

the crystallographic orientation was re-assessed.

Four-circle X-ray diffractometry using a HZG 4 diffractometer with a copper anode (λKα1=1.54060 Å)

was carried out at GSI. Making use of the perfect parallel alignment of the nanowires within the PC

membrane, the nanowires are investigated still embedded in the membrane. In this way an "average"

crystallographic information about the planes perpendicular to the nanowire axes are obtained. The term

average refers to either many single crystalline nanowires of different orientation or polycrystalline na-

nowires with subgrain orientations. It is worth pointing out that both scenarios cannot be distinguished

employing this sample alignment and further investigations using TEM are necessary to complete the pic-

ture. A schematic explaining the sample alignment for XRD measurements is depicted in figure 3.2.1 (a).

As mentioned before, a certain minimum sample volume has to be provided for accurate measurements.

Samples prepared in 30 µm thick PC membranes irradiated with a fluence of 109 ions/cm2, fulfilled this

criterion even for very short etching times of 1 min resulting in a nanowire diameter of approximately

25 nm. Figures 3.2.1 (b, c) present the photographs of two Bi2Te3 nanowire array samples prepared

for XRD. Due to the dark color of Bi2Te3, the area of nanowire deposition is clearly visible (top view of

the wires). With thinner diameters or shorter length, the color change of the nanowire array compared

to the surrounding polymer matrix is less pronounced as shown in figure 3.2.1 (c). Samples showing a

lighter color than that turned out not to be suitable for XRD measurements.

Figure 3.2.1 (d) displays representativeω-2θ-scans for two different Bi2Te3 nanowire arrays. The upper

pair of diffractograms (blue and red) was recorded from nanowires with a diameter of ∼75 nm, while

1 In this work synchrotron XRD, suitable to investigate individual nanoobjects, was not available.
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the lower pair was obtained from ∼150 nm thick wires. The reflections were measured within a 2θ angle

range of 20-68◦ with a step size of 0.02◦ and 15 sec measurement duration per step. Additionally, the

known diffraction values of Bi2Te3 (black) and Au (green) powder references are added at the bottom

of the graph (JCPDS files no. 08-0027 and no. 04-0784, respectively).

Figure 3.2.1: XRD measurements of the average crystallographic orientation perpendicular to the Bi2Te3

nanowire axes: schematic sample alignment of polymer-embedded nanowires (a); photos of
109 nanowires/cm2 embedded in track-etched PC membrane (central dark area, top view)
with wire diameters of (b) ∼ 150 nm and (c) ∼ 25 nm; ω-2θ-scans for two different wire
diameters measured before (blue) and after (red) the Au back electrode removal. JCPDS
powder standards are given for Bi2Te3 (black) and Au (green).

Generally, four main reflections are visible at approximately 23.8◦, 27.8◦, 41.3◦ and 50.4◦. According

to the powder reference, those reflections are assigned to the (101), (015), (110), and (205) planes of

Bi2Te3, respectively. For some samples, the Au layer was removed in a Lugol’s iodine solution (KI/I2)

for a better distinction between the Au and Bi2Te3 reflections at around 38.4◦ and 44.5◦. For each pair

of diffractograms the blue curve was recorded before and the red curve after the removal of the Au

back electrode. The comparison of both clearly shows that the reflections at around 38.4◦ and 44.5◦ are

solely attributed to the Au back electrode, because they vanish after its removal, while the reflections

identified as originating from Bi2Te3 remain unchanged. This results was previously obtained in other

works [128, 166] and is explained by the long penetration depth of the X-ray beam and its subsequent
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reflection at the Au back electrode, as schematically indicated in figure 3.2.1 (a). In all following diffrac-

tograms the Au layer was not dissolved.

X-ray diffractograms of six Bi2Te3 nanowire arrays, deposited at 30◦C and 0 V vs. SCE deposition poten-

tial in PC membranes with nanochannel diameter of ∼ 50 nm are presented in figure 3.2.2. For a better

visualization all diffractograms are normalized to the (101)-peak at 23.6◦. They are randomly numbered

and either colored red or blue depending on certain characteristics which are explained in the following.

Figure 3.2.2: Six x-ray diffractograms for nanowire arrays yielding a wire diameter of about 50 nm. The
diffractograms are normalized to the (101)-peak at 23.6◦ and numbered randomly. Red
and blue distinguishes two different characteristic diffractograms (see text). The powder
reference for Bi2Te3 (black) and Au (green) are added at the bottom.
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In all six diffractograms, the Bi2Te3 reflections at about 23.6◦, 41.4◦ and 50.4◦ corresponding to the

respective planes (101), (110) and (205) are present. Reflections at 38.4◦, 44.5◦ and 64.5◦ are identi-

fied to belong to the Au back electrode. For all diffractograms, the (205) reflection is more intense than

expected from the powder reference (black bars). Compared to that, the (110) reflection peak is in all

cases less pronounced than expected. Furthermore, an intense reflection at 27.7◦ is observed for diffrac-

tograms 1, 3 and 5 (red), corresponding to the (015) plane oriented perpendicular to the nanowire axes.

For a Bi2Te3 powder reference this reflection is supposed to show the highest intensity. A second crite-

rion for this group is the appearance of additional reflections at about 57.1◦ and 66.9◦ originating from

the (02 10) (second order of (015)) and (125) planes, respectively. These reflections are not found in

diffractograms 2, 4 and 6 (blue). Instead, they feature strong reflections from the (205) planes to yield

the dominant peak intensity. Additionally, the intensity corresponding to the (101) reflection is higher

than that of the (110) plane, in contrary to the expected ratio from the powder reference.

Obviously, two different types of texture can be distinguished for samples fabricated under the same

conditions. Both types indicate polycrystallinity due to multiple reflections and a certain texture because

of the differing peak height ratios compared to the powder reference. For a better quantification, the

Texture Coefficient (TC) for each analyzable Bi2Te3 peak was calculated as defined by

TC(hikili) = N
[
I(hikili)

I0(hikili)

] [ N∑
n=1

(
I(hnknln)

I0(hnknln)

)]−1

, (3.1)

with hikili denoting the specific lattice planes, N the number of reflections considered, I the background

subtracted reflection intensity and I0 the standard peak intensity for the powder reference. To determine

the peak intensity and position, a Gaussian was fitted to each signal after the subtraction of a constant

background. If TC > 1, a preferential orientation of this particular plane perpendicular to the nanowire

axes is observed. For measurements with more than one TC > 1 the hierarchy of the TC values denotes

the importance of the particular plane to the texture. Table 3.2.1 presents the TCs calculated for the

diffractograms shown in figure 3.2.2. A "-" means that the reflection intensity was too low to obtain an

accurate Gaussian fit. In that case the peak was not considered in the TC calculation.

Table 3.2.1: Texture coefficients calculated for reflections shown in figure 3.2.2 sorted by blue and red
diffractograms

Planes Blue Red
2 4 6 1 3 5

(101) 2.38 1.28 0.86 0.81 - 0.84
(110) 0.19 0.36 0.07 0.27 0.54 0.67
(205) 1.37 1.36 2.08 3.04 1.87 2.91
(015) 0.06 - - 0.57 0.59 0.66

(02 10) - - - 0.32 - 0.51
(125) - - - - - 0.41

Overall, only the TCs for the (101) and the (205) are found to reach above 1. For the diffractograms

of the red group the preferential texture is clearly the (205) plane. Between those three diffractograms,

number 3 exhibits the strongest texture, because for 1 and 5 the TC(205) is not as pronounced relatively
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to the number of considered peaks. On the other hand, it is important to remember that small intensities

originating from the (02 10) and (125) planes are visible in figure 3.2.2 but could not be accurately

fitted. This still justifies the distinction between the red and blue diffractograms. The samples belonging

to the blue group exhibit preferential orientation for both the (101) (2) and the (205) (6) planes or no

distinct preference between the two (4).

In conclusion, the XRD results of Bi2Te3 nanowire arrays deposited in 2 min etched polycarbonate tem-

plates (pore diameter of about 50 nm) indicate polycrystallinity. Three pronounced reflections are found

in each diffractogram. Although up to three more reflections were measured, the preferred orientation is

the (205) plane perpendicular to the nanowire axes followed by the (101) plane. This result is consistent

with previous investigations [166].

Figure 3.2.3 displays a series of diffractograms for Bi2Te3 nanowire arrays with different wire diameters.

In contrast to the samples investigated in figure 3.2.2, the nanowire arrays were synthesized in PC mem-

branes irradiated during the same beamtime. In this way etching rate uncertainties due to ageing effects

were avoided. The PC membranes were etched for 6, 4, 3, 2 and 1 min yielding wires with diameters

of approximately 150, 100, 75, 50 and 25 nm, respectively. All nanowires were fabricated applying a

potential of 0 V vs. SCE at 30◦C. As before, reflections at 38.4◦, 44.5◦ and 64.5◦ are attributed to the

gold back electrode. In this case the diffractograms are normalized to the (015) reflection at 27.7◦. The

diffractogram of the 50 nm nanowire array is the same as displayed in figure 3.2.2 number 2.

Reflections at 23.6◦, 27.7◦, 41.4◦ and 50.4◦ are assigned to the (101), (015), (110) and (205) planes

(see fig. 3.2.2). For the smallest diameter of 25 nm only two reflections are visible, namely those of the

(015) and the (205) planes. The former is supposed to yield the highest intensity assuming a powder

sample. Due to the very low intensity, it is impossible to judge from this measurement if there is a (015)
or a (205) texture existent or further peaks are hidden in the background. Obviously, the sample vo-

lume generated in nanochannels of about 25 nm is too small for precise measurements. For arrays with

nanowire diameters of 75 nm or larger, the (205) reflection at 50.4◦ is conspicuously dominating the

diffractograms, indicating a possible texture.

The TCs of the four identified reflections are summarized in table 3.2.2. In all cases a preferred orienta-

tion of the (205) or the (101) plane is observed with a stronger tendency towards the (205) plane.

Table 3.2.2: Texture coefficients calculated for reflections shown in figure 3.2.3 for different nanowire
diameters.

Reflection Etching time
150 nm 100 nm 75 nm 75 nm (not

shown)
50 nm 25 nm

(101) 1.11 1.73 0.58 1.63 2.38 -
(110) 0.26 0.14 0.04 0.27 0.19 -
(205) 2.62 2.12 3.37 1.76 1.37 1.76
(015) 0.01 0.01 0.01 0.34 0.06 0.24

Outstanding is a TC > 3 by considering four reflections for the nanowires yielding a diameter of ap-

proximately 75 nm. This maximum value has also been previously found for nanowires with 50-60 nm

deposited at 0 V vs. SCE and room temperature [116, 166]. Contrary to those previous findings a strong

texture of the (015) plane was not found for small nanowires diameters, which could be explained by
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the trend of decreasing (015)-texture with increasing deposition temperature [166]. It is noteworthy

to mention that for nanowires of ∼75 nm diameter the XRD results deviate in a similar manner as for

the samples presented in figure 3.2.2. This means that the (015) reflection is more intense than expec-

ted from powder reference reducing the preferred (205) reflection and emphasizing the contribution of

the (101) reflection. The TC of such a case is added to table 3.2.2. For nanowire samples with larger

diameter this trend was not observed.

Figure 3.2.3: X-ray diffractograms for nanowires of different diameters. The diffractograms are normali-
zed to the (015)-reflection at 27.7◦. The powder reference for Bi2Te3 (black) and Au (green)
are added at the bottom.
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In summary, all Bi2Te3 nanowire arrays investigated by XRD feature an overall polycrystalline diffracto-

gram with a high texture. The favored crystallographic orientations are the (205) or the (101) plane

oriented perpendicular to the nanowire axes. While nanowire arrays with wire diameters lower than

100 nm show variations in the texture ratio of (205) to the (101) planes, this was not observed for

larger nanowire diameters. For the individual nanowires of each array these results either mean that

they are polycrystalline themselves, that the wires are single crystalline with different orientations or

that they consist of single crystalline segments. In order to elucidate the crystallographic orientations

of the individual nanowires, TEM measurements were performed and the results are presented in the

following section.

3.2.2 Individual nanowires - transmission electron microscopy

In order to explore the crystallographic orientation of individual Bi2Te3 wires, various TEM techniques

such as darkfield and high-resolution imaging were performed on several nanowire segments. The goal

of these investigations is to find out if an individual nanowire is polycrystalline, single crystalline or seg-

mented and how the crystal grains are aligned. The nanowires were transferred onto TEM grids using

one of the two previously described methods. It is important to mention that in this configuration the

nanowire is investigated along its axis. Expected plane orientations are those previously found by XRD

(see section 3.2.1) and those parallel to the zone axis2.

By darkfield TEM imaging the nanowires are shown to consist of several hundred nanometer or micro-

meter long single crystalline sections, separated by grain boundaries. Figure 3.2.4 displays three such

single crystalline sections (light areas) and their grain boundaries (white arrows), representatively. The

grain in figure 3.2.4 (a), one of the smaller ones found, is about 150 nm long and oriented approximately

20◦ with respect to the nanowire axis. In this view, the grain is not filling the complete nanowire volume.

In contrast, the grains in figures 3.2.4 (b) and (c) extent to a full segment of the nanowire confirming

previous observations of grain sizes of up to several hundreds of nanometers [166]. From this point of

view the grain boundaries are clearly visible and rotated by about 50◦ (b) or perpendicular to the wire

axis (c).

Figure 3.2.4: Darkfield TEM images revealing single crystalline grains of up to several hundreds of nano-
meters in length. Grain boundaries are found cutting the nanowire along its axis (a) and
its cross section (a-c). The grain in (a) is rotated by approximately 20◦ with respect to the
nanowire axis. The grain boundaries in (b) and (c) yield a 50◦ and 90◦ orientation to the
nanowire axis.

2 The zone axis is defined as the normal of the TEM projection.
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Figure 3.2.5 presents HRTEM images of two sections of a single nanowire from the same sample as

in figure 3.2.4 and their corresponding fast Fourier transformation. In both images an ordered atomic

structure is visible, which continues up to the nanowire edge as evident from figure 3.2.5 (a). In (a),

three different interplanar spacings are identified of which the one amounting to (0.226 ± 0.020) nm

is oriented almost parallel to the nanowire axis (indicated in green). The fast Fourier transform of

the entire HRTEM image confirms the crystalline nature of the wire segment and three spacings of

(0.229± 0.020) nm, (0.211± 0.020) nm and (0.356± 0.020) nm were calculated. Table 3.2.3 gives a

selection of literature values for the Bi2Te3 interatomic distances and their attributed planes. Considering

the measurement uncertainty, the two smaller spacings can be assigned to the (10.11), (10.10) or (110)
plane, while the larger spacing can be attributed to the (101) or (104) plane. The planes with this

spacing are oriented approximately perpendicular to the nanowire axis, which is consistent with the

XRD results showing a preferred (101) plane perpendicular to the axis.

Figure 3.2.5: High-resolution TEM images and the corresponding fast Fourier transformations of two sec-
tions of the same Bi2Te3 wire. A well-ordered crystal structure through the entire segment is
visible. The segment in (a) exhibits an interplanar distance of d(10.11) = (0.226±0.020) nm
perpendicular to the nanowire (NW) axis (green). (b) gives an example of multiple interpla-
nar orientations.
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The segment shown in figure 3.2.5 (b) also features an ordered crystal structure. Contrary to (a), va-

rious interplanar spacings and orientations are observed. The spacings of (0.226 ± 0.020) nm and

(0.229± 0.020) nm correspond to the (10.11), (10.10) or (110) planes, while for (0.348± 0.020) nm

and (0.357 ± 0.020) nm, the (104) or (101) planes are possible. Interestingly, no clear grain boun-

dary is visible hinting a continuous transition between orientations as previously observed [166]. Due

to its complexity, the fast Fourier transform of the wire segment confirms the various orientations. The

(10.11), (10.10) and (101) were identified.

Table 3.2.3: Literature values from JCPDS file no. 08-0027 for interplanar spacings and the corresponding
crystal planes.

Spacing (nm) 0.377 0.340 0.322 0.238 0.224 0.219
Plane (hkl) (101) (104) (105) (10.10) (10.11) (110)

The TEM investigations clearly evidence that the individual nanowires are of polycrystalline nature. A

well ordered structure is observed throughout the entire nanowire segments. They exhibit long single

crystalline grains, but also experience slight shifts in their plane orientations with no defined boundary

outside of the single grains.

3.3 Chemical composition

Depending on their chemical composition the bismuth telluride compounds show various (thermo-

)electric properties [30, 168]. Especially the topological insulator character of Bi2Te3 makes a thorough

investigation of both the bulk and surface chemical composition necessary. Additionally, the degree of

surface contamination is crucial to know for the successful contacting of nanowires by lithographical me-

thods and for further conducting of surface sensitive probing techniques such as ARPES. For this reason,

the decisive factors for the present investigations of the chemical structure of the wires are:

1. Is the chemical composition stoichiometric along an entire nanowire?

2. Is the nanowire surface free of contamination?

In order to answer the two questions above, EDX and XPS spectroscopy techniques were employed ana-

lyzing the chemical composition of the bulk and the surface of the nanowire, respectively. Figure 3.3.1

illustrates the measurement setup and compares both methods schematically. While the EDX in TEM

provides information of the bulk of a single nanowire (a), XPS probes the chemical composition of the

surface of multiple nanowires (b) as indicated by the yellow areas.
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Figure 3.3.1: Principle of measurements for EDX (a) obtaining the chemical composition of the bulk vo-
lume and XPS (b) investigating the surface. The yellow area indicates the origin of the
signal.

3.3.1 Nanowire bulk - energy dispersive x-ray spectroscopy

The chemical structure analysis by EDX was performed in a JEOL ARM200CF TEM in collaboration with

Dr. Wilfried Sigle at the Stuttgart institute for Electron Microscopy (StEM) of the Max Planck Institute

for Solid State Research. Bi2Te3 nanowires of ≈100 nm diameter were prepared on a lacey carbon film

copper TEM grid. EDX linescans of 50 points with a spatial resolution of approximately 1 nm were re-

corded along and perpendicular to the nanowire axis.

From the measured energy spectrum the atomic concentration was calculated using the Cliff Lorimeter

technique [169] implemented in the Thermo Scientific NSS software (version 3.2) under consideration

of the Te L-lines (energy range: 3642 - 3896 eV) and the Bi M-lines (energy range: 2309 - 2535 eV).

The compositional results in atomic percentage for Te and Bi of 100 nm wire diameter samples are

presented in figure 3.3.2. The linescans were measured perpendicular to the nanowires axis close to

the nanowires edge. Their positions are indicated in the corresponding images obtained by High-Angle

Annular Dark-Field imaging (HAADF). As the electron beam is scanned over the wire edge, signals at

which the characteristic Te L-line (blue) and the Bi M-line (red) record more than 100 counts were con-

sidered to originate from the nanowire. This threshold providing a high signal-to-noise-ratio was chosen

randomly. For a better visualization all other points were omitted resulting in shorter linescans than

indicated by the arrows. Furthermore, sample drift during the measurement and contrast differences

might be responsible for small discrepancies in the distances between the actual EDX linescans and the

marker arrows in the HAADF image.

For this sample (A1), six individual nanowires were investigated. Generally, a composition close to stoi-

chiometry is revealed as shown by two representative linescans in figure 3.3.2 (a) recorded from two

different wires of the same sample batch. This is consistent with previous observations [116]. For most

nanowires the chemical composition is found to be homogeneous within the range of the linescan mea-

surements. However, in two out of six cases the surface of the nanowires exhibits a small local increase

of Te, while the core of the nanowire is determined to be constantly close to stoichiometry. A represen-

tative EDX spectrum showing this Te-rich layer (marked in grey) is displayed in figure 3.3.2 (b). This

observation is especially interesting, because the nanowires originate from the same sample, meaning
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they are synthesized under the exact same conditions within the same cell. The Te-rich layers or shells

were measured to be up to 2 nm thick. It could not be classified if this Te-richness is a local phenomenon

or a kind of core-shell structure of the entire wire.

Figure 3.3.2: EDX linescans revealing the chemical composition of Bi2Te3 nanowires with about 100 nm
diameter close to the nanowire surface (sample A1). In most of the cases a stoichiometric
Te/Bi ratio was observed (a); few exceptions reveal a small local Te richness close to the wire
surface (b). In the HAADF images the EDX linescan position is indicated by a green arrow.

Figure 3.3.3 presents similar results for Bi2Te3 nanowires deposited in 2 min etched templates yielding

a diameter of ∼50 nm. From this sample, 13 nanowires were investigated. As before, a homogeneous

core of close to stoichiometric composition was consistently found, while a Te-rich shell was identified

in three of the 13 cases. Additionally, a third compositional structure was observed for two nanowires,

namely a Bi-rich intermediate layer between the Te-rich shell and a stoichiometric core (figure 3.3.3 (b)).

This layer was measured at approximately 5 nm from the nanowire surface. Further measurements are

required in order to describe and explain the slight enrichment of Te or Bi close to the wire surface.

Possible reasons for such local composition fluctuations were already observed in a different context. A

local tellurium enrichment in electrodeposited nanowires (with diameters below 100 nm) was observed

after annealing the wires at several 100◦C for hours. In that case Bi2Te3/Te heterostructures with in-

terfaces perpendicular to the wire axis were obtained. This was explained by the higher vapor pressure

of tellurium compared to bismuth and the accompanying higher evaporation rate [170–172]. For the

present case this explanation is not satisfactory applicable, because the sample was not heated. Mo-
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reover, an evaporation of tellurium even at room temperature over about three weeks, would lead to a

bismuth-rich shell due to the enhanced evaporation at the surface. In the present case a Bi enrichment

was found in two cases and only in combination with a Te-rich surface layer.

Furthermore, cyclic voltametry investigations employing a similar electrolyte, but different Te and Bi

concentrations, revealed a preferred deposition of tellurium when a more cathodic potential (about

+100 mV) compared to the Bi2Te3 reduction potential is applied [117]. In the three-electrode setup

used here, the potential is carefully controlled by the SCE reference electrode. Nevertheless, local ion

concentration differences due to the different diffusion properties of the nanochannels compared to a

planar electrode cannot be excluded. On the other hand, one would expect a more layered than a shell-

like structure, if local potential differences influence the growth significantly.

Figure 3.3.3: EDX linescans revealing the chemical composition of Bi2Te3 nanowires with about 50 nm
diameter close to the nanowire surface (sample A2). Mostly a stoichiometric Te/Bi ratio was
observed (a) with few exceptions indicating a local Te enrichment close to the wire surface
and an intermediate Bi-rich layer (b). The green arrows in the HAADF images indicate the
position at which the EDX linescan was measured.

The chemical compositions of those linescans exhibiting a constant composition along the entire range

are summarized in table 3.3.1 revealing a 60:40 Te/Bi ratio within the uncertainty interval.

In conclusion, Bi2Te3 nanowires grown in 100 nm and 50 nm diameter polycarbonate nanopores reveal

stoichiometric composition. Locally, a Te enrichment of of about 10-20% was found close to the surface.

Further systematic measurements are necessary to explore the origin of this anomaly. However, it is
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worth mentioning that EDX is not able to provide information on the oxidation states of elements, which

are crucial for the evaluation of the surface quality. Amongst others, this information is accessed by XPS

experiments and will be described in the following section.

Table 3.3.1: Chemical composition averaged over the complete linescan for four selected spectra from
each sample. The error represents the standard deviation.

Sample Te (atom. %) Bi (atom. %)
A1 59.5 ± 5.19 40.5 ± 5.19

(fig. 3.3.2) 63.4 ± 4.17 36.6 ± 4.17
62.5 ± 3.25 37.7 ± 3.25
63.1 ± 4.62 36.9 ± 4.62

A2 58.6 ± 2.61 41.4 ± 2.61
(fig. 3.3.3) 60.4 ± 2.93 39.6 ± 2.93

61.4 ± 2.39 38.6 ± 2.39
60.7 ± 3.25 39.3 ± 3.25

3.3.2 Nanowire surface - X-ray photoelectron spectroscopy

The chemical signature of the nanowire surface was investigated by XPS. This technique is based on the

photoelectrical effect [173], where an atom or molecule is excited by a photon resulting in the emittance

of a photoelectron. The binding energy EB of the photoelectron is related to its kinetic energy Ekin by

EB = Ehν − Ekin − φ (3.2)

where Ehν is the energy of the incoming photon and φ denotes the work function of the setup. This

parameter depends on, for example, the absorbing character of the detector and its material. Measuring

the kinetic energy of the emitted photoelectrons while knowing the energy of the exciting photon and

the work function results in a characteristic spectrum for each material. A more detailed introduction to

spectroscopy based on photoemission is given in chapter 4 where the ARPES results are discussed.

The XPS measurements referred to in this section were conducted in collaboration with Dr. Florent Yang

of the surface science group (Prof. Dr. W. Jägermann) at the Technische Universität Darmstadt. The

XPS setup used is located in the DArmstädter Integriertes SYstem für FUNdamentale Untersuchungen

(DAISY FUN). The samples were screwed to an aluminum holder and inserted into an Ultrahigh Vacuum

(UHV) chamber at 10−10 mbar. The measurement principle is schematically sketched in figure 3.3.4 (a)

and a photo of the fixed sample is shown in figure 3.3.4 (b).

Three samples were prepared in order to quantify the surface contamination of the nanowires, expected

to occur during their synthesis, transfer process and device building as well as during the exposure to

different atmospheres (air, UHV). First, Bi2Te3 nanowires were grown in a polycarbonate membrane

with 109 pores/cm2 of 100 nm diameter and a thick Au back electrode of about 1 µm. One day after the

deposition, the sample was cut in four equal pieces. Two quarters were individually immersed in three

rounds of fresh dichloromethane baths to remove the polymer membrane. Due to the mechanically

stable Au back electrode and the flexibility of the Bi2Te3 nanowires, they remain collapsed on the back
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electrode in a "spaghetti-like" arrangement. A representative SEM image of such a sample is displayed

in figure 3.3.4 (c). The first sample (A) was directly transferred and measured in the XPS UHV chamber

after being exposed to ambient air for about one hour. The second sample (B) was kept in a fourth bath

of fresh dichloromethane for one complete week. After the measurement, the first sample (A) was stored

in ambient air for one week to be remeasured. Unfortunately, the measurements could not be performed

after one week due to failure of the XPS. Instead samples (A) and (B) were kept in a storage place in the

UHV chamber for about 1 month before being measured. The samples and their measuring order can be

summarized as follows:

1. measurement: Sample A was exposed to ambient atmosphere for about 1 hour.

2. measurement: Sample A was kept 1 week exposed to air and 1 month in UHV.

3. measurement: Sample B was kept 1 week in dichloromethane and 1 month in UHV.

The XPS measurements were conducted using an Al Kα photons with an energy of 1486.74 eV. Fur-

thermore, a cleaning protocol was tested to remove possible surface contamination. The samples were

cleaned using an Ar ion sputter gun at 500 V and 10 mA for 15 min per cycle. In all cases, two cleaning

cycles were applied.

Figure 3.3.4: XPS measurement setup: (a) Schematic of the XPS technique. (b) Photo of a Bi2Te3 nano-
wires sample screwed to an aluminum holder. (c) SEM image of Bi2Te3 nanowires collapsed
on the Au back electrode.

The results presented are structured as follows: an overview spectrum (EB = 0...1350 eV) was recorded

as well as close-ups of Bi 4f (EB = 154...168 eV), Te 3d (EB = 591...568 eV), C 1s (EB = 297...280 eV)

and O 1s (EB = 540...525 eV) core levels. The corresponding photolines for each identified core level are

indicated by dashed lines. Peaks occurring due to chemical bondings such as oxides states of an element

and those resulting from different excitation states (i.e. Auger, shake-up lines) are marked by grey boxes.

The Bi 4f and Te 3d core level in the Bi2Te3 bonding are colored in yellow.

The literature values [174] used to identify the photolines are compiled in table 3.3.2. Figure 3.3.5

summarizes the results of the first measurement for sample A. Three measurement series were recorded:

as prepared (pink spectra), after the first cleaning cycle (dark red spectra) and after the second cleaning

cycle (red spectra).

The overview spectra in (a) indicate the presence of Bi, Te, O, C, Al and Cu. While Bi, Te, O and C

are signatures from the sample, the Al signal is attributed to the Al sample holder. The Al peak is only

visible after the second cleaning cycle and is possibly caused by misalignment. The source of the copper
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signal could not be determined. No Cl signal resulting from the polymer dissolution in dichloromethane

(CH2Cl2) is observed. This reveals that the organic solvant neither leaves Cl contamination traces nor

forms compounds such as Te2Cl3, TeCl4, BiCl3 or BiOCl. Comparing the spectra after each cleaning cy-

cle, the Bi and Te core level as well as the corresponding Auger electron signals increase significantly or

become firstly visible. At the same time the C 1s and O 1s signals are reduced and almost vanish into the

background after the second cleaning step. This is a first hint that a non-negligible surface contamination

accompanies the nanowire synthesis and transfer process. Fortunately, this contamination is successfully

removed by standard XPS cleaning methods such as Ar sputtering. The absence of an additional Ar signal

after the cleaning cycles points to a suitable method to reduce the contamination without implanting any

further Ar atoms.

Table 3.3.2: Summary of literature values [174] for photolines identified for samples A and B.
Element Core levels Photoelectron lines (eV)

Bi 5d5/2 24
5d3/2 27
4f7/2 157
4f5/2 162
4d5/2 440
4d3/2 464

Te 4d5/2 41
4d3/2 42
3d5/2 573
3d3/2 583
3p3/2 820
3p1/2 871

C 1s 285
O 1s 531
Al 3p3/2 77
Cu 3p3/2 933

3p1/2 953

Figures 3.3.5 (b) and (c) display close-up scans of the C 1s and O 1s signals, respectively, recorded with

a higher energy resolution (0.05 eV) compared to the overview spectra (0.5 eV) in figure 3.3.5 (a). De-

tailed scans are necessary to obtain exact determination of the peak shapes and to extract information

about the chemical and compositional changes. The carbon signal of the as prepared sample ((b) pink

spectrum) consists of three peaks located at binding energies of about 284.4, 286.0 and 290.8 eV. They

are identified as the C-C and C-O chemical states as well as the shake-up lines for the π− π? transition.

Shake-up lines occur due to the creation of ions in an excited state instead of the ground state. Their

kinetic energy is thus reduced by the energy of the excited state. For carbon, this shake-up line is often

observed and corresponds to the π − π? transition and is located at a binding energy about 6 eV higher

than that of the ground state [174]. After the first cleaning cycle (dark red spectrum) the C 1s signal

is dramatically reduced by about two thirds of its original intensity. Additionally, the shake-up peaks

vanished into the background signal. After the second cleaning (red spectrum) only a minor intensity

reduction is observed. The Ar treatment removes the natural carbon contamination layer of a few nm

already after the first cleaning cycle, but does not reduce the contamination further after the second
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cleaning step. It is worth noting that the C 1s signal is always detectable, due to the constant presence

of carbon atoms even under UHV conditions. For this reason, the C 1s peak is generally used for the

calibration of the measuring system.

The oxygen signal of the as prepared sample ((c) pink spectrum) is broader compared to the C 1s signal

and is composed of three photon lines at about 530.0, 532.2 and 533.8 eV. Similar to the carbon appea-

rance, oxygen traces are always present due to contamination, oxidation and exposure to air. Other than

for the C 1s signal, the identification of the O 1s peaks is not as straightforward due to the overlapping

of different oxides, carbonates and organic contaminations which result in peaks within the range of

529-532 eV[174]. The photoline at high binding energies of about 533.8 eV is attributed to the orga-

nic C=O chemical state with more confidence. This organic contamination points to polymer residues,

which are possibly still adsorbed on the Bi2Te3 nanowire surface. The first cleaning step clearly reduces

this signal to almost background values. Overall, the O 1s peaks are reduced by half or more of their

intensity indicating a successful removal of surface contamination. Similar to the carbon contamination,

this signal is not further decreased by the second cleaning cycle.

Figure 3.3.5: XPS spectra for sample A after exposure to air for about 1 h. The sample was measured as
prepared (pink) and after two times Ar sputtering (500 V, 10 mA for 15 min) (dark red and
red): (a) overview spectra and (b) C 1s, (c) O 1s, (d) Bi 4f and (e) Te 3d core levels.

Figures 3.3.5 (d) and (e) present the detailed spectra for the Bi 4f and Te 3d doublets. These core le-

vels were chosen for further analysis, because they exhibit the highest cross section for their final state,

resulting in the highest peak intensity [174]. In (d) the bismuth signal is deconvoluted into four peaks

at about 157.5, 159.0, 162.9 and 164.2 eV. The Bi 4f core level is spin orbit split into the 7/2 and 5/2

energy explaining the two peaks at about 157.5 and 162.9 eV, respectively. The remaining two peaks
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are located at about 1 eV higher binding energies and are attributed to bismuth oxide Bi2O3. For the as

prepared sample ((d) pink spectrum), the oxide peaks are much more intense than those of the metallic

bismuth, indicating a significant surface oxidation. As the sample is Ar sputtered, the oxide intensities

are diminished significantly, while at the same time the pure bismuth photoelectron lines gain intensity.

After the second cleaning cycle (red spectrum), only a small shoulder indicating remaining oxide is ob-

servable. According to literature, the spin orbit splitting results in an intensity ratio of 3:4 for the f level,

which the data resembles roughly after the second cleaning step. Similar to the reduction of the C and

O contaminants, the oxide peak is mostly removed during the first Ar sputtering cycle. Because of the

further oxide removal during the second cleaning step, the pure metallic intensity is increased.

The Te 3d core level measurements displayed in figure 3.3.5 (e) show a similar behavior as for the Bi 4f

core level. For the as prepared sample, one doublet at around 572.4 and 582.9 eV binding energies is

identified as the spin orbit splitting into Te 3d5/2 and Te 3d3/2 photoelectron lines. The peaks at about

575.9 and 586.3 eV are assigned to oxide peaks forming TeO2, which are reduced by the first Ar sput-

tering cycle. After the second cleaning cycle, the oxide signal has almost vanished into the background,

while the pure Te signals are clearly distinguishable. As for Bi, the oxide signal is still slightly detectable

after the cleaning, probably due to small residues.

Overall, the surface seems to be significantly cleaner after the two rounds of Ar plasma sputtering. The

natural carbon and oxygen contamination as well as the bismuth and tellurium oxides are drastically

reduced. Due to only slight improvements after the second cleaning, it is expected that many more sput-

tering cycles are necessary to remove the contaminants completely. On the other hand, one has to keep

in mind that sputtering is a destructive method which might change the surface chemistry. An optimal

balance between the cleaning and destruction of the surface has still to be found by systematic tests.

Figure 3.3.6 displays the XPS results obtained from the exact same sample (A) after being subsequently

exposed to air for one week after the first measurements shown in figure 3.3.5. In this way the nano-

wires are oxidized simulating the exposure to air occurring in several other applications such as device

fabrication by lithography (see section 5.2) or transport to experimental stations.

Figure 3.3.6 (a) presents the three overview spectra recorded after one week in air (purple), an additio-

nal month in UHV (black) and after one Ar sputtering cycle (500 V, 10 mA) for 30 min corresponding

to the cleaning protocol that was used before (green). The photoelectron lines in the overview spectra

refer to the presence of Bi, Te, O, C, Al and Cu as expected taking into account that it is the remeasured

sample (A). After one week exposed to air, the C and O peaks are again more pronounced than after the

last cleaning in the first measurement (see figure 3.3.5 (a-c)). Under UHV conditions this contamination

and oxidation is generally continuing, causing an increase of the corresponding peak intensities. In the

present case this increase cannot be verified, because the calibration of the system was readjusted in bet-

ween the measurements making it impossible to compare peak intensities. After the Ar sputter cleaning,

the C and O peaks are not visible in the overview spectrum anymore. Figures 3.3.6 (b) and (c) show

a more detailed scan of the C 1s and O 1s level, respectively, confirming the decreasing of the C and O

contamination after the Ar sputtering. For the Bi 4f and Te 3d photoelectron lines in figure 3.3.6 (d) and

(e), similar results are found. The oxide peak at higher binding energies is dominant and in the case

of Bi only a small shoulder indicates the metallic bismuth lines. In both cases, the pure Bi 4f and Te 3d

doublet is much better resolved after Ar sputtering. Although the oxide signal is reduced significantly, it
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still remains clearly identifiable.

Figure 3.3.6: XPS spectra for sample A after the second measurement. The sample was measured, after
one week in air (purple) after one month in UHV (black) and after two times Ar sputtering
(500 V, 10 mA for 30 min) (green): (a) overview spectrum and (b) C 1s, (c) O 1s, (d) Bi 4f
and (e) Te 3d core levels.

The XPS spectra for sample (B) and the third measurement series are presented in figure 3.3.7. After

keeping the sample for one week in dichloromethane, the sample was stored in the UHV chamber for

one month together with the previous sample (A). In this part of the experiment possible chemical chan-

ges and contaminations due to the storage of the nanowires in dichloromethane were investigated (see

section 2.4). XPS spectra were recorded on the as prepared sample (cyan) and after two subsequent

cleaning cycles (500 V, 10 mA) for 15 min each (dark blue and blue). As before, Bi, Te, O, C, Al and Cu

are identified in the overview spectra (a). After the Ar cleaning the O 1s and C 1s photoelectron lines

are visibly reduced.

Figures 3.3.7 (b) and (c) indicate an intensity reduction by about half after the first cleaning cycle follo-

wed by almost no further improvement during the second cycle. This was also observed for the previous

sample. On the contrary, the difference of the chemical structure of the surface after each cleaning step

is more evident for the Bi 4f and Te 3d lines in (d) and (e), respectively. The two doublets and their

corresponding oxide peaks are identified. For the as prepared spectra the oxide peaks are dominating

for both Bi and Te. After the first cleaning step, the oxide is partly removed resulting in an increase of

the metallic photolines, an effect that is more pronounced for Te. After the second sputtering cycle, the

oxide peak of Bi is still observable as a peak.

The same behavior is visible for the Te and its oxide which is only slightly further reduced. Compared to
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the sample that was not kept in dichloromethane for one week the cleaning rate appears to be lower for

sample (B). One explanation could be the additional probability of forming compounds with Cl such as

BiOCl and TeCl4 resulting in signals at around 159.9 [174, 175] and 576.9 eV [176] and contributing to

the oxide peak.

Figure 3.3.7: XPS spectra for sample B after the third measurement. The sample was measured as pre-
pared (cyan) and after two times Ar sputtering (500 V, 10 mA for 15 min) (dark blue and
blue): (a) overview spectrum and (b) C 1s, (c) O 1s, (d) Bi 4f and (e) Te 3d core levels.

To get a better understanding of the formation of chlorides, a close-up scan of the Cl 2p peaks was per-

formed as prepared and after the two cleaning cycles. In Figure 3.3.8 the signals at binding energies of

197.7 and 199.4 eV are identified corresponding to the Cl 2p5/2 and Cl 2p3/2 doublet.

Figure 3.3.8: XPS spectra of the Cl 2p photoline for sample B after the third measurement.
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In the same spectra obtained for sample (A) such signals were not detected. As expected from the results

shown in figure 3.3.7, the Cl 2p photoelectron lines are clearly reduced after Ar plasma sputtering.

Nevertheless, the signal is still visible after the second cleaning step, indicating together with the results

from figure 3.3.7 (d) and (e) that further cleaning is needed to remove oxide and chloride contaminants.

Figure 3.3.9 summarizes the results for sample (A) before (red) and after being exposed to air for one

week (green) as well as for sample (B) (blue). The spectra are the ones measured after a total of 30 min

of Ar sputter cleaning at 500 V and 10 mA extracted from figures 3.3.5-3.3.7. The C 1s and O 1s signals

are reduced the most for sample (A) compared to its background. On the other hand, the oxygen signal

for sample (A) exhibits still different chemical states indicating more carbonates. This could be a hint

that the removal of organic polymer membranes is more efficient after storing the sample for one week

in dichloromethane. The most important spectra are the ones comparing the three measurements for

the Bi 4f and Te 3d doublets. In all three cases the oxide was visibly reduced after the sputtering steps.

Nevertheless figures 3.3.9 (d) and (e) show that in direct comparison of the ratios, the freshly prepared

sample (A) (red) exhibits the least amount of oxide. Only in this case the oxide peak is suppressed to a

slight shoulder. From this follows that to obtain very clean Bi2Te3 nanowire surfaces the sample should be

prepared freshly and long exposures to air or organic solvants should be avoided. Ar plasma sputtering

is an efficient method to remove contaminants such as polymer residues and oxide compounds. On the

other hand the destructive cleaning method might influence the surface structure.

Figure 3.3.9: Summary of XPS spectra for sample A before (red) and after exposure to air for one week
(green) as well as for sample B (blue): (a) overview spectrum and (b) C 1s, (c) O 1s, (d) Bi 4f
and (e) Te 3d core levels.
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3.4 Thermal stability

Annealing experiments were undertaken in order to explore, if the single Bi2Te3 nanowires are mor-

phologically and chemically stable at elevated temperatures. This is crucial to know, firstly, for the

sample preparation for surface sensitive measuring techniques such as XPS and ARPES usually invol-

ving an optimized surface cleaning procedure consisting of sputtering and annealing. Secondly, many

nano-engineering processes involve the nanowires to be exposed to high temperatures. For instance,

implementing single nanowires into electrical devices by lithography and atomic layer deposition, requi-

res temperatures of around 100◦C. Furthermore, nanowires are significantly heated by the Joule effect

when an electrical current is applied. Hence, exploring the thermal stability of Bi2Te3 nanowires enables

an evaluation of their performance within nanoscale electrical devices.

Previous works on annealing of Bi2Te3 nanowires were motivated by the optimization of nanostructures

for thermoelectric applications. For this reason the concentration, crystal structure as well as the chemi-

cal stability were explored for Bi2Te3 nanowires electrodeposited in alumina membranes [113, 170–172]

and grown by VLS techniques [105]. Annealing temperatures typically range from 150◦C to 450◦C for

several hours up to 100 h. As the annealing temperature is increased, the Bi2Te3 composition changes

to the Bi4Te3 phase due to the high vapor pressure of Te and its favored sublimation [171]. Especially,

above 400◦C no stable Bi2Te3 phase was found due to the melting of Te and subsequent forming of

Te-rich sections of the nanowire. The maximum temperature for chemically stable nanowires of 50 nm

diameter was found to be 350◦C [172]. The reported changes of the crystal structure are not as evident.

Annealing non-stoichiometric VLS grown Bi-Te nanowires (e.g. Bi4Te5, Bi6Te7, BiTe) with few 1000 nm2

rectangular cross section for 100 h at 250◦C in Te atmosphere resulted in single-crystalline Bi2Te3 nano-

wires [105]. For electrodeposited wires with 25 nm diameter annealed for 3 h at 400◦C a small change

in crystal orientation was observed, while the grain structure was not visibly altered [113].

The aim of this experimental studies was to answer the two following questions.

1. Under which temperature and size conditions do the nanowires become unstable?

2. How do morphological and structural changes occur?

Generally, the melting point for nanostructures of size d smaller than a critical size, drops below that

of the corresponding bulk material. Modeling the melting temperature for metals as a function of size3

resulted in d < 10 nm for nanoparticles and d < 5 nm for nanostructures (such as wires) [177]. Ho-

wever, the decrease for nanowires turned out to be stronger than for thin films and weaker than for

nanoparticles [178]. This melting point depression is explained as a direct consequence of the high

surface-to-volume ratio. Atoms binding on the surface exhibit less cohesive energy as the ones binding

in the bulk, due to the reduced amount of neighboring atoms. The Lindemann’s criterion describes the

direct proportionality of the melting temperature to the cohesive energy [179, 180].

Nevertheless, a second effect influencing the thermal stability of nanostructures becomes already im-

portant at larger sizes than d and is therefor much more likely to occur for the present wire samples. At

diameters above 10 nm, metallic nanowires exhibit Rayleigh instability. This results in the fragmentation

of the wires into a chain of nanospheres.

3 The size refers here to a length scale in one direction and is independent of the dimension.
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In order to answer the questions above the nanowires were heated under UHV conditions inside a TEM

(EM 912 Omega, Carl Zeiss) at the StEM and observed as the temperature was gradually increased. The

wires yielded diameters of 50 and 150 nm and suspended in dichloromethane at GSI (see section 2.4).

Four days later, three samples (1-3) were prepared by transferring the Bi2Te3 nanowires from the sus-

pension to Si3N4 TEM grids. The time between the preparation of the nanowire samples and the actual

measurements differed as the following table 3.4.1 indicates:

Table 3.4.1: Schedule of annealing experiments performed on nanowires of different diameters. The
wires were transferred to the TEM grids four days after their synthesis.

Sample number Diameter (nm) Measurement time after wire transfer (days)
1 50 ± 5 1
2 150 ± 5 8
3 50 ± 5 15

Figure 3.4.1 displays a consecutive series of TEM images of originally 50 nm wide Bi2Te3 nanowires of

sample 1 heated from 50◦C to 360◦C within about 105 min. Initially, the sample was heated until 300◦C

in steps of 20◦C within 63 min yielding an average waiting time of about 3 min at each temperature step.

Above 300◦C this average waiting time per set temperate (20◦C steps) was increased to about 15 min.

The recording of all images in figure 3.4.1 during this waiting time is added in minutes after the start of

the annealing experiments (top left).

Up to 300◦C, the annealing did not cause any morphological or geometrical changes of the nanowires.

At 300◦C, some of the nanowires start to become thinner in certain spots (yellow circles). Further tem-

perature increase results in fragmentation of the continuous wire into smaller sections. At the same time

a shell- or tube-like structure becomes visible connecting the nanowire segments. Subsequently, the gap

between the fragmented wire enlarges by about 100 to 200 nm. After several minutes of waiting time at

a specific temperature this process stops, hinting an equilibrium state. While heating the sample further,

the wire morphology is disturbed at a second location undergoing the same process (yellow circle). In-

terestingly, the fragmentation seems to be erratic and does not exclusively occur at prominent locations

such as wire tips or dents. As the temperature is further increased, more and more material disappears

leaving discontinuous, fragmented nanowire sections. The tips of the wire fragments are usually sharp

and either perpendicular to the nanowire axis or in a defined angle. The tube-like structure remains

stable throughout the entire annealing experiment. These observations are confirmed for all nanowires

of samples 1 to 3.

For thicker nanowires (sample 2) theses structural changes start to occur at slightly higher temperatu-

res (325◦C) and the overall evolution is slower. In this case the nanowires were heated up to 475◦C

without significant material losses. Before annealing, sample 3 was exposed to ambient conditions for

about one week, leading to the formation of a closed oxide layer (see section 3.3.2). The temperature

at which structural changes occurred was 350◦C and thus also slightly higher than for sample 1. To

provide evidence for a correlation between a critical annealing temperature and wire diameter or sto-

rage conditions, the following analysis focused on sample 1. The distinct shape of the tips of the wire

fragments reminds of the shape of grain boundaries as observed in section 3.2.2 figure 3.2.4. An actual

resemblance has to be confirmed, e.g. by HRTEM investigations or imaging the annealing process in the

darkfield mode of the TEM.
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Figure 3.4.1: TEM images of an annealing series of Bi2Te3 nanowires with 50 nm diameter on a Si3N4 TEM
grid (sample 1). The temperature is increased from 50◦C (top left) to 360◦C (bottom right).
The indicated time refers to the elapsed number of minutes after the start of the annealing
procedure. The yellow circles mark the beginning of the nanowire fragmentation.

53



Besides the conversion of the wires from a continuous to a intermittent geometry, the morphology does

not exhibit any protuberances, at least not within the resolution of the recorded image as found in [181]

for Bi1−xSbx nanowires. Annealing experiments performed with 50 nm diameter Bi2Te3 nanowires elec-

trodeposited in alumina do not report on any observation of nanowire decomposition or discontinuous

geometry until at least 400◦C for up to 4 h [113, 170–172]. Instead, it was concordantly reported, that a

Te-rich Bi-Te phase coexists with the stoichiometric Bi2Te3 phase manifested by the appearance of pure Te

crystallites after exposition to temperatures of 300◦C for 4 h independent of the atmosphere [170, 171].

Within the limits of the present study, pure Te crystallites were not observed. Nevertheless, locally Te-rich

areas close to the surface of the nanowires were found in as prepared nanowires at room temperature.

These observations are discussed in section 3.3.1.

The discrepancy with the results presented in literature are probably ascribed to the real time observa-

tion within the TEM where during the annealing process the tube-like connection is formed between the

wire sections. A similar phenomenon was previously observed for copper nanowires annealed at 600◦C

(well below the bulk melting temperature of Cu) while performing in-situ TEM during annealing. A

carbon coating seems to be created by electron-beam induced graphitization of polymer residues remai-

ning from the synthesis. This carbon tube serves as a stable confinement for the Cu mass transport. At

the open ends of the carbon tubes facetted Cu nanoparticles are formed evidencing a diffusion-driven

process [182]. The formation of an electron-beam induced carbon coating is also a possible explanation

for the observed tube in figure 3.4.1. Such a scenario seems reasonable, because a polymer residue

layer was clearly observed in XPS experiments presented in section 3.3.2. On the other hand, no Bi2Te3

nanoparticles formed at the open tube ends in the present case suggesting a different mechanism than

presented for Cu wires [182].

To shed light on the questions where does the Bi2Te3 vanish and what material is the tube made of, fi-

gure 3.4.2 presents HRTEM images obtained from two different fragment tips (a, b) and (c, d) in various

magnifications.

Figure 3.4.2: HRTEM images of two different tips of wire fragments (a,b) and (c,d) after annealing of
the 50 nm diameter nanowires to 350◦C. The insert in (b) shows the FFT obtained from the
visible nanowire section.

The nanowire and the remaining shell are clearly visible. The shell diameter is about 10 nm smaller than

that of the Bi2Te3 nanowire. The insert in (b) displays the fast Fourier transform of the visible nanowire

section exhibiting a regular crystal structure over its complete area. The diameter difference between

the wire and the tube can originate either from a swelling of the nanowire section or a shrinking of the

tube. Assuming a swelling the diameter increase might be explained by the distribution of the lacking
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Bi2Te3 material into the adjacent section of the nanowire. In this case, a diameter gradient would be

expected along the remaining nanowire, which was not noticed.

Figure 3.4.3 shows TEM images of regions on sample 1 (a-c) and sample 3 (d) at 70◦C (a) and around

350◦C (b-d) confirming that no nanoparticles are formed at the ends of the original wires. Surprisingly,

a difference between the diameters of the tube and the nanowires is not visible in this imaging mode.The

green arrows in figure 3.4.3 (a,b) indicate the tip of a particular nanowire. As the temperature is increa-

sed, the nanowire is disturbed (see figure 3.4.1 second row, third column) and finally the upper nanowire

section vanishes completely. It can be speculated that the material is sublimating. figure 3.4.3 (c) and (d)

display two more sections of nanowires that are close to the nanowire end, showing no clear indication

that the material is transported in the one or the other direction. For example, if half the volume of the

gap in figure 3.4.3 (d) diffuses into the lower segment, its diameter should increase by about 10 nm.

Figure 3.4.3: TEM images of nanowire sections close to the wire tip for sample 1 at 70◦C (a), 360◦C (b)
and 340◦C (c) as well as of sample 3 at 350◦C.

Finally, EDX linescans were performed in order to clarify the composition of the nanowire sections and

the tube close to the separation points. Figure 3.4.4 displays three representative EDX linesscans inve-

stigating the atomic percentage of Bi and Te on two different nanowire sections of the sample 1 (a) and

(b, c). Each linescan contains 50 points. Following the data treatment described in section 3.3.1, points

with less than 100 counts were omitted. The linescans were recorded parallel (a, b) and perpendicular

(c) to a separation border. Generally, a deviation from stoichiometric Bi2Te3 to a more BiTe composi-

tion is detected consistently along the distance of the linescan. In figure 3.4.4 (b), a more stoichiometric

composition might be visible at the nanowire edge, analogous to the Te enrichment found for some wires

in section 3.3.1.

Furthermore, no trace of Bi or Te was detected outside of the wire or inside the tube as observable in

figure 3.4.4 (c). Compared to the nanowires investigated in the previous sections, the change of the

chemical composition is in agreement with the observed outgassing of Te [171]. Nevertheless it is worth

pointing out, that the nanowires presented in section 3.3.1 and here are synthesized in the same way,

but they are not from the same batch. In order to quantify the chemical composition variations during

the annealing, the EDX linescans are required to be repeated at different temperatures. In the present

case, this measurement could not be performed, because two separate TEM instruments had to be used

for annealing and EDX analysis.

The chemical composition of the tube and the nanowire section are compared on figure 3.4.5 presenting

EDX mappings of the wire and the tube (a) for Bi, Te, C and O (b-e). Besides these elements small
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Figure 3.4.4: EDX linescans of three different locations on sample 1 measured perpendicular (a,b) and
parallel (c) to the nanowire axis close to a wire fragment tip. The nanowires exhibit a ho-
mogeneous chemical composition differing from stoichiometric Bi2Te3 to BiTe.

traces of gold and calcium were detected inside the nanowire (Au, Ca) and in the tube (Ca). During

the deposition process, traces of Au can possibly originate from diffusion of Au atoms from the working

electrode into the wire, although this has not been found using any of the previous characterization

methods. The origin of small Ca traces remains unknown and has to be verified. The element mappings

give rise to a more complete analysis and confirm the findings of the previous EDX linescans. The Bi (b)

and Te (c) content is clearly defined and limited to the area of the nanowire section confirming that the

tube does not contain any of the two elements. The O distribution (e) is homogeneous within the wire

area as expected from the XPS measurements in section 3.3.2. On the other hand, the oxygen content

of the tube is not very well pronounced. The element mapping of the C content (d) shows impressively

how conformal and homogeneous the tube entangles the nanowire. Moreover this result indicates that

a residual polymer layer which is graphitized by the electron beam, forms homogeneously around the

nanowire.

While the second question referring to the content and formation of the tube structure around the nano-

wire is explained, the exact mechanism of the nanowire separation remains speculative. Certainly, more

systematic studies are necessary to clarify the question if the material is lost or where it vanishes to.

One possible hypothesis to be tested is that the Te of Te-rich areas is lost due to its high vapor pressure.

Considering EDX measurements during the annealing process, this question could answered.
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Figure 3.4.5: EDX element mappings of a nanowire section and a tube section (b) for elements Bi (b),
Te (c), C (d) and O (e) confirming the carbon content of the tubular structure between the
nanowire sections.

3.5 Conclusions of the Bi2Te3 nanowire characterization

In this chapter the Bi2Te3 nanowires were characterized according to their geometry, morphology, crystal-

lographic structure and chemical composition by means of HRSEM, TEM, XRD, XPS and EDX. Nanowires

released from the polymer template exhibit a smooth, round contour and only small surface roughnesses.

They consist of single crystalline sections showing a highly textured average crystallographic orientation.

For all investigated wire diameters, the preferential texture is the (205) planes perpendicular to the na-

nowire axis followed by the (101) planes. According to darkfield TEM investigations, single crystalline

sections were observed revealing grain sizes up to a few hundred nanometers. The grain boundaries are

found to be oriented mostly perpendicular or tilted by 45◦ with respect to the nanowire axis.

From EDX in TEM linescans a stoichiometric Bi2Te3 composition was deduced for individual nanowires.

In some cases the surface of the nanowire is slightly enriched by Te. The XPS measurements conducted

on nanowires distributed in a spaghetti-like arrangement on a silicon substrate revealed the importance

to clean the nanowires by Ar sputtering in order to remove polymer residues and obtain an atomically

clean surface. Additionally long exposures to ambient environment should be avoided to prevent oxida-

tion.

The exposure of the nanowires to elevated temperatures by in-situ TEM experiments show thermally

stable nanowires of 50 and 100 nm diameter below 300◦C. As the temperature increases disturbances

of the wire morphology are observed leading to a random fragmentation of some of the nanowires. The

gaps between the wire segments increased with temperature. Furthermore a tube, which is confirmed

by EDX to consist of carbon, remains to connect the sections. This tube is possibly created by electron

beam-induced graphitization of polymer residues covering the as prepared nanowires as found in the

XPS investigations. At which temperature the carbon tube is created and thus how it influences the

wire fragmentations remains undetermined. The Bi2Te3 material from the gaps vanishes, possible by

sublimation. Systematic measurements are necessary to reveal the underlying mechanism of the thermal

stability under formation of the carbon tube.
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In summary, Bi2Te3 nanowires with controlled geometry, chemical composition and crystallographic tex-

ture are fabricated, enabling investigations of the electronic properties and the topological insulator

nature of Bi2Te3 as a function of these properties. Moreover, Ar sputter cleaning improves the surface

cleanness and removes polymer residues remaining after the dissolution of the nanowire-embedding

polycarbonate. Applying this method, very clean nanowire samples are prepared for nano-ARPES mea-

surements and device fabrication. Elevated temperatures of up to 300◦C are can be applied to the

nanowires without any visible morphological changes or decomposition. Possible variations in the che-

mical compositions as a function of temperatures are still to be evaluated.
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4 Nano-angle-resolved photoemission spectroscopy - nano-ARPES

Angle-Resolved PhotoEmission Spectroscopy (ARPES) is a powerful tool to directly visualize the electro-

nic band structure of a given material. In ARPES experiments, the sample is exposed to x-ray radiation

resulting in the emission of photoelectrons whose kinetic energy and emission angle are detected. The

obtained information directly translates into the binding energy and momentum of the photoelectrons

providing the electronic band structure. Moreover, ARPES carried out in spin-resolution mode gives di-

rect information about the distribution of the electron spin orientation on the Fermi surface [183, 184].

In the case of topological insulators, the unique surface states located within the bulk insulating gap are

directly observable. Actually, ARPES performed on Bi2Te3 and Bi1-xSbx thin films were one of the first ex-

periments proofing the existence of topological insulators (see figure 1.1.6 in section 1.1.4) [66, 68–70].

Additionally, stoichiometric single crystalline Bi2Te3 thin films grown by molecular beam epitaxy have

been investigated by ARPES in terms of their quality, thickness and underlying substrate[185, 186].

ARPES is usually performed on planar samples with a very high surface quality. Furthermore, the results

are dependent on the crystallographic orientation of the sample which is crucial to be known. For this

reason ARPES studies are usually conducted on single crystalline samples, mostly thin films.

So far, nano-size materials1 have been unsuitable to be investigated by ARPES, due to the required

high spatial resolution coming along with low photon and photoelectron intensities. In recent years, a

nano-ARPES facility has been made available at the Analysis Nano-spoT Angle Resolved photoEmission

Spectroscopy (ANTARES) beamline at the Source Optimisée de Lumière d’Energie Intermédiare de

Laboratoire d’utilisation du rayonnement électromagnétique (SOLEIL) Synchrotron in Gif-sur-Yvette,

France [36]. This setup combines ARPES measurements at sub-micron resolution with imaging tech-

niques recording the core levels with extremely high spatial resolution (several tens of nanometers).

In this work, nano-ARPES measurements were performed on individual Bi2Te3 nanowires of about

100 nm diameter prepared on a silicon wafer pursuing the goal to investigate their electronic band

structure. These measurements are extremely challenging and a special protocol for the sample pre-

paration had to be developed. Given the small x-ray beamspot of ∼ 120 nm, the setup allowed for

measurements on small sections along one single nanowire. Additional to the angle-resolved signals, the

data was angle-integrated resulting in nano-XPS spectra providing high-resolution information on the

chemical structure of the nanowire surface.

The following sections introduce and describe the nano-ARPES measurements conducted at the

ANTARES beamline in collaboration with Dr. Maria Carmen Asensio, Dr. José Avila and Dr. Chaoyu

Chen. Section 4.1 explains the basic principle of ARPES. While the setup is briefly described in sec-

tion 4.2, section 4.3 focuses on the sample preparation including nanowire cleaning procedures and the

nanowire identification on the silicon substrate by core level imaging. The nano-XPS as well as the final

nano-ARPES results are presented in section 4.4. Finally, in section 4.5, first principle electronic band

structure calculations for various crystallographic orientations are discussed and compared to the obtai-

ned nano-ARPES measurements. These calculations were contributed by Dr. Hongbin Zhang and Zeying
1 The nano-size refers to more than one dimension, such as it is the case for nanoflakes and nanowires. In contrast, thin

films with a macro-sized area and only a nano-size thickness are suitable for ARPES studies.

59



Zhang from the "Theory of magnetic materials" research group of the Technische Universität Darmstadt.

4.1 Basic principle of ARPES

ARPES is one of the many measuring techniques based on the photoelectric effect which are gene-

rally known under the term of PhotoElectron Spectroscopy or equivalently PhotoEmission Spectroscopy

(PES). First observed by H. Hertz [187], the photoelectic effect was fully described by A. Einstein [173]

who got awarded the Nobel Prize in Physics (1921) for this work.

Photoemission describes the process of an incident photon transferring its energy to an electron, when

hitting a sample. Absorbing the photon energy, the electron escapes the material when acquiring a

maximal kinetic energy Ekin of

Ekin = hν−Φ, (4.1)

where h is Planck’s constant, ν is the incident photon frequency and Φ denotes the work function speci-

fic to the material. In ARPES, the binding energy EB of the electrons as well as the crystal momentum k
and thus the electronic structure of the sample is determined by making use of energy and momentum

conservation laws. A schematics of the measurement principle for ARPES is shown in figure 4.1.1 (a) for

the exemplary case of measuring a single nanowire.

Figure 4.1.1: Basic principle of ARPES: (a) The incident photon hν creates the emission of a photoelectron
with momentum K under the angles θ and ϑ. (b) Components of the final crystal momen-
tum kf and the photoelectron momentum K as the electron transverses the (nanowire)
crystal-vacuum interface. For photon energies below about 100 eV kf = k holds.

Typical light sources for ARPES are helium discharge lamps and UV-lasers within laboratory equipments

or synchrotron radiation with incident photon energies typically around several 100 eV. The ejected pho-

toelectrons are collected in an (multichannel) electron energy analyzer and their kinetic energy Ekin and

emittance angles θ and ϑ are measured.

By combining these values, the momentum K = K‖+K⊥ = p/ h of the photoelectrons in vacuum is com-
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pletely known. Its absolute value is determined by the kinetic energy of the electron K =
√

2mEkin/ h,

while its Cartesian components are described as a function of the polar and azimuthal emission angles:

Kx =

√
2meEkin

 h
· sin ϑ cos θ, (4.2)

Ky =

√
2meEkin

 h
· sin ϑ sin θ, (4.3)

Kz =

√
2meEkin

 h
· cos ϑ. (4.4)

In order to access the electronic band structure of the material, the Ekin and K values for the photo-

electrons in vacuum have to be related to their counterparts within the material which are the binding

energy EB and the crystal momentum k. Figure 4.1.1 (b) illustrates the interrelation of the two momenta

k and K as the photoelectron transverses from the material into the vacuum.

Assuming the electron is not interacting with its environment and making use of the energy conservation

law stating Ei + hν = Ef with Ei and Ef being the incident and final energetic states of the electron,

respectively, the kinetic energy is related to the binding energy of the material as follows.

Ekin = hν− φ− EB (4.5)

The relation between the occupied energy states within the crystal, including core as well as valence

band electronic states and the measured spectrum are sketched in figure 4.1.2. The work function Φ of

the material corresponding to the minimal energy necessary to free an electron from the crystal, is equal

to the energy barrier resulting from the difference between the Fermi level EF and the vacuum level EV

(dashed red line). Typically this value amounts to 4-6 eV for a metallic sample. V0 (dashed blue line)

denotes a so called inner potential which will be explained later in this section.

The relation between the different momenta k and K is not as straightforward as for the energy relation.

In that case it is convenient to consider the so called three step model in which the photoemission process

is separately considered for (i) photo-absorption and excitation of the electron into its final electronic

state within the sample, (ii) transport to the surface of the material and (iii) transmission of the electron

into vacuum. As for step (i) the momentum conservation law is written as ki + kphoton = kf with ki

and kf being the incident and final electron momenta within the material, respectively. For photon

energies below 100 eV their momentum kphoton can be neglected, because it is much smaller then the

typical Brillouin zone dimension 2π/a with a being the atomic distance within the crystal lattice. As a

consequence, the momentum conservation law (figure 4.1.1 (b)) simplifies to

ki = kf = k. (4.6)
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Figure 4.1.2: Schematic representation of the energy states of the nanowire crystal (blue box) and the
corresponding photoelectron energy spectrum measured in the analyzer (yellow box). The
vacuum level EV, the bottom of the valence band E0 (blue) and the Fermi level EF (red) are
identified. The green lines and purple stars indicate the relation between the kinetic energy
Ekin measured and the binding energy EB of the photoelectron in the crystal.

The crucial parameter to be considered in the second step (ii) is the inelastic mean free path of the

photoelectrons within the sample. Possible trajectories of the electrons inside the sample are schema-

tically depicted in figure 4.1.3 (a). Penetrating the sample, the photons excite photoelectrons as deep

as several tens of nanometer (blue). On their way to the surface, the photoelectrons suffer from kinetic

energy loss due to inelastic collisions. Electrons undergoing these scattering events are considered as

secondary electrons that lost all their initial state information. In the ARPES spectra, they appear as a

diffuse background, which increases towards lower kinetic energies (green). For Ekin below the energy

of the surface barrier Φ the electron is not emitted from the material anymore (purple). For this reason

PES is, in general, a very surface sensitive technique in need of an ultra high vacuum (≈ 10−11 mbar)

and good quality sample surfaces. Interestingly, the relation between the inelastic mean free path and

the photon excitation energy seems to be somewhat universal and independent of the sample material

especially when referenced to monolayers. A calculation of the "universal" curve as well as experimen-

tal data points are provided in figure 4.1.3 (b) [188]. At energies used in the ARPES investigations in

the present work (mostly 100 eV), the inelastic mean free path for electrons in Bi amounts to about

0.5 nm [189].
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Figure 4.1.3: Transport of photoelectrons to the sample surface: (a) presents three possible trajectories
of not scattered photoelectrons (blue), secondary electrons (green) and electrons not over-
coming the surface barrier (purple). Additionally, their appearance in the measured spectra
is shown. (b) the universal curve of the inelastic mean free path of the photoelectrons as
a function of kinetic energy reprinted from [188] with permission from John Wiley & Sons,
Inc.. For photon energies of 100 eV an inelastic mean free path of 0.5 nm is expected.

In step (iii) of describing the transmission of the photoelectron through the surface, the influence of

the latter has to be carefully taken into account. Due to the translation symmetry in the x-y plane, the

parallel component of the electron momentum is conserved and writes as follows

K‖ = k‖ =

√
2mEkin

 h
· sin ϑ. (4.7)

Because of the refraction at the crystal-vacuum interface due to a potential change, the perpendicular

component of the momentum is not conserved (k⊥ 6= K⊥). Besides applying very complex experimental

methods, the perpendicular component can be determined by assuming a free-electron model in which

the final Bloch states are

Ef(k) = Ekin + φ =
 h2
(

k‖
2 + k⊥

2
)

2m
− | E0 |, (4.8)

with E0 referenced to the bottom of the valence band. Substituting equation 4.7 eliminates the k‖
component in equation 4.8 resulting in the following expression for the vacuum k⊥:

k⊥ =

√
2m
 h
·
√
Ekin cos2 ϑ+ | E0 | +φ (4.9)

with | E0 | +φ = V0 defining the inner potential. In order to finalize the three-dimensional electronic

band structure the value of the inner potential has to be determined [190]. To do so, various strategies

exist that go beyond the scope of this work.
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4.2 Nano-ARPES experimental station at the ANTARES beamline

Storing electrons with energies of about 2.5 GeV under extremely stable conditions, the SOLEIL synchro-

tron delivers brilliant soft x-rays in the range between 10 to 1000 eV to the ANTARES beamline.

The structure of the experimental end-station is schematically and photographically presented in fi-

gure 4.2.1. ANTARES consists of four main chambers interconnected and kept under UHV conditions

(∼ 10−9 mbar). The insertion of the sample takes place at the fast entry chamber which can be vented

and evacuated within about 30 min. Adjacently, the preparation chamber offers a variety of methods to

improve and characterize the sample quality. Specifically in this work, the availability of an Ar sputter

gun and a hot stage for annealing was applied. Multiple samples can be inserted and stored in the carou-

sel within the storage chamber providing places for up to 36 samples. A sample ready for measurements

is transfered to the high precision sample stage installed in the main chamber, where it is exposed to

the x-ray beam. The beam properties and trajectory are described in more detail elsewhere [34, 36].

Outgoing photoelectrons are detected in the high energy and angular resolved Scienta R 4000 detector

connected to the side of the main chamber.

Figure 4.2.1: Layout of the experimental end-station of the ANTARES beamline consisting of four cham-
bers: the fast entry chamber (red) for sample insertion, the preparation chamber (yellow)
for sample cleaning, the storage chamber (green) and the main measurement chamber with
the adjacent energy and angle analyzer Scienta R 4000 (blue).

Figure 4.2.2 illustrates the microscope layout inside the experimental main chamber in more detail.

Different beamspot sized are available depending on the optics used. The macrofocus illuminates an

area of several square micrometers obtaining a signal from the nanoobjects under investigation and the
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substrate as indicated in (a). In order to obtain illumination or beam spots as small as a few tens of

nanometers, high performance optics are required as schematically shown in (b). Within the experi-

mental chamber, the optics arranged in series are a pinhole, a Fresnel Zone Plate (FZP) and an Order

Sorting Aperture (OSA) focusing the beam onto a sample stage that is movable with nanometer preci-

sion. The FZP focuses the synchrotron radiation to the desired spot size, while the OSA filters higher

diffraction orders. The stage holding the sample is mounted exactly at the overlap of the focal points of

the optics system and the Scienta detector. The overall spatial resolution of this microscope layout is thus

determined by the interplay of the performance of the optics system and the mechanical stability of the

nanometer precision stage limited by thermal drift and mechanical vibrations. Employing an interfero-

metric control, these effects can be minimized to thermal vibrations lower than 0.1◦C and to mechanical

drifts of about 5 nm [35].

The ANTARES beamline offers two operation modes, namely spectroscopy and spectroscopic imaging,

both compatible with various spot sizes down to a few tens of nanometers. In this work, spectroscopic

imaging was used to identify sections of nanowires to be measured in the spectroscopy mode focusing

the photon beam to about 120 nm. Additionally, the spectroscopy mode was employed with larger beam

spots in the micrometer range to evaluate the sample quality.

Figure 4.2.2: Schematic setup of the microscope layout inside the main experimental chamber of the
ANTARES beamline. In comparison to the macrofocus (a), the nanofocus is obtained by
optimally adjusting the pinhole, the Fresnel Zone Plate (FZP) and the Order Sorting Aperture
(OSA) focusing the beam onto the high precision sample stage.
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4.3 Nanowire sample preparation and characterization

In general, surface-sensitive ARPES measurements necessitate an accurate sample preparation requiring

contamination-free and chemically stable surfaces. Inert samples such as gold or graphene are usually

prepared under ambient conditions, while the investigated topological insulators are not as inert and

demand special treatment. The most common impurities of Bi-based topological insulator materials are

oxygen forming oxides and water molecules adsorbed on the surface. To decrease the amount of impu-

rities, a widely used approach is to already grow the sample under UHV conditions e.g. in an adjacent

chamber dedicated to chemical vapor deposition or molecular beam epitaxy. Alternatively, samples pos-

sible to be exfoliated and synthesized in a different environment, such as large single-crystalline flakes

grown perpendicular to the cleaving plane, are cleaved in a special preparation chamber. In both cases,

the sample exhibiting a fresh and thus clean surface is transferred directly into the experimental cham-

ber without breaking the UHV [191]. Additionally, a combination of soft argon sputtering and annealing

is an established method to improve the surface quality of a given sample [191–194]. The sputtering

is supposed to remove contaminants, while the subsequent annealing step heals out possibly induced

defects in the crystal structure of the surface.

For investigating individual nanowires a suitable substrate is required. In the case of nano-ARPES mea-

surements, the substrate has to be conductive to avoid charging effects, flat and not made of a material

generating photoelectrons of the same or similar kinetic energies as the specimen under investigation.

In general, the substrate should create a minimal and unambiguously defined background.

In this work single Bi2Te3 nanowires were synthesized under ambient conditions. The transfer process

to a suitable substrate was conducted either under ambient conditions or within argon atmosphere. A

combination of Ar sputter cleaning and low temperature annealing was employed to clean the samples.

Section 4.3.1 describes the test experiments conducted at ANTARES and DArmstädter Integriertes

SYstem für FUNdamentale Untersuchungen (DAISY FUN) resulting in the choice of the substrate and

the nanowire cleaning protocol established for Bi2Te3 nanowires. Subsequently, the procedure employed

to identify the nanowires on their substrate making use of the core level spectroscopic imaging is pre-

sented in section 4.3.2.

4.3.1 Choice of substrate

Different silicon-based substrates were prepared for nano-ARPES experiments. Table 4.3.1 gives an

overview of the test samples which underwent various Ar sputtering and annealing cycles within an XPS

setup that was used to evaluate the cleanness of the substrates. Two setups were employed, namely

the ANTARES beamline in angle-integrated or XPS mode and the XPS setup available at the DAISY FUN

Laboratory at the Technische Universität Darmstadt (see section 3.3.2).

Chronologically, the test results conducted at ANTARES brought about the decision for the substrate

used for the nano-ARPES. The experiments at DAISY FUN were supposed to support and confirm the

findings at ANTARES and to prepare for further nano-ARPES measurements explained in more detail

in the outlook section 4.6. While the substrates with sample ID A1 and A2 were investigated after the
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nanowires were transferred, substrates D3-D6 were analyzed also before adding nanowires.

Table 4.3.1: Different silicon-based substrates available for nano-ARPES measurements undergoing va-
rious pre-cleaning strategies.

Sample ID Substrate Coating Pre-cleaning Test setup
A1 Silicon native oxide 48% HF ANTARES
A2 Silicon Pt/Au acetone, isopropanol ANTARES
D3 Silicon native oxide acetone, isopropanol DAISY FUN
D4 Silicon native oxide 5% HF DAISY FUN
D5 Silicon native oxide 5% HF, Piranha DAISY FUN
D6 Si3N4 DAISY FUN
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Surface quality tested at ANTARES

The bare silicon substrate A1 is a commercial boron p-doped wafer (Si-Mat Silicon Materials) only co-

vered by its native oxide layer. Firstly, the silicon oxide layer was removed by dipping in HdroFluoric

acid (HF) (48 %) and rinsing three times in deionized water. In this way, the wafer surface is free of

oxygen residues and additionally terminated by hydrogen limiting further oxidation. In a second step,

A1 was welded onto a tantalum holder and introduced into a glovebox kept under Ar atmosphere. In-

side the glovebox, the nanowires were transferred onto the A1 substrate. In the last step, the sample

was transported under Ar atmosphere into the experimental UHV chamber using a sealed transportation

chamber.

Substrate A2 consists of the same kind of boron p-doped silicon wafer modified by adding a metallic coa-

ting. After a standard cleaning by ultrasonication in aceton (∼ 10 min) and isopropanol (∼ 10 min), the

sample was sputtered with a few nanometer thick platinum layer (Cressington 108auto/SE) followed by

a ∼300 nm gold layer (Edwards sputter coater S150B). The intermediate Pt layer is necessary to enhance

the adhesion of the gold to the silicon substrate. The nanowires were transferred onto the Si/Pt/Au

substrate under ambient conditions at GSI and transported to ANTARES. The time of exposure to air was

about one week. In both cases the nanowires were transferred using the drop-casting method described

in section 2.4 followed by three baths of fresh dichloromethane for 5, 15 and 30 min, respectively.

After insertion through the fast entry chamber, the samples were directly passed to the main measure-

ment chamber. For the evaluation of the cleanness of the substrate and its typical core level signature,

a micrometer-size area of samples A1 and A2 was investigated by using ANTARES in angle-integrated,

i.e. XPS mode. Without employing the pinhole and the OSA, the incident photon beam was defocused

allowing for signals originating from a micrometer-size area of the samples.

Figure 4.3.1 presents XPS spectra recorded with 700 eV (left) and 100 eV (right) photon energy for each

of the two samples. In order to also obtain a signal for Bi and Te, a part of the sample covered by a high

density of nanowires was chosen. Figures 4.3.1 (a) and (b) were obtained for Bi2Te3 nanowires on the

Si substrate (A1), while figures 4.3.1 (c) and (d) were recorded for nanowires on the Si/Pt/Au substrate

(A2). The four most pronounced peaks measured for the silicon substrate (A1) within a 700 eV range

are located at binding energies of about 531, 285, 150 and 99 eV and are identified as O 1s, C 1s, Si 2s

and Si 2p photolines, respectively. The smaller peaks at 25-40 eV binding energies higher than the Si 1s

and Si 2p core levels are assigned to the characteristic energy loss signal due to electron-electron loss

or plasmons [174, 195]. The broad peak at approximately 437 eV coincides with the Bi 4d core level

doublet expected at 440 and 464 eV. Possibly the doublet is superposed with its oxide peaks due to the

low signal intensity obtained from the nanowire. On the other hand, photoelectron emittance for the

Bi 4f core level exhibits the highest cross section and results in signals at 157 and 162 eV which are much

more intense than the ones from Bi 4d. These core levels are not observable in the present spectrum

meaning the intensity is either too low to be detected at all or hidden in the background dominated by

the Si plasmon peaks. Consequently, the broad peak at about 437 eV has a different origin and hides the

Bi 4d signal at most.

For tellurium, the 3d core level is expected to possess the highest cross section for photoemission and is

located at 573 and 583 eV. Since no signal is detected at these energies for the present spectrum (a), it
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can be concluded that the signal from the nanowires is too small to be observable using the micrometer-

size beam spot combined with about 5 min recording time. The clear observations of oxygen and carbon

also indicates a certain surface contamination covering the sample which might also screen signals from

the nanowires. From previous investigations presented in section 3.3.2, it is known that the nanowires

are contaminated by polymer residues from the template. In the present case, the surface contamination

is a rather surprising finding considering that the silicon substrate representing most of the investigated

sample area was pre-cleaned in HF. The oxygen contamination may possibly originate from the welding

of the substrate onto the sample holder under ambient conditions. Keeping in mind that carbon con-

tamination is omnipresent, exposure to ambient conditions and to dichloromethane has probably also

increased the corresponding signal. In principle, a clean surface for obtaining good nano-ARPES results

should exhibit a minimal carbon and oxygen contamination, best decreased to the point of being unde-

tectable.

Figure 4.3.1: Core level spectra recorded in the angle-integrated (XPS) mode using a micrometer-size be-
amspot. (a, b) are 700 and 100 eV spectra recorded from sample A1. (c, d) are 700 and
100 eV spectra measured on A2.

Figure 4.3.1 (b) displays the core level spectra recorded from the same area of the sample adjusting

the photon energy to 100 eV. Three features are identified, namely an intense and broad peak at around

7 eV, a less pronounced broad peak at approximately 26 eV and a small doublet at around 40 eV. The

doublet can be assigned to the Te 4d core level (41.6 and 39.9 eV), while a Bi 5d signal is expected at

27.7 and 24.7 eV binding energies coinciding with the broad peak found in the spectrum [196–198].

A more detailed analysis on the Bi and Te photolines follows in section 4.4.1. The intense and broad

peak at around 7 eV is identified as a background signal caused by valence band signature of the silicon

substrate.

Figure 4.3.1 (c) shows the corresponding 700 eV XPS survey for the Pt/Au-coated sample (A2). At about
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531 and 284 eV the O 1s and the C 1s signal is detected. Additionally, peaks at approximately 57 and

74 eV (less visible), 84 and 88 eV, 335 and 353 eV as well as 547 eV are identified as the Au 5p, Au 4f,

Au 4d doublets and the Au 4p3/2 core levels, respectively. Although XPS is a surface sensitive technique,

the Si 1s and Si 2p at 99 and 150 eV, respectively, as well as their corresponding oxide (SiOx) at 103

and 154 eV binding energies are observable. This is due to scratches on the substrate surface that remo-

ved the sputtered platinum and gold layers. The silicon oxide is pronounced, because the native oxide

was not removed prior to the surface modification by HF dipping. Interestingly, no platinum signal was

detected hinting that this layer cleaves with the gold layer. As for a possible bismuth signal, there are

doublets expected at 157 and 162 eV (Bi 4f), 440 and 464 eV (Bi 4d) as well as 93 and 119 eV (Bi 5p).

Close to all these energies, either rather broad signals or only one of the doublet photolines are observed

due to an overlap with the substrate signals. Therefore it is no definite indication that the bismuth signal

from the nanowires is detected. Looking at the tellurium photolines, doublets are expected at 573 and

583 eV (Te 3d) as well as at 41 and 42 eV (Te 4d). In both cases the signal is not observed. Additional

lines are visible at approximately 399 eV which can be assigned to the N 1s photoline resulting from long

exposure to ambient conditions. Features at about 194, 215 and 235 eV are not identified. In comparison

to substrate A1, the oxygen peak is more intense than the one of carbon which is most probably due to

the different pre-cleaning strategies applied.

The spectrum in figure 4.3.1 (d) is obtained from the Bi2Te3 nanowires on substrate A2 using 100 eV

photons. The most striking signal between 2 and 8 eV is the typical photoemission spectrum from the

gold valence band [199]. Furthermore, a broad peak is observed from 25 eV to 29 eV, a binding energy

range in which the Bi 5d core level doublet and its corresponding oxide is expected. The peak at about

31 eV cannot be assigned to any elemental photoline that is expected for this sample. Again the signal

from Bi and Te are very weak and not clearly resolved as intense narrow photolines. The Te 4d doublet,

which is the only core level energy below 100 eV for tellurium, is expected at around 55 eV and not

visible in this spectrum.

Overall both substrates show a strong valence band signal. In general, the substrate A1 exhibits a simp-

ler spectrum due to the sole presence of Si, while substrate A2 consists of Au, Pt, Si and SiOx creating

a strong and rather complicated background which might hide weaker signals of the Bi2Te3 nanowires.

Both substrates show contamination by oxygen and carbon, making it necessary to introduce improved

pre-cleaning treatment or additional cleaning procedure.
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Additional cleaning by Ar sputtering at ANTARES

For the purpose of improving the surface of the sample, an argon sputter gun available within the pre-

paration chamber of the ANTARES beamline (see figure 4.2.1) was used. The operating conditions

recommended by the beamline scientists were 500 V and 38 mA. The distance between the sample and

the Ar gun amounts to about 15 cm. Figure 4.3.2 shows the obtained core level spectra of sample A2

recorded in the low focus mode with a micrometer-sized beamspot. The sample was sputter-cleaned for

15 sec (black) and 15 min (blue). After each of the two sputtering cycles the sample was returned to the

main chamber and remeasured. Due to mechanical displacements during the use of the sample manipu-

lators inside the UHV setup, it is not guaranteed that the same area of the sample was investigated.

Figure 4.3.2: Core level spectra recorded over 700 eV (a) and 100 eV (b) after the sample was inserted
into the UHV chamber (red) as well as after 15 sec (black) and 15 min (blue) of Ar plasma
sputtering.

The spectrum of the as-prepared state of the sample is already described in detail in the previous para-

graph and figure 4.3.1. The Au and Si signals from the substrate are clearly visible. The oxygen and

carbon photolines indicating contamination by oxidation and polymer residues, can be clearly identified

at about 530 and 295 eV, respectively. Fifteen seconds of Ar plasma sputter cleaning reduces the oxygen

significantly inverting the oxygen to carbon ratio. Only after 15 min the O 1s signal vanishes completely,

while at the same time the C 1s photoline is also reduced significantly. Figure 4.3.2 (b) shows that the

initially smeared out Te 4d (41.6 and 39.9 eV binding energies) and Bi 5d (27.7 and 24.4 eV binding

energies) doublets are resolved after 15 min of plasma cleaning. It is worth pointing out that the Ar sput-

ter treatment is necessary to remove all possible contamination forming due to the oxidation process or

remaining polymer residues. On the other hand, sputtering is a destructive method and damages to the

surface have to be considered. For the nano-ARPES experiments, all samples were treated with 15 min

of Ar sputtering at 500 V and 38 mA.
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Investigation of aging effects at ANTARES

Another aspect that influences the surface quality of the sample is the fairly long measuring time. Once

a sample is suitably clean, nano-ARPES measurements are in principle undertaken over several days.

Hence, the surface is tested in terms of aging by recording core level spectra shortly after insertion into

the UHV chamber, after 24 h of measuring and after a second cleaning process for samples prepared in the

same way as A1. With repeated cleaning the restoring of the surface quality was explored. The results

are presented in figure 4.3.3. During these measurements the spectra were recorded using the nano-

focused photon beam resulting in higher intensities of the bismuth and tellurium photolines compared

to the spectra shown in the previous paragraphs.

After the initial preparation, the superposed or smeared out Bi 5d doublet is observed within the range

of 25 to 30 eV, while the Te 4d photolines are visible at around 40 eV binding energy. A small shoulder in

each spectrum located at approximately 42 eV indicates some remaining oxide contamination. Keeping

the sample inside the main chamber for 24 h under UHV condition, the Te 4d and Bi 5d doublets cannot

be identified anymore. This is attributed to the loss of surface quality due to oxidation, which is already

indicated by the shoulders of the doublet peaks after the first Ar sputter cleaning step. Introducing a

second Ar sputtering step shows that the Te 4d and Bi 5d doublets can be reproduced. To minimize the

aging effect the samples were systematically sputter-cleaned every 8-12 h.

Figure 4.3.3: Core level spectra recorded over 100 eV after the initial preparation (red), after 24h of aging
in the UHV (black) and after a second Ar plasma sputtering step (blue). The surface quality
decreases significantly with time, but can be recovered by repeatedly Ar sputtering.
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Surface quality tested at DAISY FUN

Substrates D3, D4 and D5 are boron p-doped silicon wafers (Si-Mat Silicon Materials) without any

special coating. Each wafer was cleaned using a different protocol prior to the insertion into the XPS in

DAISY FUN (see table 4.3.1). Ultrasonicating D3 in aceton and subsequently in isopropanol for 5 min

each is expected to clean the surface roughly without removing the native oxide. D4 was immersed into

5 % HF for 1 min and then thoroughly rinsed in deionized water. Substrate D5 was additionally cleaned

using a mixture of 95 % sulfuric acid and 31 % hydrogen peroxide, commonly known as Piranha solution,

for 10 min before immersing into the HF bath. Piranha solution is known to remove organic residues

as well as elemental carbon. Since it is a strong oxidizing agent forming another oxide layer, that has

to be subsequently etched using HF. Substrate D6 is a silicon TEM grid with a suspended silicon nitride

(Si3N4) membrane serving as carrier for the Bi2Te3 nanowires. This substrate was investigated as a

pretest for experiments combining TEM investigations of the nanowires with nano-ARPES measurements

as described later in section 4.6. Especially the robustness to Ar sputtering was of primary interest.

In order to measure the core level spectra, the samples were irradiated by Al Kα photons providing an

excitation energy of 1486.74 eV. The beamspot of the x-ray radiation incident on the target is about

3 mm in diameter. Figure 4.3.4 summarizes the results obtained for substrates D3 (red), D4 (blue), D5

(black) and D5 with transfered nanowires (green) after insertion into the UHV system. For comparison,

an overview spectrum (a) was chosen as well as high energy resolution (0.05 eV) scans of the O 1s (b),

C 1s (c) and Si 2p (d) photolines.

All four overview spectra exhibit the typical silicon substrate signature between 100 and 200 eV including

the Si 2s (151 eV) and Si 2p (99 eV) photolines as well as the energy loss peaks due to plasmonic

excitation [174]. For the D5 substrate with additional nanowires neither Bi nor Te signals are traced,

indicating that the amount of nanowires spread on the substrate is too low to be detected in this setup.

The three peaks around 1000 eV and the sharp photoline at about 531 eV are assigned to the typical

Auger lines for oxygen (KLL) and the O 1s core level, respectively. Additionally, the C 1s photoline is

clearly identified at approximately 285 eV. Comparing the peak ratios in all four overview spectra, it is

obvious that the D3 exhibits the highest amount of oxygen present. This results from the pre-cleaning in

aceton and isopropanol which is not suitable to remove any native oxide layer. D4 and D5 show a reduced

O 1s and Auger signal, as expected for samples with removed oxide layer. Besides this obvious difference,

figure 4.3.4 (b) reveals various O 1s peak shapes for D4, D5 and the D5 samples with nanowires. The

O 1s signal recorded from D4 reveals a broad peak centered at about 532 eV with an approximate Full

Width at Half Maximum (FWHM) of 3 eV. This indicates that organic C-O and C=O bindings expected

between 531 and 533 eV are present in the solely HF cleaned sample and identified as a source of

contamination. The signal for the two D5 samples, on the other hand, is slightly asymmetric with

peak maxima at (531.8±0.5) and (532.4±0.2) eV without and with deposited nanowires, respectively.

Adding a cleaning step employing Piranha solution seems to efficiently improve the removal of organic

contamination, eliminating C=O bindings.

In terms of the carbon contamination the obtained results in figure 4.3.4 (c) are not as distinct. Besides

the elemental C 1s signal at 285 eV, also C-O and C=0 bounds are identified for each substrate at about

2 eV higher binding energies. In this case, the substrate D4 exhibits the most intense C 1s signal while
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the additional organic bonds are only present as a slight shoulder in the C 1s peak for D5 (black). This

points again towards the ability of the Piranha solution to increase the cleanness of the sample. After

transferring the nanowires, the elemental carbon and organic compound contaminations are increased

again, which is reasonable, because the nanowires are kept in dichloromethane solution. It is worth

mentioning that the carbon signal obtained from D3 cannot be directly compared to those of D4 and D5

because the top surface layer consists of native SiOx adding to the spectrum.

Figure 4.3.4: XPS spectra recorded at DAISY FUN for samples D3-D5 and D5 with additional nanowires
(NW). (a) Overview spectra showing the typical background of the silicon wafer at around
150 eV binding energy. (b) O 1s, (c) C 1s and (d) Si 2p photolines indicate the different
contamination levels.

A clear indication of the SiOx presence is displayed in figure 4.3.4 (d). For substrate D3 (red), the SiOx

photoline is found at the expected value of about 103 eV. A silicon oxide signal is absent for substrates

D4 and D5 as well as for the sample supporting the nanowires confirming the successful removal of the

native oxide.

Overall, the pre-cleaning procedure combining Piranha etch and HF dipping results in clean wafers

suitable as substrates for nanowires.
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Additional cleaning by Ar sputtering at DAISY FUN

Analogous to the investigations on the effect of Ar sputtering to enhance the surface cleanness performed

at ANTARES, the samples D4, D5 and D5 with added nanowires were sputter-cleaned at DAISY FUN. For

this reason an argon sputter gun installed inside the measuring chamber about 10 cm from the sample

was used at 500 V and 10 mA for 15-30 min. The results of the subsequent XPS measurements are shown

in figure 4.3.5 for an overview spectrum (a) and for spectra with high energy resolution of 0.05 eV for

O 1s (b), C 1s (c), Si 2p (d) and Ar 2p (e). In addition to the known signature arising from the silicon

substrate between 100 and 200 eV binding energy, the O 1s and C 1s photolines are barely visible and

significantly reduced for all samples in comparison to the peak ratios in figure 4.3.4 (a). Furthermore,

two new photolines appear at about 245 and 320 eV which are assigned to the Ar 2p and Ar 2s core

levels. In figure 4.3.5 (b), a shift of the O 1s photoline to about 531 eV binding energy is found for all

three samples indicating that all organic contaminations were removed during the Ar sputtering.

Figure 4.3.5: XPS spectra recorded at DAISY FUN after Ar sputter cleaning for samples D4, D5 and D5
with additional nanowires (NW). (a) Overview spectra showing the typical background of
the silicon wafer at around 150 eV binding energy. (b) O 1s, (c) C 1s, (d) Si 2p and (e) Ar 2p
photolines indicate the different contamination sources. The appearance of Ar is ascribed
to incorporation of Ar atoms into the silicon surface.
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The carbon photoline observed previously for the non-sputtered substrate, is not detectable after the

sputtering as displayed in figure 4.3.5 (c) indicating the complete removal of the carbon contamination

for all three samples. As expected, no significant change is observed for the Si 2p doublet after sputtering

keeping the silicon substrate free of oxide. Additionally, a new photoline doublet appears between 240

and 245 eV which is identified as the Ar 2p3/2 at 242 eV and Ar 2p1/2 at 244 eV core levels. The

presence of these photolines indicates an incorporation of Ar atoms into the silicon substrate [174].

Overall the sputtering seems to further improve the substrates surface quality. Oxygen-free silicon is only

achieved by using Piranha and HF cleaned substrates in combination with Ar sputtering.

4.3.2 Nanowire identification

Aiming at finding single nanowires and investigating specific sections of interest, an imaging method

is needed. The usage of typical instruments such as optical and electron microscopy are not realizable

within the main measurement chamber, leaving the only possibility of using the ANTARES beamline

concept in a microscopy mode. In order to do so, the photon beam is first focused to a spotsize of

100-150 nm employing the pinhole, the FZP and the OSA. Secondly, the Scienta R4000 detector is set

to record a certain energy range corresponding to a characteristic photoline emitted from the sample

providing spatial contrast. In the present case of Bi2Te3 nanowires, the Te 4d or Bi 5d doublet were

chosen. To identify the Bi2Te3 nanowires on the substrate fixed inside the main chamber, the sample

was mapped within a selected area taking advantage of the precise scanning of the sample stage and the

focused nano-spot.

Figure 4.3.6 (a) displays a 100 µm x 80 µm mapping recording the Te 4d core level with a step size of

1 µm. The area of the doublet peak is represented by the color code with the lighter red corresponding

to the maximum. For comparison, figure 4.3.6 (b) displays a representative HRSEM image of Bi2Te3

nanowires lying on the silicon wafer. This image was obtained from another area of the same sample

showing nanowires of 100 nm diameter. They are typically between 10-20 µm long due to the breaking

off from the back electrode (see section 2.4). The quality of this spectroscopic mapping demonstrates

that, similar to the HRSEM image, areas of high nanowire density as well as single wires are well resolved

and can be identified. The nano-size focus of the x-ray beam and the precise positioning system ensure

the high resolution needed to subsequently locate single nanowires of interest employing a spectroscopic

method.

In the present case, the representative area to be investigated is marked by the yellow box in fi-

gure 4.3.6 (a) containing a single nanowire. This area of 10 µm x 10 µm was mapped several times

recording the Te 4d (c) and the Bi 5d core level (d) with a step size of 400 nm. Both images show a

shadow effect separated by a darker line parallel to the nanowire axis. After repeating the mapping on

a smaller area and with higher spatial resolution, this effect vanished (see figure 4.4.1). Its origin is

unknown.

In general, the Te 4d mapping provides a slightly better resolution and contrast of the nanowire compa-

red to the Bi 5d data. The difference is caused by the superposition of a signal from the silicon substrate

at about 25 eV to the Bi 5d photoline. This is demonstrated in Figure 4.3.6 (e) showing two typical

core level spectra recorded in highly focused nano-spot nano-ARPES mode over a binding energy range

of 65 eV. Focusing the beam to about 100-150 nm, the spectra were recorded from an individual Bi2Te3
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nanowire (yellow circle in (a)) and from the bare silicon substrate (yellow cross in (a)). Two doublets

can be identified at 41.6 and 39.9 eV as well as at 27.7 and 24.7 eV binding energy, originating from

the Te 4d and Bi 5d core levels, respectively [196–198]. Both energy ranges of the doublets were set to

detected the mappings in figures 4.3.6 (c) and (d). The intense and broad peak at around 7 eV is iden-

tified as a background signal caused by the silicon substrate as previously mentioned in section 4.3.1.

Additionally, a reference spectrum measured on the pure silicon substrate exhibits a broad peak with a

maximum at about 25 eV, adding a background signal to the Bi 5d core level doublet. Both substrate

peaks possibly arise from the native oxide on the silicon [200] as well as from the HF treatment of the

substrate prior to the nanowire deposition forming silicon mono- and dihydrides [201]. As expected,

the intensity of the substrate peaks decreases for spectra obtained on the nanowire. They do not vanish

completely due to the beamspot being slightly larger than the wire diameter. Additionally, the beam-

to-nanowire position can be misaligned due to the limited stepsize of 100 nm (see top of figure 4.4.1).

This background signal is responsible for the reduced resolution of the nanowire in the Bi 5d mapping

compared to the one recorded using the Te 4d energy. For this reason, nanowire mappings were always

conducted using the Te 4d doublet signal.

Figure 4.3.6: Identification and selection of Bi2Te3 nanowires on the silicon substrate using the Te 4d and
Bi 5d doublets. (a) Spectroscopic mapping and (b) HRSEM image showing areas of high
nanowire density as well as individual wires. The spectroscopic image of the area indicated
in (a) (yellow frame) using the Te 4d (c) and Bi 5d (e) doublet. (e) Core level spectra recorded
from the nanowire (yellow circle) and the Si substrate (yellow cross).
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4.4 Nano-ARPES and -XPS on single nanowires

Following the careful preparation and cleaning of the samples, sections of Bi2Te3 nanowires of 100 nm

diameter were chosen on which nano-XPS as well as nano-ARPES measurements were conducted. The

nano-XPS studies provide an insight in the chemical homogeneity of the surface along the given na-

nowire and will be described in detail in section 4.4.1. Nano-ARPES measurements on two segments

of nanowires are presented and discussed in terms of the electronic structure difference between diffe-

rent nanowires (section 4.4.2). Following the nano-ARPES discussion, first principles calculations of the

Bi2Te3 band structures as a function of the crystallographic orientation are introduced in section 4.5 and

put in context to the experimental results.

4.4.1 Chemical homogeneity of the nanowire surface

For the evaluation of the chemical structure of the surface along a single nanowire as well as comparing

different sections of nanowires, nano-XPS spectra were recorded using an excitation photon energy of

100 eV. As a consequence drawn from chapter 4.3.1, the Bi 5d and Te 4d photolines are clearly observable

and are used as a measure for the chemical homogeneity of the nanowire surface. Figure 4.4.1 shows a

representative study along one single nanowire. The upper image corresponds to a Te 4d high resolution

core level mapping of a section of the nanowire marked by the yellow box in Figures 4.3.6 (a, c, d). It

was recorded immediately after the sample had been exposed to Ar plasma (500 V, 38 mA) for 20 min

and transferred to the main chamber to obtain the cleanest surface possible as described in section 4.3.1.

In this case, the step size of the mapping was reduced to 100 nm in order to image a segment of the

nanowire within a 5 µm x 2 µm small area. Consequently, the estimated scanning step size is in the

order of the nano-spot focus amounting to about 100-150 nm. Due to the misalignment of the nanowire

to the stage positioning, the wire appears significantly larger than its actual diameter. Nevertheless,

the image reveals a homogeneous diameter in agreement with the HRSEM and TEM images presented

in chapter 3. Furthermore, a continuous and high Te intensity peak contrast along the nanowire axis

makes for a brilliant spectroscopic image. The numbers (1) to (4) indicate the four positions on the

nanowire from which core level spectra were recorded. They are located between 500 nm and 1 µm

apart from each other along the nanowire axis. This distance was chosen to increase the possibility

of receiving a signal from differently orientated grains which have an estimated grain size of several

hundred nanometers as found in section 3.2.2.

Figure 4.4.1 presents the core level spectra with the Te 4d and Bi 5d doublets for all four positions of the

mapping (top). The two peaks of the Te 4d and the Bi 5d doublets, resulting from the spin-orbit coupling,

are separated by around 1.5 and 3 eV, respectively, which is consistent with literature values [196–198].

Assuming that the ratios of the nanowire and substrate area recorded on each position were constant,

all core level spectra would be normalized to the substrate peak at around 7 eV2. For comparison, a

core level spectrum obtained from one position on the Si substrate at a distance of approximately 3 µm

from the nanowire is added (bottom black curve). Note that this spectrum is not normalized to the ones

recorded from the nanowire, because the area of acquisition is solely on the silicon substrate. Similar

2 For a better representation, this peak was omitted from the range of the spectra shown here.
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to Figure 4.3.6 (e), the Bi 5d signal is convoluted by the silicon substrate background resembling the

shape of an exponentially smeared out Gaussian as indicated by the dashed black curve at the bottom of

Figure 4.4.1.

Figure 4.4.1: Study of the chemical composition along an individual Bi2Te3 nanowire (top). Core level
spectra (blue) were obtained from four different positions up to 1 µm apart from each
other. The spectrum recorded from the background as well as a fitted Shirley background
are shown (black). Representative peak fits are indicated on position (1) (red and blue
shaded curve).

Comparing all four spectra, no peak shift is detected, giving evidence for a constant chemical composition

within the chosen wire section. Furthermore a local (oxide) contamination, which would be indicated by

additional oxide peaks of the doublets, was not found. After subtracting a standard Shirley background

(solid black line) from each of the spectra [199], the peak areas were fitted employing Voigt and Lorentz

distributions. This fitting method is indicated representatively on the core level spectrum recorded on

position (1) by the solid red and blue shaded curves, respectively. The Bi 5d signal was deconvoluted

by keeping the same shape of an exponentially smeared out Gaussian as determined from the fit to

the substrate spectrum (dashed black curve). Note that the peak height was not maintained, since the

recorded substrate area was not the same. Using a quantitative analysis, it was observed that the peak
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areas do not change indicating a constant Bi/Te ratio along the nanowire axis with a spatial resolution

better than 150 nm. The precise value could not be reliably determined due to various uncertainties:

Firstly, the ratio of signal obtained from the nanowire and the substrate is unknown. Secondly the exact

contribution of the substrate peak overlapping the Bi 5d energies is unknown. Nevertheless, assuming

similar conditions for the acquisition area for the spectra recorded from the nanowire, these results show

that the chemical composition stays homogeneous along the nanowire section. This is in agreement with

the findings from the EDX in TEM measurements (see section 3.3.1) obtained from different nanowires

synthesized under the same conditions within the same batch. Although the EDX in TEM provides

in principle a spatial resolution of 1 nm, the signal comprises not only information from the surface,

but also from the bulk of the nanowire. Using the core level spectra obtained at ANTARES, solely

the chemical composition of the nanowire surface is probed indicating its homogeneity with a spatial

resolution of better than 150 nm.

Similar results were found for core level spectra recorded from nanowire sections on different wires of

the same sample.

4.4.2 Electronic structure of nanowires

Angle-resolved photoemission spectra were measured in nano-focus mode using again an incident pho-

ton energy of 100 eV and detecting the photoelectrons with a kinetic energy of 91 eV and higher, where

96 eV correspond to the Fermi energy. Consequently, this energy range corresponds to a about 5 eV

below the Fermi energy. The raw measurement and the data treatment of the nano-ARPES recordings

are shown in Figure 4.4.2.

Using the same data treatment technique for both, the upper row (blue background) shows the nano-

ARPES results measured on the silicon substrate, while the lower row (yellow background) displays the

data recorded from a nanowire section. The recording positions are indicated schematically by blue and

yellow stars in the setup scheme in figure 4.4.2 and on each corresponding nano-ARPES spectrum. In

both cases the data is shown in angle-energy space, starting with the raw data in (a). To resolve the

energy bands, the data had to be processed, since the signal is too weak meaning the signal-to-noise

ratio is very low resulting in no clear observation of any features. Firstly, an appropriate background,

displayed in figure 4.4.2 (b), was created for both exemplary cases by fitting a quadratic polynomial to

the energy spectrum at each angle. These cuts through the ARPES spectra are also known as energy

dispersive curve. Using this technique, the incoherent background signals originating from the substrate

or from secondary electrons, which are not uniform along the energy or angle axis, were removed. The

nano-ARPES data in figure 4.4.2 (c) shows the subsequently background-subtracted data for both mea-

surements. In the case of the nanowire nano-ARPES data (yellow), the energy bands become already

visible in figure 4.4.2 (c), while the signal measured on the substrate (blue) does not show any features.

Figure 4.4.2 (d) displays the final result of the nano-ARPES data of the nanowire which is obtained after

taking the second derivative of the momentum distribution curve and subsequently applying standard

smoothing techniques. For the silicon substrate, no energy bands were resolved after smoothing. This is

expected, since the substrate was chemically etched and hydrogen-terminated during the cleaning pro-

cedure. Possible arising contamination could also prevent the Si band structure from being resolved.
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Figure 4.4.2: Nano-ARPES data obtained from the silicon substrate (blue upper row) and from a Bi2Te3

nanowire section (yellow lower row) as marked in the setup scheme by blue and yellow
stars, respectively. The different steps of data processing the raw data (a) include the con-
struction of a polynomial background (b), the subtraction of this background (c) and a final
smoothing of the data (d).

After establishing a strategy to extract the very low nano-ARPES signal, several spectra were recorded

from several points on the substrate. The valence band structure of two separate cylindrical nanowire

sections was recorded by nano-ARPES as displayed in Figures 4.4.3 (a) and (b).

In this case, the detected angle-kinetic energy data was converted to energy-momentum space employing

equations 4.5 and 4.7. This results in nano-ARPES spectra recording the valence band around 5 eV below

the Fermi level. The exact acquisition area of the measurements are indicated by the white and the red

markers in the Te 4d spectroscopic mappings presented in Figures 4.4.3 (c) and (d), respectively. The

nano-ARPES energy-momentum data in (a) was recorded at the position of a single nanowire, while the

data in (b) was obtained from a wire belonging to a nanowire bundle. The x-ray beamspot size of 100-

150 nm lies within the diameter of the nanowire and is smaller than the large single crystalline grains

extending over several hundreds of nanometers as discussed previously. Keeping in mind the absolute

surface sensitivity of the technique, the arrangement of the wire within a bundle is only interfering with

the measurement to a certain degree: Due to the misalignment of the nanowire and the acquisition area,

the signal of two or more nanowires might superimpose. The misalignment is caused by the small, but

limited step size of the mapping.

The nano-ARPES data obtained from the single nanowire shows three resolved bands with the maxi-

mum of the top band located close to the Fermi level. It is unclear if the Fermi level even lies within

the valence band. In that case the nanowire would be p-doped. For clarification a much better energy

resolution within this region is required detecting also a smaller energy range below the Fermi level. The
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comparison of Figures 4.4.3 (a) and (b) reveals different valence band structures at the two separate

positions exhibiting the same chemical composition (see section 4.4.1).

Figure 4.4.3: Nano-ARPES data (a) and (b) from two different sample positions as marked in (c) on an
individual wire and in (d) on a bundle of nanowires, respectively.

The energy-momentum data in (b) exhibits different features with the most intense bulk band having

its maximum at about 1 eV below the Fermi level. This more complex and less well defined band struc-

ture is attributed to a different crystallographic orientation of the nanowire investigated at this position.

Another possible reason is that the band structure originates from two consecutive nanowire section sur-

faces, which belong to different grains and thus different crystallographic orientations. In order to gain a

deeper understanding of the influence of the crystal orientation of the grains on the electronic structure

of the nanowires, theoretical simulations provide a suitable tool for comparison and will be introduced

in the following section.

Despite the different open questions, these experimental measurements are remarkable, because they

show that the nano-ARPES technique is a suitable tool to explore the electronic structure of individual

nanowires.
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4.5 First principles electronic structure calculations for different crystal orientation

For the purpose of assorting the previous nano-ARPES results within the context of the crystallographic

orientation of the nanowires, first principles electronic structure calculations were performed in collabo-

ration with Zeying Zhang and Prof. Dr. Hongbin Zhang.

In order to model the experiment, possible crystallographic orientations of the nanowire under investi-

gation have to be known. In the layout of the nano-ARPES experiment the probed surface is parallel to

the nanowire axis. Additionally, the cylindrical geometry accounts for a somewhat random distribution

of plane orientations, because every possible orientation allowed for Bi2Te3 has to be considered. Based

on the XRD investigations described in section 3.2.1, boundary conditions for the choice of planes were

found and applied. The two dominant plane orientations perpendicular to the nanowire axis are the

(205) and the (101) planes. As a consequence, the surface states of the semi-infinite Bi2Te3 projected

onto such planes are calculated. The orthogonality requirement reduces the number of possible orienta-

tions, but due to the cylindrical cross-section of the wires many planes fulfill this requirement.

In the end, three crystallographic orientations were selected in such a way that their normal lies in eit-

her the (205) or the (101) plane exhibiting low Miller indices. Figure 4.5.1 (a) shows the hexagonal

Bi2Te3 unit cell with the (101) and the (205) plane marked in purple in the left and right schematics,

respectively. The chosen planes are approximately perpendicular to vectors [−121] and [−532] within

the (101) and the (205) plane, respectively. The corresponding planes are highlighted in red and yellow.

The plane (green) perpendicular to vector [010] was selected, because it is approximately orthogonal to

both plane orientations (101) and the (205). The Miller index notation in (a) denotes the corresponding

planes indicated by round brackets.

After finding a strategy to describe the experimental conditions, first principles calculations were per-

formed using the plane-wave pseudo-potential approach. In this picture the electrons are described by

a basis set of plane waves that are independent of the atomic positions. The number of plane waves

included in the set is chosen by testing the convergence of the total energies with respect to the cutoff

energy for the plane waves, given by a value of 550 eV. Moreover, to reach the thermodynamic limit, the

convergence with respect to the density of the k-mesh was tested. Under periodic boundary conditions,

it is straightforward to imagine the more k-points used, the more unit cells in real space are considered.

For the calculations conducted here, a 8×8×8 k-mesh has been applied. Supplementary, the potential

for each atom is approximated by a so called pseudo-potential. This potential ignores the core orbitals

and only takes the valence states into account resulting in a much simpler form of potential. In the

present case the basis for Bi2Te3 was chosen to consider the 6s26p3 orbitals for Bi and the 5s25p5 orbitals

for Te.

The actual calculation method is based on Density Functional Theory (DFT)3, a well-established method

in computational solid state physics [202, 203]. Generally, the direct solution of the Schrödinger equa-

tion for many-body systems is not feasible which led to the development of DFT. The idea is to imagine

a system not in terms of the single electron wave function but consider its electron density. The basis for

this correlation is the Hohenberg-Kohn theorem which states that the ground state of a system of elec-

3 A functional is a mapping from a vector space into its (scalar) field. Since the vector space is commonly a function space,
one can say that a functional is a function of functions. A famous example of a functional is the Dirac δ-distribution
returning the value of any function at the origin.
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trons is uniquely determined by its density [204]. In a nutshell, it follows that the ground state energy

of the systems can be described by functionals dependent only on the density. These energy functionals

consists of several contributions: the kinetic energy of the system, the electrostatic potential between

electrons as well as the nuclei, the Hartree potential between electrons and the so called exchange-

correlation potential. The latter includes the remaining contributions due to the Coulomb interaction

between electrons. In practice, such functionals are evaluated by mapping the realistic charge distribu-

tion in crystals onto a homogeneous electronic gas where the energy functionals are parameterized in

terms of the charge density. This method is known as the Kohn-Sham construction [205].

Unfortunately, the exchange-correlation contribution is unknown and the topic of ongoing research in

DFT. Nevertheless, some established approximations are already available. The most straight forward

one is based on describing the systems as a uniform electron gas with a homogeneous electron density

and is known as Local Density Approximation (LDA). In the present case the exchange-correlation po-

tential was approximated using the Generalized Gradient Approximation (GGA) interpolated by Perdew,

Burke, and Ernzerhof [206]. Compared to the LDA, the GGA approach also takes into account the den-

sity gradient at each point of the system.

Finally, the first principles calculations were performed using the plane wave pseudo-potential method as

implemented in the VASP code [207, 208]. The output is the Hamiltonian for all k-points in the Brillouin

zone of the 3D bulk. In order to obtain the surface electronic structure for nanowires with arbitrary

crystallographic orientations, the Wannier interpolation technique is used to parameterize the real space

hoppings between the different orbitals of each atom in the system. In addition, the spectra functions for

semi-infinite slabs are obtained which serve as a direct comparison to the nano-ARPES measurements. In

the present work, the Wannier function orbitals are constructed for the p-orbitals of the Bi and Te atoms

using the Wannier90 program [209]. The semi-infinite surface states are obtained using the algorithm

proposed in Ref. [210].

The results of the first principles electronic band structure calculations obtained for crystallographic

orientations chosen in figure 4.5.1 (a) are shown in figures 4.5.1 (b-d). Obviously, for all three band

structures, topological surface states exist at the Fermi energy EF connecting the valence and conduction

bands, due to the nontrivial topological nature of the band gap in Bi2Te3. As expected for Bi2Te3 the

Dirac point is located very close to the valence band [38]. Furthermore, the energy bands displayed

in (b) and (c) follow a similar distribution differing mainly at the zone boundaries (close to the M and

K points) where the bands of the (−121) plane (red) exhibit an upturn. The energy band structure

calculated for the (010) plane (green) shows a different band distribution with the most pronounced

spectral weight around 1 and 3 eV below the Fermi energy. Comparing the results to those shown in

figure 4.4.3, the calculated band structures along chosen crystallographic orientations are in reasonable

agreement with the nano-ARPES measurements. For instance, three parabola-shaped symmetric bands

in figure 4.4.3 (a) can be compared to the most intense bands in figure 4.5.1 (b) and (c), where the slight

upturn of the bands at the zone boundaries can be attributed to the different crystallographic orientati-

ons. Moreover, the nano-ARPES data shown in figure 4.4.3 (b) with intensive weight around 1 eV below

the Fermi energy are similar to the surface states obtained for the (010) plane (green) in figure 4.5.1 (d).

Thus, based on such calculations, the measured nano-ARPES spectra are certainly arising from different

oriented crystal sections of the Bi2Te3 nanowire.
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Figure 4.5.1: Electronic structure of Bi2Te3 nanowires along different crystallographic orientations. (a)
Schematic of plane orientation for planes perpendicular to (101) (purple, left) and (205)
(purple, right) planes in the hexagonal lattice. Planes perpendicular to vectors [−532],
[−121] and [010] are marked in yellow, red and green, respectively. First principle band
structure calculations for (b) (−532) (c) (−121) and (d) (010) planes

4.6 Conclusions from Nano-ARPES measurements and outlook

Nano-ARPES measurements were performed on cylindrical Bi2Te3 nanowires with 100 nm diameter ran-

domly distributed on a thoroughly cleaned boron p-doped silicon substrate. Despite the challenges in

obtaining an atomically clean surface, the nanowires were successfully identified by spectroscopic core

level imaging. Nano-XPS studies conducted on sections of several wires as well as along the nanowi-

res revealed a chemically homogeneous surface structure supporting the EDX in TEM results obtained

for the bulk part of the nanowire. After suitable data processing the low-intensity nano-ARPES energy-

momentum data was extracted on two sections of nanowires and compared. On a single nanowire, three

intense valence bands were observed extending or even crossing the Fermi level. The nano-ARPES data

obtained from a nanowire in a cluster showed a more complex electronic band structure with one intense

band exhibiting a maximum at about 1 eV below the Fermi energy. The two different band structures

can be explained by the varying crystallographic orientation of the nanowires which exhibit a texture
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perpendicular to its axis, but due to its cylindrical cross section the texture is constrained parallel to

its axis. Additionally, the grain size of several 100 nm exceeds the size of the beamspot, but possible

recording of regions with grain boundaries cannot be excluded.

Exemplary, first principles electronic structure calculations for crystal orientations selected based on XRD

results were performed, revealing that the valence band structure can indeed vary significantly. The cal-

culations fit to the experimental nano-ARPES data, but for a more accurate relation of the experimental

to the calculated data more nano-ARPES measurements are necessary.

These results open a new avenue to characterize the band structure of topological insulators and other

nanomaterials. Certainly a detailed analysis of the electronic structure as a function of the crystallogra-

phic orientation and size of a given nanostructure should be pursued. Especially in combination with

transport measurements, this would help to better understand the behavior of topological surface states

at grain boundaries.

The nano-ARPES experiments performed as described here can be conducted to resolve the band gap of

the material and possible surface states by enhancing the energy resolution. Furthermore, the influence

of the nanowire diameter on the electronic band structure can be explored.

In order to relate the crystal structure of the nanowires, it is proposed to prepare the wires on a suitable

TEM grid which is conductive (carbon fiber) instead of a silicon substrate. Prior to nano-ARPES measu-

rements, suitable nanowire sections can be selected in a TEM session. Pre-characterized nanowires can

thus be investigated by nano-ARPES and the band structure can be directly related to the crystal orien-

tation. First test experiments have been performed employing a silicon nitrate TEM grid and applying

all cleaning procedures described in section 4.3.1. Unfortunately, the substrate is not conductive enough

to obtain a clear nano-ARPES signal. Nevertheless, this experiment would provide an important step

forward to clarify the relations between, crystal orientation, grain boundaries and the electronic band

structure.
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5 Magnetotransport measurements

With regards to exploring the topological insulating nature of a certain material, ARPES experiments are

the first choice of experimentalists. Providing that the TI is producible as high-quality single crystal or

thin film of macroscopic sizes, ARPES gives direct information about the topology of the band structure.

By making use of newly developed nano-ARPES facilities even TI nanostructures can be investigated as

described in the previous chapter 4 [211].

For TI nanomaterials, the most common way to investigate the surface states is by electrical transport

studies. On the one hand, this is because of the limited resolution provided by common non-nano-ARPES

setups and on the other hand, this is because of their possible implementation in devices for future elec-

tronic applications. Nevertheless, transport measurements on TI nanomaterials are challenging due to

the tendency of probing the residual bulk charge carriers despite their reduction by the large surface-to-

volume ratio of nanostructures. Additionally, most TI materials such as Bi2Te3 and Bi1−xSbx do not exhi-

bit their Fermi level within the bulk band gap under ambient conditions [69]. Further doping or electrical

gating of these materials is necessary in order to access the surface states. A well-established example for

doping is the change from binary to ternary TIs such as (Bi1−xSbx)2Se3 [212], (Bi1−xSbx)2Te3 [213] and

Bi2Te2Se [214] achieving a surface state contribution of 6% in the latter. A combination of both doping

and electrical gating results in the observation of ambipolar surface conduction in (BixSb1−x)2Te3 [19]

and Na-doped Bi2Te2 nanoplates [215]. Further strategies on the route to surface state investigations

and manipulations by transport measurements are capping techniques [216] and the synthesis of TIs

into heterostructures [217, 218].

MagnetoResistance (MR) measurements are currently one way of providing evidence for surface states

in nanostructures via electrical transport [17, 23, 219, 220]. The interplay of many occurring trans-

port phenomena, such as the Shubnikov-de Haas (SdH), Aharonov-Bohm (AB) oscillations and Weak

Antilocalization (WAL) effects indicate transport supported by surface states and strong spin-orbit coup-

ling [221]. For diameter- and angle-dependent MR measurements on curved Bi2Te3 nanowires, both

SdH and AB oscillations as well as weak antilocalization were found hinting nontrivial topological sur-

face states and trivial electronic states. All quantum effects were enhanced with smaller diameters

indicating an increasing contribution of the surface states to the transport signal [25, 26]. These fin-

dings were complemented by investigations on rectangular shaped Bi2Te3 nanowires of different cross

section areas pointing to surface state dominated transport [24]. Further magneto-transport experiments

elucidate the influence of the fabrication method of Bi2Te3 nanowires [222]. Similar evidence of surface

states were recently found in other TI nanoobjects, such as Sb2Te3 nanowires [223], Bi2Se3 nanostruc-

tures [17, 224] and Bi2Se3/Se coreshell nanowires [21].

The steadily improving sample quality and field-effect device fabrication techniques for TI nanostructures

allowed for the combination of gate control and magneto-transport experiments enabling the tuning of

the electrical band structure in, i.e. Bi2Se3 [225] and (Bi1−xSbx)2Te3 [226]. MR investigations resolving

the Dirac cone enable unambiguous evidence of the non-trivial topological nature of the surface states.

Recently these measurements have been successfully conducted for Bi2Te3 nanowires with rectangular
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cross section [27] and nanoribbons [28].

The present work aimed for the contacting of individual Bi2Te3 nanowires that are electrodeposited in

PC membranes and establishing a good contact, despite of challenges rising from polymer residues and

oxide layers. Two different lithography techniques were applied to contact individual Bi2Te3 nanowires,

which are presented in section 5.2. Investigating the (magneto-)transport characteristics of nanowires

of different diameters, finite size and quantum interference effects were studied as a function of wire

size. In section 5.3, the two measurement setups to explore the magnetotransport properties of the con-

tacted wires are introduced. Finally, sections 5.4 and 5.5 focus on the results of the magnetotransport

investigations in pulsed and static magnetic fields, respectively.

5.1 Introduction to transport phenomena in magnetic fields

Various transport phenomena occur depending on the relation of the system dimensions to certain cha-

racteristic length scales describing charge carrier motions. Especially in micro- and nanostructures,

these relations are tunable and different transport regimes are defined as schematically indicated in fi-

gure 5.1.1. In the following sections charge carriers are considered to be electrons.

Figure 5.1.1: Schematic representation of the different transport regimes defined by relating the electron
mean free path le and the phase coherence length lϕ to the sample size including widthW
and length L

Considering the relation between the electron mean free path le, which describes the length a carrier

travels between two scattering events, and the system width W and length L three different regimes

are distinguished. For le < W,L (red), the individual charge carriers undergo many scattering events

(blue stars) and follow a random walk motion. This regime is called diffusive regime because the overall

charge transport is described by the diffusion of an electron gas as in the Drude model. If le > W,L
(green), the charge transport is limited by the scattering events with the system boundaries (blue lines).

This regime is called ballistic transport. Furthermore, the intermediate state for which W < le < L
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is called quasi-ballistic regime. It is worth mentioning that in systems with anisotropic scattering the

carrier mean free path has to be replaced by an effective transport length [81, 227, 228].

Another characteristic length lϕ describes the phase coherence of the charge carrier wave which plays

a crucial role for the occurrence of interference phenomena. Above this length, the phase changes and

interference effects are averaged out. Thus, this length marks the transition between the quantum and

the classical regime. This transport regime is typically realized in microscopic systems at very low tem-

peratures and is referred to as mesoscopic.

When an external magnetic field is applied, the transport characteristics of a system are influenced in

the transversal and longitudinal direction resulting in a Hall resistivity ρxy and magnetoresistance MR,

respectively. The MR is commonly defined as

MR =
ρxx(B) − ρxx(B = 0)

ρxx(B = 0)
, (5.1)

with ρxx denoting the longitudinal resistivity. In the semiclassical Drude model, ρxx is predicted to be

constant resulting in a zero magnetoresistance, while the Hall resistivity shows a linear dependency

with respect to the B-field.1. Experimental observations disagree with the Drude model, since at higher

magnetic fields and low temperatures oscillations of the longitudinal resistivity and plateaus in the Hall

resistivity are found.

Besides oscillations, the magnetoresistance increases with the magnetic field until it either saturates (i),

it continues increasing independent of the crystal orientation with respect to the B-field (ii) or it saturates

only for certain crystal directions (iii). The reason for a material to belong to one of the three categories

lies within its individual electronic structure. Materials with closed Fermi surfaces such as In, Al, Na

and Li show MR behavior (i). Materials with equal numbers of different charge carriers (e.g. electrons

and holes) like semimetals or semiconductors such as Bi, Sb exhibit the non-saturating behavior (ii). A

crystal orientation-dependent MR (iii) is observed for materials with open orbits in their Fermi surface

in certain directions such as Cu, Ag, Au, Mg, Zn, Cd, Ga, Tl, Sn, Pb, Pt [229] and doped Bi [230].

In the weak field regime a quadratic increase of the MR is expected according to Kohler’s rule

MR ≈ (µB)2 , (5.2)

which takes into account the carrier deflections induced by the Lorentz force [231].

However, for 3D topological insulators the magnetoresistance is experimentally found to be positive and

linear [23, 232, 233]. Many different models describing the magnetoresistance behavior for each system

exist and their introduction goes beyond the scope of this chapter. A commonly used explanation for

the positive linear magnetoresistance was developed by Abrikosov. He assumed a zero-gap system with

linear dispersion relation with only the first Landau level occupied in order to explain the linear MR in

silver chalcogenides [234]. In that case the system is in the quantum limit and the effect is referred to as

quantum magnetoresistance. For 3D topological insulators this explanation is not satisfactory, since the

1 Employing Hall measurements at low magnetic fields is a common way to measure the charge carrier density n and
mobility µ, since ρxx = (neµ)−1 and ρxy = B/ne.
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linear magnetoresistance is observed to be temperature-independent [232] and thus the system is not in

the quantum limit. Wang and Lei considered the linear dispersion relation and a finite positive Zeeman

energy splitting to model the temperature-independent MR over a wide range of magnetic field [235].

Besides the positive linear magnetoresistance which might be related to the extraordinary band struc-

ture of topological insulators, many other magnetoresistance effects shed light on the electronic transport

properties. While the oscillations occurring in the longitudinal resistivity, called Shubnikov-de Haas os-

cillations, are due to Landau quantization, other phenomena, such as Aharanov-Bohm oscillations, weak

anti-localization and universal quantum fluctuations, are attributed to quantum interference effects. The

following sections introduce these effects briefly.

5.1.1 Shubnikov-de Haas oscillations

Shubnikov-de Haas (SdH) oscillations were first observed in bismuth rods [236] and arise due to the

quantization of the density of states in consequence of the formation of Landau levels. An electron

with mass m and charge e exposed to a magnetic field B describes a circular motion with a cyclotron

frequency of ωc = eB/m as schematically shown in figure 5.1.2 (a). In the case of the electron path

consisting of at least one full orbit (upper image), the electronic wave function can interfere with itself.

This condition is fulfilled if

re < le, (5.3)

with re being the radius of the orbit. The lower schematic in (a) displays the case when electrons are not

describing a full circle due to their decreased mean free path.

Figure 5.1.2: Shubnikov-de Haas oscillations: (a) shows the electron motion (red) in an external B-field
if re < le (upper schematic) describing full circles and if re > le (lower schematic). The
stars represent scattering events. (b) depicts the Landau level quantization and widening
of the energy gap with increasing B-field. (c) presents experimental magnetotransport data
of an AlGaN/GaN heterostructure in Hall bar configuration exhibiting Hall plateaus for Rxy
and SdH oscillations for Rxx [237] IOP Publishing. Reproduced with permission. All rights
reserved
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The interference of the wave functions leads to a quantization of the energy states as depicted in fi-

gure 5.1.2 (b). The Hamiltonian resembles the one of the 1D quantum mechanical harmonic oscillator

with the energy eigenvalues ELL of

ELL =  hωc(LL + 1/2), (5.4)

with LL denoting the index of the Landau Level (LL). The Landau quantization is also the underly-

ing mechanism of the quantum Hall effect resulting in plateaus in ρxy at high magnetic fields and at

low temperatures (chapter 1.1.1). Following, the energy quantization leads to the discretization of the

Density Of States (DOS). The DOS splits into δ-functions located at ELL and separated by an energy

gap of  hωc =  heB/m being magnetic field dependent. Figure 5.1.2 (b) schematically shows the DOS

for two different applied magnetic fields (green and purple). In real systems, perturbations induced by

e.g. disorder or charged dopants, yield a broadening of the Landau levels due to the finite lifetime of

the charge carriers τq. With increasing magnetic field the energy gap between the Landau levels widens.

Subsequently, the Landau levels pass through the Fermi energy causing oscillations in the density of

states which manifest as an oscillatory magnetoresistivity. Figure 5.1.2 (c) displays typical results when

measuring the transverse and longitudinal magnetoresistance, Rxy and Rxx, of a 2DEG forming in an

AlGaN/GaN heterostructure. Rxy exhibits Hall plateaus, while the SdH oscillations are observed for Rxx.

The derivation of an expression for the oscillating longitudinal magnetoresistivity ρxx is rather complex

and the result shall be mentioned here only for the sake of completeness

ρxx(B, T) =
m?

ne2τ0︸ ︷︷ ︸
Drude

·

1 − 2

Dingle︷ ︸︸ ︷
e−π/(ωcτq)

λ(T)

sinh (λ(T))
cos
(

2π · hn
2eB

) , (5.5)

with λ(T) = 2π2kT/( hωc) describing the temperature dependency of the oscillation amplitude [238].

This expression shows that ρxx oscillates with a 1/B periodicity around the classical Drude resistivity. In-

creasing the temperature leads to a decrease of the oscillation amplitude. The exponential contribution

to the amplitude, called Dingle factor takes the finite carrier lifetime τq and thus the Landau level broa-

dening into account. This result demonstrates how specific material properties such as carrier density n,

lifetime τq and effective mass m? are deducible from the analysis of the SdH oscillations. For example,

minima of the SdH oscillations occur if
hn

2eB
= i+ γ, (5.6)

with i being an integer denoting the minimum index and γ being a constant. By plotting this index

over 1/B, the density of states can be extracted from the slope of the resulting linear relation which is

hn/(2e). The y-axis intercept γ is closely related to the Berry phase and yields 1/2 for conventional

metals and zero in topological insulators, i.e. in the Dirac case [25, 239, 240].
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5.1.2 Weak (anti-)localization

Localization effects appear in systems with a large phase coherent length, such that lϕ > le, which

is typically realized at very low temperatures. In such a case phase-coherent multiple scattering and

thus interference effects leading to an enhanced backscattering have to be carefully examined. Simple

schematics of both, the weak localization and weak antilocalization effect are displayed in figure 5.1.3.

Assuming multiple scattering of an electron in such a way that it returns to its original starting point,

two time-reversed paths (red and dark red) are possible.

Figure 5.1.3: Schematic representation of weak localization (a) and weak antilocalization (b). The directi-
ons of motion along the path (gray) between scattering events (blue stars) are given in red
and dark red. The spin directions of the electrons (cyan) are represented by black arrows in
(b).

The probability for the electron to return to the starting point is given by

|A1 +A2|
2 = |A1|

2 + |A2|
2︸ ︷︷ ︸

classical backscattering

+A1A
∗
2 +A

∗
1A2︸ ︷︷ ︸

interferences

, (5.7)

with A1 and A2 being the complex probability amplitudes of the two paths (e.g. clockwise and counter-

clockwise). On the right hand side, the first two terms are considered in the classical Drude-Boltzmann

theory, while the interference terms are neglected. In the case of time-reversal symmetry, i.e. without

magnetic field, the amplitudes for both paths are equal, A1 = A2 ≡ A. For this reason the classical

contributions provide a return probability Pclassical of

Pclassical = 2 |A|
2 . (5.8)

On the other hand, considering the interference terms gives

Pqm = 4 |A|
2 , (5.9)

which is a two times higher probability for the electron to return, enhancing the backscattering. Conse-

quently, the resistivity of the sample is increased and this effect is called Weak localization (WL).
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In a magnetic field the WL is suppressed, because it directly influences the phase of the path ampli-

tude adding an Aharonov-Bohm phase ±ϕAB with the sign depending on the path direction. Hence, the

constructive interference due to time-reversal symmetry is lost and the classical value is approached.

Furthermore, WL is destroyed at elevated temperatures, because the phase coherence length decreases.

Plotting the resistivity versus the magnetic field, the ratio lϕ/le determines the shape of the resistivity

increase at zero magnetic field due to WL. As the lϕ/le decreases the peak becomes broader and even-

tually vanishes.

In systems with strong Spin-Orbit Coupling (SOC) a related effect called weak anti-localization (WAL)

is observed, which exhibits a decrease in resistivity. This effect is explained by the spin-orbit interaction

induced spin rotation of the electron during the scattering process. On the time-reversed path the spin

rotation is reversed. Introducing the spin-orbit time τSO defined as the time it takes to completely rando-

mize the spin due to SOC, the WL case is recovered if τSO > τϕ.2 In the opposite case of τSO < τϕ, the

randomization of the spin orientation leads to a dominating destructive interference [241]. Compared

to WL, the backscattering probability in WAL is reduced resulting in a decrease of resistivity.

Topological insulators are expected to exhibit WAL. Due to their spin-momentum locking, the spins on

two time-reversed paths always differ by a rotation of π (black arrows). This corresponds to a Berry

phase of ±π/2 acquired by each path, resulting in a total Berry phase difference of π and thus de-

structive interference [242]. Analogous to WL, the WAL is destroyed in magnetic fields and at elevated

temperatures.

The dependency of the conductivity correction ∆σ = ∆ρ−1 due to localization effects on the magnetic

field was described by Hikami, Larkin and Nagaoka (HLN) and yields

∆σ = α
e2

h

[
ln
(

 h

4eBl2ϕ

)
− Ψ

(
1
2
+

 h

4eBl2ϕ

)]
(5.10)

with α being a constant indicating WL for α = 1 and WAL for α = −1/2 [243]. From this relation the

phase coherence length lϕ can be determined.

5.1.3 Aharonov-Bohm effect

In contrast to Shubnikov-de Haas oscillations, which appear as a consequence of Landau quantization,

Aharonov-Bohm (AB) oscillations arise due to quantum interference effects [244].

Aharonov and Bohm considered electrons circulating around a magnetic flux Φ =
∮

C Ads, where A
denotes the vector potential, confined to a cylindrical geometry represented by the curve C. Despite the

electrons not being exposed to the magnetic field B itself, they acquire a so called Aharonov-Bohm phase

of

∆AB = −
e
 h

∮
C

Ads = −2π
e

h
Φ = −2π

Φ

Φ0
, (5.11)

2 The phase coherence time τϕ is connected to the phase coherence length via lϕ = vFermiτϕ, with vFermi being the Fermi
velocity.
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with Φ0 ≡ h/e defined as the magnetic flux quantum3.

Imagining a metallic ring enclosing a magnetic flux with two contacts at positions (0 and π) as shown

in figure 5.1.4 (a), there exist two possible propagating paths for the electron partial wave between

the contacts. The wave traveling clockwise |ψ1〉 (green) acquires a phase of π Φ
Φ0

, while propagating

counterclockwise |ψ2〉 (red) exhibits a phase of −π Φ
Φ0

. Hence, the transmission probability T of the

electron between the two contacts is related to the interference of the partial waves as

T = |〈ψ1|ψ2〉|2∝ cos
(

2π
Φ

Φ0

)
, (5.12)

causing an oscillation with periodicity Φ/Φ0. Taking into account the measurable quantities magnetic

field B and cross section area of the ring S, related to the magnetic flux as Φ = B · S, the periodicity

yields

∆B =
h

eS
=
Φ0

S
. (5.13)

Figure 5.1.4: Schematics of possible propagating paths (green, red and dark red) for electrons inside a
metallic ring (yellow) enclosing the area S between contacts 0 and π under an external ma-
gnetic field B. The Aharanov-Bohm effect (a) describes interferences after half revolutions,
while the Altshuler-Aronov-Spivak effect (b) considers interferences between time-reversal
paths.

Besides interference of the partial waves after half revolutions of the ring, interferences of time-reversal

paths, i.e. counter-propagating full revolutions of the ring, have to be considered (red and dark red).

This situation is displayed in figure 5.1.4 (b). In that case, an enhancement of backscattering is expected

similar to weak localization effect explained in more detail in the previous section. Yielding also B-field-

dependent oscillations with periodicity of

∆B =
h

2eS
=
Φ0

2S
. (5.14)

3 Aharonov and Bohm intended to show that the vector potentialA is not only a mathematical construct, but has a physical
meaning.

94



this is called the Altshuler-Aronov-Spivak (AAS) effect.

Both effects are limited to a transport regime in which the phase coherent length lφ is larger than the

diameter of the ring. Consequently, the AB and AAS oscillations are best observed at very low tempera-

tures and vanish with increasing temperature. Furthermore, in experiments the influence of the Lorentz

force creating a circular motion of the electrons has to be considered. In the weak field regime enforcing

a large cyclotron radius rc the Lorentz force is negligible.

AB and AAS differ in the sense that the AB oscillations depend on the geometry and dimensions of the

observed system, while the AAS oscillations only relate to the time-reversibility of the paths. In other

words the AB oscillations are expected to average out in a sample consisting of many rings in series (e.g.

a cylinder), while AAS are insensitive to sample-averaging [81, 238].

Applying a magnetic field along a topological insulator nanowire exactly replicates the experiment geo-

metry to probe the AB and AAS oscillations, because the topological surface states form a ring enclosing a

magnetic flux. Investigating the longitudinal magnetoresistance, an oscillating period of Φ0 is expected

with the maximum at Φ0/2 and a minimum at B = 0 [245, 246]. The first experimental observa-

tion of AB oscillations in TI materials were realized in Bi3Se3 nanoribbons (rectangular cross section)

synthesized by gold-catalyzed VLS growth [17]. Since then, observing AB and AAS oscillations in the

magnetoresistance behavior of TI nanowires and nanoribbons is a common technique to provide direct

evidence of topological surface states [24, 223, 247].

5.1.4 Universal conductance fluctuations

In a diffusive regime (le < L,W) with the phase coherence length exceeding the size of the system

(L,W < lϕ) another type of interference effect appears. In such a sample many different scattering

paths forming closed loops (backscattering) are available which lead to interference effects similar to

the situation described for WL and WAL in section 5.1.2. Each loop circumferences a different area

gaining a phase difference which is specific to the distribution of scattering centers, i.e. defects. In this

case, resulting conductance fluctuations of about e2/h are not averaged out and are only dependent on

the configuration of defects instead of the sample geometry (see AB effect). This is why they are called

universal conductance fluctuations. If the defect configuration is modified, the interference paths change

randomly. Hence, every sample exhibits conductance fluctuations specific to its defect distribution. An

external magnetic field adds a randomized relative phase to each interfering path, resulting in the con-

ductance oscillation as the B-field is ramped [238].

As for the phenomena described previously, universal conductance fluctuations vanish with increasing

temperature. From the analysis of the magnetoconductance behavior the phase coherence length can be

determined, but no direct information about surface states can be drawn.

5.2 Single nanowire contacting

For transport measurements on single nanowires, different approaches to establish an electrical contact

are available. One exceptional method is to contact a single nanowire electrodeposited in membranes

with a single pore [248]. Making use of the working electrode as one contact, the nanowire cap outgro-

wing the membrane (see section 2.3) serves as a second contact to establish a two-point configuration.
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These contacts offer a very high-quality ohmic contact, because they are immediately created during the

fabrication process of the nanowires. Naturally, this method is also applicable for contacting nanowire

arrays employing multi-pore membranes.

Since single nanowires embedded in a single-pore membrane constitute a special configuration and only

offer two-point contacting, the most commonly used techniques are lithographic methods such as opti-

cal, electron beam and laser scanning lithography. The term lithography is a composition of the ancient

greek words for "stone" ("lithos") and "to write" ("graphein") and was firstly used as a macroscopic prin-

ting technique. Nowadays, a world without lithography is unimaginable, since it is required for micro-

and nanoelectronic chip fabrication and thus crucial for the existence of almost every electronic compu-

ting device.

Modern-day lithography for micro- and nanostructuring is similar to the developing of a conventional

photo and is schematically presented in figure 5.2.1. Analogous to a photographic film, the light-sensitive

area in lithography processes is provided by a so-called resist, a polymer, which is typically spin-coated

onto the sample of choice (1, 2). When exposing this resist to a suitable light or electron source, it

is chemically modified either in a way that the solubility of the exposed area is enhanced or reduced.

Taking advantage of this modification, patterns of areas of different solubility are created in the resist

(3). By employing a suitable developer the areas of higher solubility are selectively removed (4). Two

different kinds of resists are distinguished: The so-called "positive" resist exhibits a higher solubility in

the exposed areas (as presented in figure 5.2.1), while the "negative" resist shows higher solubility of the

non-exposed areas. After development, the complete structure is coated by the desired contact material

using different coating techniques, such as sputtering or evaporation. Since for electrical contact a metal

is required, this step is also referred to as metalization (5). In the last step, the remaining resist including

the coating layer is removed employing a suitable remover. This step is called liftoff and the remaining

coating replicates the developed structure, which corresponds to the exposed area when using a positive

resist (6).

Before employing lithographic techniques, a suitable resist type and an appropriate exposure technique

have to be chosen. Depending on the required resolution of the structure and the economic demands, the

(light-)source is selected. Electron beams expose structures as fine as below 1 nm, while laser-scanning

techniques provide in general less resolution. On the other hand, the optical lithography employing a

mask is unbeatable in terms of economic efficiency, because Electron Beam Lithography (EBL) is limited

by a time consuming sample alignment process.

Furthermore, the lithography techniques are grouped in maskless (direct-write) and masked lithography.

In direct-write techniques the light or electron source is provided in the form of a focused beam that is

scanned over the sample and directly exposes the resist in the desired areas. Masked techniques require

a pre-fabricated mask replicating the lithography design. By placing the mask between the sample and

a diffuse light source, the resist is exposed within the desired areas. Masks can be reused many times

and, once fabricated, offer a fast way of producing large amounts of structures. For this reason the mas-

ked methods are favored for industrial chip production. In contrast, direct-write methods are slower in

exposure, but offer a higher design flexibility.
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Figure 5.2.1: Schematic presentation of the process steps (1-6) to contact an individual nanowire lying on
a silicon substrate by lithographical methods.

In this work, individual nanowires were contacted by optical laser scanning as well as electron beam

lithography which are both direct-write methods. The laser scanning lithography was performed at GSI

using a Heidelberg Instruments µPG 101 with a Laser with 405 nm wavelength. EBL was performed in

various facilities within the involved collaborations for transport measurements employing a Raith150

(Raith) at the Laboratoire National des Champs Magnétiques Intenses (LNCMI) in Toulouse and a NVi-

sion 40 (Carl Zeiss) at the Leibniz-Institut für Festkörper- und Werkstoffforschung (IFW) in Dresden.

Lithography is a multi-step process in which the many parameters defining each fabrication step have

to be carefully chosen in order to obtain the best results for each experiment. The following sections

describe the process for the single Bi2Te3 nanowire contacting performed in this work in more detail.

5.2.1 Laser scanning lithography

The complete laser lithography process at GSI was made available in 2014. Firstly, the parameter in each

lithography step had to be optimized for the use of contacting individual nanowires. This work was star-

ted by Dr. Loïc Burr for gold nanowires [249] and carried out in collaboration with Fatima Boui [250]

and Lisette Haarmann [251] for Bi2Te3 nanowires of different thicknesses.

For all lithography processes the Bi2Te3 nanowires were transferred onto p-doped silicon substrates with
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and without 100 nm thick thermal oxide using the methods described in section 2.4. After the wire

transfer and before spincoating the resist, the samples were rinsed in acetone and isopropanol for se-

veral seconds and subsequently blow dried using nitrogen.

Two different positive resists of about 0.5 µm (AZ1505) and 1.8 µm (AZ1518) thickness were used and

compared. In general, the height variation of the substrate should be much smaller than the resist thick-

ness to guarantee overall coverage. In the present case of up to 150 nm thick nanowires, choosing a thin

resist (0.5 µm) is reasonable. Nevertheless, figure 5.2.2 illustrates the motivation behind comparing the

two resists for perfectly sharp edges (left) and flanks (right). After the metalization, the lift off process

might be hindered by the interconnection of the metalized layer due to resist flanks. The ratio of the

thickness of the layer to that of the resist has to be taken into account. In the case of vertical resist edges

(a, c), the metallic areas on top of the developed structure and the remaining resist do not get in contact

and the resist is easily soluble. If the developed edges exhibit flanks, the metallic layer interconnects and

blocks the dissolution of the resist and thus the liftoff process. By employing a thicker resist, this effect

can be minimized as schematically shown by comparing figures 5.2.2 (b) and (d).

Figure 5.2.2: Schematic presentation of the relation between the photoresist thickness and the liftoff
quality for (a,b) thin and (c,d) thick resist.

In order to obtain a uniform resist layer by spincoating, the spinning velocity and the coating time are

adjustable. In the present case, both resist types were spincoated at 4000 rpm for 40 sec. To stabilize

the resist, the sample was baked on a hot plate at 100◦C for 30 to 108 sec. Subsequently, the individual

nanowires and the location of exposure were easily identified in the optical microscope of the µPG 101.

The exposure of the resist was adjusted using two parameters, the laser output power and the pixel pulse

duration, i.e. exposure time per pixel, which were changed between 5-20 mW and 10-90 %, respectively,

depending on the kind of resist applied. For both resists, the corresponding developer AZ 351B was used

in a recommended 1:4 and a 1:6 dilution with deionized water. The developing time was varied between

30 s and 180 s and the sample was rinsed in a flow of deionized water for about 1 min afterwards. Before

sputter coating the metallic contact consisting of a Cr/Au layer, the sample was Ar plasma cleaned (500 V

acceleration voltage for several seconds) to remove resist rests and the usually forming oxide layer. In

the last step, the liftoff was performed by immersing the samples in an aceton bath at room temperature.

Table 5.2.1 summarizes all combinations of parameters tested for both kinds of resists. The parameters
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to obtain the best result are highlighted in the red and blue depending on the resist used.

Table 5.2.1: Parameters used in each step of the laser scanning lithography process for two positive resist
of different thicknesses: AZ1505 (0.5 µm, red) and AZ1518 (1.8 µm, blue). The exposure and
development parameters giving the best results are highlighted in color.

Step Parameter AZ1505 AZ1518 A AZ1518 B
Spin coating Spinning (rpm) 4000 4000 4000

Time (sec) 40 40 40
Baking Temperature (◦C) 100 100 100

Time (sec) 30 108 108
Exposure Laser output power (mW) 10, 15, 20 5, 7, 10, 11, 12 10, 11, 12, 13

Pixel pulse duration (%) 60, 70, 80 10, 35, 70 50, 70, 90
Development Dilution 1:4 1:4 1:6

Time (sec) 30, 35, 40 40, 45, 50 60, 180
Metalization Ar plasma (sec) 10 60 60

Cr (nm)/Au (nm) 5/100 10/145 10/145

Criteria for good results are exactly replicated, well-resolved designs with sharp edges as well as minimal

flanks after the development and after the liftoff. In order to qualify, the lithography results were com-

pared on the basis of optical microscopy images recorded after both steps. Figure 5.2.3 gives an example

of an under-developed (a), an ideal (b) and an over-developed (c) structure. All three times a specially

developed test design including structures with distances down to the resolution limit of 1 µm given by

Heidelberg Instruments was exposed and developed.

Figure 5.2.3: Optical micrographs after the development of a test design: (a) under-developed result
with interference colors indicating resist rests. (b) best result with a defined structure. (c)
over-developed structure merging the fine structure lines.
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The line structure is arranged as an open frame around a squared marker. Not exposed areas that are still

covered by resist of the original thickness, appear green. The optical micrograph in (a) shows an under-

developed structure indicated by the interference colors of a remaining resist film inside the square and

also the lines. The opposite effect is found in (c) displaying an over-exposed structure: While the middle

square is perfectly defined, the lines within the frame are merged into each other and thus not well re-

solved. Both cases should be avoided to obtain the best parameters for a successful lithography process.

For comparison, the ideal development of the structure is displayed in figure 5.2.3 (b).

Figure 5.2.4 displays representative optical micrographs for standard four-point structures (2 µm con-

tact width) after the development (a, c) and after the liftoff (b, d) for both resist types using the best

parameter combination investigated. In both cases the structure is well resolved after the development

and nicely replicated after the liftoff. The contacted nanowire is clearly visible and covered by at least

two contacts. Fibers of metal that are found attached to the contacts still require for an optimization of

the liftoff process (d). More details of the lithography optimization process can be found in [250, 251].

Figure 5.2.4: Representative optical microscopy images of a standard four-point structure using AZ 1505
(a, b) and AZ 1518 (c, d) showing the structures after the development (a, c) and after the
liftoff (b, d). Image (b) is recorded with indirect light.
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5.2.2 Electron beam lithography

Electron beam lithography (EBL) was carried out to contact individual nanowires for magnetoresistance

measurements, because it offers a higher resolution and thus smaller contact distances. Considering

that the electrodeposited Bi2Te3 nanowires consist of several hundred nanometer long single crystalline

grains, the probability of measuring only one grain, is enhanced by patterning smaller contact distances.

Two different setups were used, one within a cleanroom environment at the Laboratoire d’Analyse et

d’Architecture des Système (LAAS) in Toulouse, the second one at the Leibniz-Institut für Festkörper-

und Werkstoffforschung (IFW) in Dresden. For simplicity reasons only the sample preparation carried

out in Dresden is presented here. Employing EBL for contacting small nanostructures of bismuth com-

pounds is a well established procedure for both collaborators.

The sample used for EBL is prepared in the same way as for the laser lithography (see section 5.2.1).

In some cases the substrate was pre-patterned with metallic markers to align the nanowire to the de-

sired contact design before exposure. This is necessary, because using the electron beam for imaging

would immediately expose the area of interest. In contrast to the µPG 101 laser lithography there is

no integrated optical microscope available and thus it is not possible to search for the nanowire online.

Instead, the nanowires are located and chosen with respect to those markers outside of the EBL using

an optical microscope. For the substrates without pre-patterned markers, orientation markers are firstly

created close to the nanowires. Following, a contact structure with up to ten contact lines were designed

individually for each chosen wire using a suitable software such as Klayout or others. Afterwards, the

electron-sensitive positive resist, here polymethyl methacrylate (PMMA), also known as acrylic glass,

is spincoated (AR-P 672.05, 4000 rpm for 30 sec) onto the sample and pre-baked (150◦C, 10 min).

Subsequently, the exposed structures were developed in a suitable developer (MIBK-1P diluted 1:3) for

about 1.5 min. All structures were Ar plasma cleaned for 1 min prior to the metalization of 5 nm Cr and

70 nm Au. The liftoff was carried out in acetone at room temperature and lasted several hours up to

days.

Figure 5.2.5 shows a representative series of SEM images of a successfully contacted Bi2Te3 nanowire

of 50 nm diameter. Six contact lines of distances between 240 nm and 1 µm are distributed over about

half the length of the nanowire. The images (a-c) display top views of the nanowire employing different

magnifications. Four alignment markers in the shape of crosses and a tag "Nc" are visible. Images (d-f)

show the nanowire under a 60◦ tilt to the electron beam. Images (d) and (e) are rotated horizontally

by about 90◦ to (c) giving a side view of the contacts. The complete coverage of the nanowire by the

metallic contact and their precise definition are clearly observable in (f). The contacts are about 500 nm

wide and exhibit sharp edges.

Concluding from the SEM images an electrical contact should be established for this nanowire. Never-

theless, it is not sufficient to judge the quality of the contacts by microscopy images, since the electrical

contact is influenced by the interface between the nanowire and the contact metal. For instance, if

an oxide layer forming on the surface of Bi2Te3 is not removed thoroughly by Ar plasma cleaning, an

insulating or capacitive layer is preventing good ohmic contact.
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Figure 5.2.5: SEM images of a single Bi2Te3 nanowire of 50 nm diameter contacted by electron beam
lithography (EBL). (a-c) shows top views of six contacts lines of various distances with diffe-
rent magnifications. (d-f) displays a view under 60◦ recorded with different magnifications.

5.3 Setup - magnetoresistance measurements at low temperature

Magnetoresistance measurements were performed down to liquid helium temperatures in two setups

providing different magnetic fields. At the LNCMI in Toulouse, a pulsed magnetic field of up to 55 T

was applied. The IFW in Dresden provides a static 2D magnetic field with 1 T in x-direction and simul-

taneously up to 12 T in z-direction. Making use of the on-site EBL facilities, about half of the nanowire

samples were directly contacted in Toulouse and Dresden following the description in 5.2.2.

Measuring at low temperatures requires mounting the samples on an insert (about 1.5 m long) that was

introduced into a cryostat. For electrical transport measurements, the samples were wire bonded to a

chip carrier which is mounted on one end of the insert. Figure 5.3.1 (a) shows one sample mounted on

the chip carrier socket with 24 pins at the end of the insert (IFW setup). Additionally to the electrical

connections for sourcing and measuring, a thermometer is located in the vicinity of the sample for tem-

perature control. After insertion into the cryostat, the corresponding nanowire contacts were connected

to perform low noise measurements of small signals using lock-in amplifiers (Stanford Research Systems

Model SR830 DSP) and compensation techniques. More details on the low noise electrical measurement

setup at IFW and LNCMI are available in [252] and [253], respectively. Figures 5.3.1 (a) and (b) present

a picture of the cryostat containing the magnet with installed insert of the setup used at IFW Dresden.

The setup at LNCMI in Toulouse follows a similar scheme.

Pulsed magnetic field

The pulsed magnetic field is created by discharging a series of capacitors through an electromagne-

tic coil following the principle of a conventional electromagnet. The coils are specially developed at
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Figure 5.3.1: Photos of the magnetoresistance measurement setup at IFW in Dresden: (a) the sample
wire-bonded on a chip carrier and mounted at the end of the insert. (b) the cryostat contai-
ning the magnet and the insert. (c) Profile of the magnetic field pulse at LNCMI in Toulouse.

LNCMI [254]. Together with a capacitor bench of 15 MJ, pulsed magnetic fields up to 60 T are gene-

rated. The current passes through the coil within about 0.5 sec and is adjustable in order to obtain the

desired intensity of the magnetic field. Figure 5.3.1 (c) presents the profile of the magnetic field as a

function of time. One notices that the increase and decrease of the magnetic field is not symmetric with

its shape depending on the employed coil [255]. After one pulse the coil has to cool down, which takes

about 40 min after a 60 T pulse [253].

For the magnetotransport measurements in pulsed magnetic fields performed in this work, a DC current

of 10 µA was applied to Bi2Te3 nanowires with diameters of 25 and 75 nm contacted in a two-point

configuration.

Static magnetic field

In contrast to the short, but high intense pulsed magnetic field, a superconducting magnet provides long

term fields that can be swept at different rates from mT/sec to persistent modes. Superconducting ma-

gnets are commercially available. At the IFW a magnetic fields of up to 1 T were employed perpendicular

and up to 12 T parallel to the nanowire axis. For low magnetic field investigations of the weak antiloca-

lization effect at LNCMI, a superconducting magnet generating field of up to 5 T was used.

In this work, nanowires investigated in a static magnetic field at IFW were of 50 nm and 100 nm diame-

ter. DC currents between 20 and 50 A were applied in two- and four-point configuration. In the static

field setup at LNCMI the 85 nm diameter nanowire was investigated by applying 10 µA DC current in a

two-point configuration.
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5.4 Magnetoresistance - pulsed B-field

Magnetoresistance measurements in pulsed magnetic fields were performed in collaboration with Dr.

Walter Escoffier and Dr. Fabrice Iacovella of the "Nano-objects and semiconducting nano-structures"-

group at LNCMI in Toulouse.

Bi2Te3 nanowires prepared for these measurements as described in chapter 2 exhibited a diameter of

25, 50 and 75 nm. Table 5.4.1 provides an overview of the samples used for magnetotransport measu-

rements and the corresponding dimensions of their transport channel, i.e. the wire section between the

probing contacts.

Table 5.4.1: The transport channel dimensions of investigated Bi2Te3 nanowires with cylindrical geome-
try: diameter d, channel length L and measurement configuration. The sample used for
magnetoresistance measurements are marked by a ?.

Sample ID d (nm) L (µm) Configuration
A? 25 ± 5 3.6 ± 0.5 2-point
B 45 ± 5 1.0 ± 0.5 2-point
C 75 ± 5 2.0 ± 0.5 2-point
D 75 ± 5 10.0 ± 0.5 2-point
E? 75 ± 5 10.0 ± 0.5 2-point

Nanowires of the same diameter (C-E) originate from only one array of electrodeposited nanowires. The

thinner nanowires A and B were contacted using EBL at LAAS in Toulouse, while samples C, D, E were

processed employing the laser scanning lithography at GSI. The metalization, liftoff and wire bonding

was performed at LNCMI for all five samples. Consequently, the time passing between the structure

development and metalization ranged from several days up to two weeks. During this time, the wires

were transported and stored in air which lead to the magnetoresistance measurements being performed

between two and five weeks after the structure development. Samples C and D were prepared on the

same silicon substrate and chip carrier providing for simultaneous insertion into the magnetic field, while

the other samples had to be measured one after the other.

After each processing step (liftoff, wire bonding) and before mounting the samples into the cryostat,

the contacts were tested under ambient conditions. The contact resistance was found to be negligible.

Unfortunately, several contacts broke during the extensive testing and measurement preparation which

was probably due to electrostatic discharging. Nevertheless, for all five samples a two-point contact re-

mained stable. For the actual MR measurement series at various temperatures, samples marked by a ? in

table 5.4.1 were chosen. In all cases the magnetic field was applied perpendicular to the nanowire axis.

Figure 5.4.1 presents SEM images of the corresponding nanowires with diameters of about 25 nm (a)

and 75 nm (b-d) contacted in a four-point configuration. All images were recorded after the MR mea-

surements. The colored frames and corresponding close-ups indicate the relevant transport channel for

each sample in accordance to the color code in table 5.4.1. In all cases, the liftoff was successful and the

contacts are positioned well on top of the nanowire. Image (a) reveals that in sample A two nanowires

are contacted in parallel which has to be taken into account for the data treatment later. The nanowire in

sample C shown in (b) is severely damaged after the measurements. Between the small contact distances

the nanowire is broken, while between the large contact distance it completely vanished. These nanowire
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failures are a common problem in electrical transport measurements on single metal nanowires [249].

They are caused by exceeding the maximum current density applicable, which is lower than for their

bulk counterpart, and thus electromigration and Joule heating [256, 257] causes the failure. Images (c)

and (d) show that the two-point contacts in samples D and E remained intact after the measurements.

Figure 5.4.1: SEM images of the four nanowires A, C, D and E contacted by EBL (a) and laser lithography
(b-d) recorded after the MR measurements. The colored frames and close-ups show the
specific nanowire section employed for the two-point transport measurements. The colors
correspond to those defined in table 5.4.1.

5.4.1 Electrical characterization

In the first step, all samples were characterized electrically by recording their resistivity ρ as a function

of temperature T within a range from room to liquid helium temperatures as displayed in figure 5.4.2.

Figure 5.4.2 (a) presents the ρ-T-curve applying a current of 10 µA during the cooling (magenta) and

heating (black) of sample E. The overlapping of both curves confirms a stable temperature behavior of
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the sample. The missing data is caused by recording gaps during the six hour cooling process.

Figure 5.4.2 (b) compares the recorded resistivity versus temperature behavior for all samples. In all

cases, a metallic behavior was found indicated by the decrease of the resistivity with temperature. At

close to 300 K, ρ amounted to about 2.5 and 1.0 mΩcm for 25 and 75 nm thick wires, respectively. The

residual resistivity ratio (RRR) defined as ρ250K/ρ4K calculated for samples A, B, D, and E ranges from

1.1 to 1.4.

The metallic temperature dependence is typical for heavily doped, small gap semiconductors and has

been confirmed for Bi2Te3 in the form of nanowires produced by catalytic growth [24], as thin films [242]

and as macroscopic single crystalline [258, 259] as well as polycrystalline samples [30]. In the case of,

single crystalline Bi2Te3 nanowires of diameters between 50 and 320 nm, electrodeposited in anodic

aluminum oxide membranes metallic characteristics were found between 25 and 220 K. Above these

temperatures a resistivity hump and below a resistivity increase was observed. This unique behavior is

attributed to the contribution of surface and bulk transport channels being in competition for the case

of a TI material [25, 26]. At room temperature, resistivity values for pulsed electrodeposited thin films

amount to about 1 mΩcm [242, 260]. For macroscopic crystals about 1 mΩcm [258], 1.4 mΩcm [30]

and 1.6 mΩcm [259] were measured. Compared to the resistivity range shown in figure 5.4.2 (b), these

literature values are similar to those found for nanowires with 75 nm diameters.

For VLS grown Bi2Te3 nanowires RRR values of 4 were found [24], which is almost four times higher than

the values obtained here. In general, the lower the RRR the more dominant is scattering by impurities

and defects. Since the samples used in this work are polycrystalline, the lower values compared to VLS

grown single crystalline samples seem reasonable.

Figure 5.4.2: The temperature dependent resistivity curves for samples A-D according to the color code
in table 5.4.1. (a) The reproducibility between heating and cooling cycles representatively
shown for sample E. (b) The resistivity increases with decreasing wire diameter.

The resistivity clearly increases with decreasing wire diameter, while the transport channel length, of

the order of µm, and thus the aspect ratio does not seem to influence the resistivity characteristics. This

becomes especially obvious, since temperature-dependent ρmeasured for the 75 nm wires exhibit similar

values, although the aspect ratio is different (see table 5.4.1). The inset in figure 5.4.2 (b) displays the
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ρ values as a function of diameter at 200 K emphasizing the increase of up to 1.5 mΩcm between 75

and 25 nm diameter. Although it seems like this increase follows a linear relation, more data points are

necessary to confirm this behavior.

Size-dependent resistivity values have previously been observed in many nanostructured (semi-)metals,

such as bismuth nanowires [261, 262] and copper nanowires [263]. This relation is commonly traced

back to the reduction of the sample size in the order of the electron mean free path. Consequently,

scattering at the grain boundaries is enhanced leading to a higher resistivity. A model describing these

quantum size effects was first developed by Fuchs and Sondheimer [264] and later expanded by Mayadas

and Shatzkes also taking into account grain boundary scattering [265]. In both models the increase of

resistivity with decreasing diameter is not linear, but follows more a 1/diameter-like behavior.

In electrochemically deposited Bi2Te3 nanowires, the electron mean free path was estimated to about

40 nm in wires of 52 nm diameter [89]. Assuming a similar electron mean free path, the size-dependent

resistivity observed in the present Bi2Te3 nanowires points towards finite size effects.

5.4.2 Magnetoresistance in perpendicular B-field

Magnetoresistance measurements in perpendicular B-field were performed as a function of temperature.

Representatively, the results of samples A and E are discussed. For the remaining samples the tempera-

ture series could not be completed. In order to obtain the best signal with reduced noise, a DC current

of 10 µA was applied using standard lock-in techniques.

Figure 5.4.3 summarizes the magnetoresistance results obtained for sample E for a wire of 75 nm in

diameter. For six different temperatures between 2 and 200 K, a pulsed magnetic field up to 53 T was

applied. As evident from figure 5.4.2 the resistance increases with temperature and exhibits kΩ order of

magnitude as shown in figure 5.4.3 (a). For all temperatures the magnetoresistance also increases with

magnetic field and does not show any sign of saturation. This is consistent with previous findings for MR

of Bi2Te3 thin films up to 60 T [233].

Figure 5.4.3 (b) displays the MR as defined in equation 5.1 versus the magnetic field. The lower the

temperature, the more pronounced is the MR increase over the magnetic field range. At 1.7 K the MR

rises by about 4.5%, which is comparable to 2-4% (for 16 T) reported in literature for electrodeposited

Bi2Te3 nanowires of 50 to 320 nm [25, 26]. On the other hand, VLS grown nanowires exhibit MR values

of close to 10% within a 2 T range [24, 27]. For Bi2Te3 thin films of about 55 nm thickness a MR of

30% was recorded for a field range of up to 60 T [233]. Also giant magnetoresistances of about 400%

in 7 T, 600% in 13 T and 450% in 16 T fields were observed in single crystals [266], 20 nm thick nanos-

heets [23] and 100 nm thick films [267] of Bi2Te3, respectively.

At high magnetic fields above 20 T, the MR curves exhibit quadratic, non-saturating behavior for all

temperatures. Possible signal oscillations visible especially at higher temperatures were not reproducible

and are thus not assigned to originate from any quantum transport phenomena. Applying Kohler’s rule

(equation 5.2), a quadratic fit to the MR data over the full magnetic field range provides a rough esti-

mation of the charge carrier mobility (dashed gray curves in figure 5.4.3 (b)). Only considering the MR

curves recorded at 50 K and higher results in mobilities between 30 and 40 cm2V−1s−1. This is about

four times lower than the room temperature mobility found for single crystalline nanowires (≈50 nm

diameter) electrodeposited in anodic aluminum oxide membranes [89]. In that case the mobility was

107



estimated from Seebeck measurements. Furthermore, a very high mobility of about 45000 cm2V−1s−1

was calculated from SdH oscillations observed for one single crystalline Bi2Te3 nanowire (44 x 200 nm

rectangular cross section) grown by VLS [27]. For comparison, electrochemically deposited films of 300

to 500 nm thickness revealed mobilities between 10 and 20 cm2V−1s−1 [260] obtained from Hall mea-

surements. Similarly, 100 nm thick CVD-grown Bi2Te3 films showed that the mobility varies from below

10 to 300 cm2V−1s−1 with increasing granular density, which was attributed to a better interconnecti-

vity [267]. Macroscopic single crystals (n-type) yield mobilities around 200 cm2V−1s−1 [76].

Figure 5.4.3: Magnetotransport of a 75 nm diameter Bi2Te3 nanowire as a function of temperature: (a)
Resistance and (b) MR = (R(B) − R(B = 0))/R(B = 0) · 100 as a function of the magnetic
field up to 53 T. The resistance dip asB→ 0 at 2K (black curve) and 4K (red curve) manifests
the WAL effect. Possible oscillations visible are not reproducible. The dashed gray lines show
a quadratic fit to MR data recorded at 50, 100, 150 and 200 K.

In comparison, the value estimated by employing Kohler’s rule for the nanowires used in this work is

comparable to mobilities measured on several hundred nanometer thin electrodeposited Bi2Te3 films.

Also, 100 nm thick CVD grown films with low intergranular connectivity experience similar mobility va-

lues while single crystalline samples, nanowires or bulk, yield much higher mobilities. Considering the

difference in crystal quality, the mobility values in Bi2Te3 nanowires investigated here can be explained

by their polycrystalline structure consisting of several hundred nanometer long grains. If only one of

these grains was contacted, i.e. by smaller contact distances, the mobility would be expected to increase

to a value comparable to that in [26].

In contrast to the quadratic MR at high B-fields, the behavior in the low field range of B < 5 T signifi-
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cantly differs for the low temperature (2 and 4 K) curves. As the magnetic field approaches zero, the MR

abruptly decreases. This magnetoresistance cusp is typically a consequence of the weak antilocalization

effect which is observed in topological insulator materials [26, 242, 243, 268]. As predicted, the effect

is destroyed by higher magnetic fields and vanishes at elevated temperature. This WAL effect was inve-

stigated in more detail applying a 1 T static magnetic field created by a superconducting magnet. The

results are presented together with the those obtained from the measurements at IFW in section 5.6.

Analogous to the MR investigations for sample E, sample A was measured in the pulsed magnetic field

setup. With a diameter of only 25 nm this nanowires is the thinnest Bi2Te3 nanowire investigated by MR

measurements so far.

The results are presented in figure 5.4.4 diagrammed in resistance (a) and MR (b) versus magnetic field.

Due to the observed WAL and the absence of oscillations in sample E, a magnetic field up to about 20 T

was applied for each measurement within a temperature range of 2 to 15 K. In this way, by focusing

on the WAL behavior, the shortened cooling time of the coil allowed for an efficient use of the granted

magnet time. It is important to point out that two nanowires were contacted in parallel in sample A.

Most likely, they are attached to each other due to van der Waals forces rather than arising from the wire

deposition into two overlapping pores. The separation of the two wires is visible in figure 5.4.1 (a). It

should be emphasized that in contrast to the temperature-dependent resistivity curve (figure 5.4.2), the

untreated resistance data for the two parallel contacted nanowires is shown in 5.4.4.

In the low field regime (B < 2 T) the resistance decreases with temperature as expected from the

temperature-dependent resistivity curve. Additionally, the magnetoresistance effect is more pronounced

as the temperature decreases. Consequently, the resistance increases as the sample is cooled from 15.5

to 2 K while applying magnetic fields between 2 and 20 T.

The MR behavior is positive over the entire magnetic field range similar to the previous sample E with

75 nm diameter. At 1.7 K, the MR effect is most pronounced and yields 5.5% at 20 T, which is approxima-

tely five times larger compared to sample E within the same range. All in all, the MR behavior appears

different from that found for 75 nm diameter wires. A resistance dip within the zero field region, is

not explicitly visible. Furthermore, the behavior close to 20 T indicates a saturating MR, but should be

clarified by MR measurements in higher B-fields.

Additionally, oscillations with a long period (≈ 10T) and low amplitude are reproducibly observed mo-

dulating the MR curve between 5 to 20 T as indicated by the gray dashed lines in 5.4.4 (b). These

oscillations vanish for the measurements at 12.2 K or higher temperatures. So far, their origin is unclear,

because none of the in section 5.1 described quantum transport effects accounts for an explanation of

these oscillations. The perpendicular configuration and sample geometry rule out the AB and AAS effect.

Also, 1/B periodicity characteristics of SdH oscillations cannot be determined from these measurements

given that there is only one full period observable.

A comparison of the MR behavior of two parallel nanowires of 25 nm to the single nanowire of 75 nm is

rather difficult. Firstly, the interface between the nanowires is not characterized and it remains unclear

if there is a gap or full contact. The electron transport on the surface is most probably disturbed by such

an interface. Secondly, the impact of a high field pulse on nanowires that are attached to each other is

unknown. Additional vibrations may occur and influence the MR signal.

In order to explore possible changes in the MR as a function of nanowires diameter, more measurements
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also up to higher magnetic fields are required. Especially a repetition of the MR experiments with wire

diameters of 25 nm would provide further information to interpret the results displayed in 5.4.4. In

general, it is expected that possible transport oscillations are more pronounced in thinner wires with a

higher surface-to-volume ratio [26].

Figure 5.4.4: Magnetotransport of two 25 nm diameter Bi2Te3 nanowires attached in parallel recorded
at different temperatures: (a) Resistance and (b) MR = (R(B)-R(B=0))/R(B=0)·100 as a func-
tion of the magnetic field up to 20 T. The gray dashed line indicate reproducible oscillation
maxima.
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5.5 Magnetoresistance - static B-field

The magnetoresistance measurements in a 2D static B-field were carried out in collaboration with Dr. Ro-

main Giraud, Dr. Joseph Dufouleur and Hannes Funke of the "Quantum transport"-group (Institute for

Solid State Research) at the IFW in Dresden.

The contacting was performed by making use of the on-site electron beam lithography. The time bet-

ween the nanowire transfer to the silicon sample, the contacting and the final measurement amounted

to about eight months. During this time the samples were stored under ambient conditions. Under these

conditions, a surface oxide layer of a few nanometers is expected to form [269], which was removed by

Ar plasma treatment previous to the metalization of the contacts.

Two contacted Bi2Te3 nanowires with 50 and 100 nm diameter were selected for wire bonding onto two

chip carriers. Between six and eight Cr/Au contacts with distances between 250 nm and 2 µm were pla-

ced on each nanowire enabling different measurement configurations. Table 5.5.1 provides an overview

of the measured transport channels, where I, II and III-VI correspond to the 50 and 100 nm diameter

nanowire, respectively. Later in this chapter the MR results of sections marked by ? are discussed.

Table 5.5.1: The transport channel diameter d and length L of investigated Bi2Te3 nanowire sections of cy-
lindrical geometry. Additionally, the measurement configuration and the contact numbers,
through which the current is injected, are given. The samples for which for magnetoresi-
stance measurements are presented in this work are marked by a ?.

ID Measuring contact d (nm) L (µm) Configuration Injection contact Current (nA)
I 1-4 50 ± 5 1.1 ± 0.5 2-point 1-4 20
II 2-5 50 ± 5 2.1 ± 0.5 4-point 1-3 100
II? 2-5 50 ± 5 2.1 ± 0.5 3-point 2-3 20
III 16-8 100 ± 5 1.4 ± 0.5 3-point 7-8 50
III? 16-8 100 ± 5 1.4 ± 0.5 4-point 7-15 50
IV 7-16 100 ± 5 2.0 ± 0.5 2-point 7-16 100
V 7-8 100 ± 5 3.4 ± 0.5 2-point 7-8 50
VI? 7-15 100 ± 5 5.4 ± 0.5 2-point 7-15 50

Figure 5.5.1 displays a photo of the insert with the two samples mounted next to each other enabling

both nanowires to be investigated simultaneously. The orientation of the nanowires was chosen in a way

that a 1 T B-field is applied perpendicular to the wire axis and a 12 T B-field in parallel. The advantage

of this layout is that the sample does not have to be removed form the cryostat in order to change the

orientation for low field measurements. Furthermore, the fields can be applied at the same time. In

order to investigate possible AB oscillations, the higher B-field was oriented in parallel.

SEM images of the contacted wires with 50 and 100 nm diameter recorded before the transport measu-

rements are shown in (b) and (c), respectively. In both cases, the contacts are very well aligned to the

straight nanowires. A damaged part of the nanowire in (c) was fixed by placing a bigger rectangular

contact patch on the wire. The colored arrows indicate the measured transport channel following the

color code in table 5.5.1.

After testing each contact, the nanowire sections I-VI remained intact for measurements. The contac-

ted nanowires displayed stable resistance values in the kΩ-range, which indicates that possible surface

oxidation was successfully removed before the metalization. By comparing different configurations (four-
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point and two-point) and taking also the available infrastructure (e.g. lock-in amplifiers with and without

compensation) into account, the optimal connections for low noise measurements of small signals were

found. The final setup for the temperature-dependent resistance recordings yielded one two-point (I,

red) and four-point (II, black) measurement as well as one four-point (III, cyan) and two two-point mea-

surements (IV, green and V, blue). The configuration for the MR measurements for these sections was

changed to one two-point (I, red) and one three-point (II, black) measurement as well as one four-point

(III, cyan) and one two-point measurement (VI, orange). The corresponding current injection contacts

are added in table 5.5.1.

Figure 5.5.1: Nanowire samples ready for transport measurements in static magnetic field: (a) shows a
photo of the two contacted samples, each bond to a chip carrier, mounted next to each
other on the insert. (b) and (c) display SEM images of the contacted nanowires with 50 nm
and 100 nm diameter, respectively. The contacts are numbered. The measured transport
channels are marked by arrows following the color code defined in table 5.5.1.

5.5.1 Electrical characterization

First, five transport channels (I-V) were characterized on the basis of their temperature-dependent resi-

stivity as shown in figure 5.5.2 (a) within a range from 15 to 300 K. The black arrows indicate whether

the curve was recorded during heating or cooling of the sample. Currents of 20 nA (I), 50 nA (III, V) and
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100 nA (II, IV) were injected into the corresponding contacts numbered in table 5.5.1, while the voltage

across the transport section was recorded.

The obtained resistance, calculated using Ohm’s law, includes not only that of the actual wire sections,

but also cable Rcable and contact Rc resistances which have to be taken into account. The Rcable of each

cable, that connects the sample at the tip of the insert inside the cryostat to the measuring instruments

under ambient conditions, amounts to about 135 Ω ± 10%. Depending on the measurement configura-

tion, Rcable was subtracted from the resistance curves: In four-point measurements, there is by definition

no Rcable contribution. In the case of three-point and two-point measurements, one and two cable resi-

stances have to be subtracted, respectively. The estimation of the contact resistance Rc of the interface

between the Bi2Te3 nanowire and the Cr/Au patch poses a more complicated task. For this contact geo-

metry, it has been observed that the current tends to flow partially or completely through the contacts

due to its lower resistance with respect to the nanowire. Compared to a standard Hall bar geometry,

this results in a pseudo-four-point measurement in which the interface resistance, crossed twice (per

contact) by the current, matters [219, 252]. Consequently, every contact adds Rcontact independent of

the measurement configuration.

For example, the four-point measurement of section II with the current injected through contacts 1-5

yields eight interface resistances, two for each contact 1-5. Although patch 4 is not actively involved in

the measurement, the current might partially flow through it. From the available measurements only a

rough estimation of the contact resistance is possible using the values of sections III-V, because

RV
!
= RIV + RIII. (5.15)

Inserting the measured resistance values Rn,section ID, the contact resistance Rc n and the cable resistance

Rcable with n being the contact number, equation 5.15 expands to

R7−8,V − Rc7 − Rc16 − Rc8 − 2 · Rcable = R7−16,IV − Rc7 − Rc16 − 2 · Rcable

+ R16−8,III − Rc16 − Rc8 − Rc7 − Rcable

⇔ Rc7 + Rc16 = R7−16,IV + R16−8,III − R7−8,V − Rcable.

Using the resistance values of III-V obtained at room temperature and Rcable = 135 Ω, a contact re-

sistance for Rc7 + Rc16 of about 30 Ω was estimated. Assuming all contacts of the same size yield a

similar contact resistance, the low value of a few tens of Ω justifies that only the cable resistance was

subtracted before calculating the resistivity values displayed in figure 5.5.2. In order to actually measure

Rc, two-terminal transfer length measurements are required, recording the resistance in a two-point con-

figuration as a function of channel length on the same device.

All nanowire sections exhibit metallic behavior indicated by the resistivity decreasing with temperature.

Despite a small deviation at higher temperatures, the ρ-T-curves for sections I and II are very similar.

This is not surprising considering both sections are part of the same nanowire, but the data underlines

the previous finding that the resistivity changes with the wire diameter and not with the channel length

(section 5.4.1). The RRR defined as ρ295 K/ρ15 K amounts to about 1.2 (I, II). In contrast to that, the
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resistivity of sections III, IV and V are shifted to each other by approximately 0.1 mΩcm at 15 K, but

exhibit a similar RRR of 1.5 (III), 1.7 (IV) and 1.6 (V). These values are comparable to those found in

section 5.4.1 for wires with 27 and 75 nm diameters indicating various scattering effects. Furthermore,

the absolute resistivity values also match the trend of increasing with reducing wire diameter, but do not

seem to vary with channel length.

Figure 5.5.2: The temperature (a) and diameter (b) dependence of the resistivity for various samples: (a)
I, II (50 nm) and III-V (100 nm) measured at IFW according to the color code in table 5.5.1.
(b) compilation of samples measured at IFW (I-V, red), at LNCMI (A-E) and at GSI (blue).
The recording temperatures were 200 K (filled squares) and 295 K (open squares).

Figure 5.5.2 (b) compiles the resistivity values for Bi2Te3 nanowires of various diameters between 20 and

130 nm at 200 K (full squares) and at 295 K (open squares). The data extracted from figure 5.5.2 (a)

is displayed in red. For a diameter of 100 nm, the values deviate up to about 0.5 mΩcm. The re-

corded ρ values using the setup at LNCMI in Toulouse are shown in black (compare to the inset in

figure 5.4.2 (b)). Additionally, resistivity values of electrodeposited Bi2Te3 nanowires contacted by laser

scanning lithography are displayed. They were measured employing four micromanipulators (Cascade

Microtech DPP105) for connection and a Keithley SourceMeter 2636A for sourcing and measuring. The

current was swept between -10 and 10 nA and the samples displayed a linear I-V-curve indicating Ohmic

behavior. Except the nanowire with a diameter of around 50 nm, all samples were measured in four-

point configuration. Compared to the measurements at IFW and LNCMI, the average resistivity values

of up to six different nanowires are displayed resulting in a relatively larger uncertainty estimation for

thinner nanowires. Further details about these particular samples and the setup can be found in [251].

For all three measurements, the resistivity increases with decreasing wire diameter and the values com-

plement one another hinting finite size effects. The suggested linear increase still has to be confirmed

by taking into account the contact resistances, which could not be precisely investigated due to the

unavailability of two-terminal transfer length and the low number of four-point measurements. The

Fuchs-Sondheimer [264] and the Mayyadas-Shatzkes [265] predict a much steeper increase of resisti-

vity for smaller nanowires due to enhanced surface and grain boundary scattering. In the present case

this steep increase was not observed.
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For topological insulators, the opposite behavior is expected, namely a conductivity increase with decre-

asing wire diameter. Assuming separate contributions from the bulk σb and surface σs conductivity, the

influence of σs increases with the surface-to-volume s
v ratio as

σ = σb + σs
s

v
. (5.16)

This has been theoretically shown considering single-crystalline Bi2Te3, Bi2Se3 and Sb2Te3 nanostructu-

res with perfect surfaces [97] and experimentally confirmed in cylindrical Bi2(TexSe1-x) with diameters

between 40 to 200 nm [270]. Together with the metallic temperature-dependence of the conductivity,

the increasing conductivity strongly indicates topological surface-state dominated transport.

In the present investigations, the surface state transport is not resolved. This can be possibly explained

by additional bulk transport scattering due to grain boundaries overwhelming the surface contribution.

5.5.2 Magnetoresistance in perpendicular B-field

Magnetoresistance measurements in magnetic field Bx of 1 T applied perpendicularly to the nanowire

axis were performed at low temperatures between 2 and 15 K. At the same time, no B-field Bz was app-

lied parallel to the wire axis.

Figure 5.5.3 shows the representative results obtained from a 50 nm II (a, b) and a 100 nm VI (c, d)

diameter section, both measured in a two-point configuration injecting 20 nA and 50 nA DC current,

respectively. For all temperatures, both field directions were swept at 20 mT/min. This leads to symme-

tric curves mirrored at zero magnetic field for all MR recordings. In the displayed case, the minimum

resistance value was shifted to around B = -0.03 T and used for the calculation of MR (equation 5.1)

instead of B = 0 T.

Figures 5.5.3 (a, c) and (b, d) display the results for both sections as a function of the magnetic field in

terms of absolute resistance and MR, respectively. At zero B-field the resistance decreases with tempe-

rature, while at 1 T the magnetoresistance behavior leads to a resistance increase with temperature. As

expected, the influence of the B-field is most pronounced at low temperatures of 2 K (black curves).

A prediction about the MR behavior in terms of linearity and saturation cannot be made from these low-

field data. On the other hand, the clear cusp around zero B-field provides a strong hint that the weak

antilocalization effect is observable for both wire sections. With increasing temperature the WAL dimi-

nishes and vanishes at around 15 K (cyan curves) in all samples. This is a consequence of the decreasing

lϕ/le ratio determining the shape of the WAL cusp.

Comparing the MR behavior of the thinner (figure 5.5.3 (b)) with respect to the thicker (figure 5.5.3 (d))

nanowire, the shapes of the MR curves exhibit two prominent differences: Firstly, the MR of the 50 nm

diameter wire section is approximately five times larger than for the 100 nm wire section at all tempe-

ratures. At 2 K, the MR amounts to 3% for the thinner and 0.6% for the thicker nanowire section. A

more pronounced WAL effect for thinner samples has been observed for electrodeposited Bi2Te3 nano-

wires [26]. Secondly, the WAL cusp for the 100 nm diameter (d) is much sharper than that recorded for

the 50 nm wire (b). Consequently, the destruction of the WAL occurs at much lower fields of about 0.3 T.

The difference in peak shapes might result from the lϕ and le characteristic lengths, which certainly
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differ between the two samples due to e.g. grain boundaries. A more detailed analysis of the WAL effect

is presented in section 5.6.

Figure 5.5.3: Magnetotransport measurement of a 50 nm (a, b) and a 100 nm (c, d) Bi2Te3 nano-
wire for various temperatures. (a, c) display the resistance R and (b, d) the MR = (R(B)-
R(B=0))/R(B=0)·100 as a function of the magnetic field up to 1 T applied perpendicular to
the wire axis.

5.5.3 Magnetoresistance in parallel B-field

A magnetic field of up to 12 T was applied in parallel to the nanowire axis for measurements at tempera-

tures between 2 and 15 K. The ramping rate was 100 mT/min in both field orientations for temperatures

of 3 K and higher. For the measurements of 2 K a rate of 15 mT/min was chosen for only the positive field

direction. Representative results are presented in figure 5.5.4 for section II (a, b) and III (c, d) displaying

the resistance R (a, c) and the MR (b, d) as a function of the magnetic field. Sections II and III were

measured in a two- and four-point configuration injecting 20 nA and 50 nA DC current, respectively.

As in the perpendicular B-field setup, the change of the resistance while ramping the magnetic field is

more pronounced as the temperature decreases. This is particularly seen for the thin wire section, where
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the curves recorded at 2 (black) and 3 K (red) are still clearly distinguishable.

The MR behavior at higher fields above 1 T displays a linear positive magnetoresistance, which yields

slopes of approximately 11 Ω/T in (a) and 0.6 Ω/T in (c). This is in accordance to literature and is

typically observed in topological insulator materials [23, 232, 233]. Nevertheless, it is worth mentioning

that B-fields higher than 12 T provide a more effective evidence, if the MR is indeed linear.

Figure 5.5.4: Magnetotransport measurement of a 50 nm (a, b) and a 100 nm (c, d) Bi2Te3 nanowire
for various temperatures. (a, c) display the Resistance R and (b, d) the MR = (R(B)-
R(B=0))/R(B=0)·100 as a function of the magnetic field up to 12 T applied parallel to the
wire axis.

Additionally, reproducible MR oscillations are observable at higher B-fields and low temperatures which

might result from AB oscillations. The oscillations vanish for temperatures above 5 K as has previously

been reported for electrodeposited Bi2Te3 nanowires [25]. As in the case of the perpendicular applied

B-field, the WAL dip is clearly visible within the low field region for both sections (-2 to 2 T for d = 50 nm

and -1 to 1 T for d = 100 nm) at all temperatures, but almost completely vanishes at 15 K.

Comparing the MR values at 12 T for both sections, the MR for the thinner nanowire (b) is up to four

times higher than for the thicker wire (d). This shows once more the trend of an increasing MR effect

with reducing wire diameter. As for the MR recording in the perpendicularly applied B-field, the WAL
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cusp of the thicker nanowire is much sharper. A more detailed analysis of the WAL effect is presented in

the followin section 5.6.

5.6 Weak antilocalization in perpendicular and parallel B-field

LNCMI setup
In order to investigate the WAL effect at low magnetic field, sample E (75 nm diameter) was remeasured

in a perpendicular B-field of up to 1 T employing a superconducting magnet and a variable temperature

insert. The magnetic field was slowly ramped at about 3 mT/s. Figure 5.6.1 (a) presents the recor-

ded MR at temperatures between 1.7 and 7.5 K. The resistance cusp around zero field is clearly visible

and more pronounced as the temperature decreases. At higher temperatures, the cusp broadens and

gradually disappears. The exact temperature at which the WAL cusp disappears was not fully determi-

ned, but also taking into account figure 5.4.3 it should range between 7.5 and 50 K. This is consistent

with previous investigations on electrodeposited Bi2Te3 nanowires of 50 to 300 nm diameter by Ning

et al. [26]. Figure 5.6.1 (b) displays the magnetoconductance difference ∆G = G(B) − G(B = 0) as a

function of the magnetic field calculated from the MR curve recorded at 2 K (black in (a)).

Figure 5.6.1: Magnetotransport of the 75 nm diameter Bi2Te3 nanowire measured in figure 5.4.3 up
to 1 T (ramping 3mT/s and return): (a) WAL cusp at zero field gradually vanishes as the
temperature is increased. (b) The ∆G = G(B) − G(B = 0) recorded as a function of the
magnetic field at 2 K (black) and the corresponding HLN fit (red). The dashed curves are
plotted by using different α and lϕ values for the 2D HLN model on equation 5.10.

A well known procedure to quantify the WAL effect in thin films and nanowires is to employ the HLN

model for 2D systems and fit equation 5.10 to the data. The best possible fit (red) yields a prefactor of

α ≈ −0.05 and a phase coherence length lϕ ≈ 140 nm, but the quality of the fit is not satisfactory.

For comparison, several parameter combinations of α and lϕ are plotted as dashed curves. In order to

obtain the blue line, only α was changed to yield -0.5 as predicted for topological insulators with a single

surface state [243]. So far, experimental values found for α range between -0.3 and 1 for various thin

films of Bi2Te3 [242], Bi2Se3 [271–273], Sb2Te3 [274] and Bi2(SexTe1−x)3 [275]. The results obtained
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for Bi2Te3 are plotted as orange dashed curve [242]. For α values close to -0.5 one surface channel was

assumed, while higher values around -1 were related either to a decoupled contribution of two surface

states or a mixed contribution of bulk and surface states. For the nanowires presented here, α is much

smaller due to the comparably weak MR effect, which is evident from the blue and green dashed HLN

curves with α = −0.5 and α = −0.1 while lϕ = 140 nm. For this reason the present α value cannot

be explained by the common explanations given for TI materials. The calculated phase coherence length

value of lϕ ≈ 140 nm is comparably lower than those experimentally observed before in thin films of

various TI materials ranging from 175 to 500 nm [242, 271–275].

A possible explanation for the unphysical α and the low lϕ values lies within the contacting of the na-

nowires as performed here. As mentioned before, the contact resistance has to be carefully taken into

account. Partial current flow through the contacts adds interface resistance which requires a renormali-

zation factor to δG. If is RNW and GNW are the pure nanowire resistance and conductance, respectively,

then the conductance should yield a renormalization factor of δG = δ(1/R) ≈ δRNW/(1 + Rc · GNW)2.

Since it was not possible to evaluate the exact contact resistance from the available measurements, the

HLN fit only provides effective parameters.

Furthermore, one can speculate, that the curved surface and thus different conduction channels might

play a role.

IFW setup

The WAL effect observed in the MR data displayed in figures 5.5.3 and 5.5.4, were analyzed using a dif-

ferent approach. Similar to the evaluation shown in the previous paragraph, the HLN fit is not feasible

without renormalizing ∆G according to the contact resistance.

Fortunately, a rather rough method to extract information about the phase coherence length exists. Ta-

king into account the critical magnetic field value Bc at which the WAL effect is destroyed (represented

by the half width half maximum of the WAL cusp), a relation to the sample size can be established [227].

The phase factor of an electron traveling along a closed loop enclosing area A is proportional to the ma-

gnetic flux passing through A. Thus, the largest area that can be enclosed by phase coherent electron

paths is directly related to Bc. For finite samples, different geometrical situations have to be distinguis-

hed: In the case of the magnetic field applied perpendicular to the nanowire, the relation yields

Bc ∼
Φ0

lϕ · d
, (5.17)

with Φ0 = h/e being the magnetic flux quantum and d being the measured nanowire diameter. In the

second case of the magnetic field oriented parallel to the nanowire, the relation changes to

Bc ∼
Φ0

D · D
, (5.18)

where D denotes the effective wire diameter. Both relations are only valid, if the phase coherence length

exceeds the size of the sample.

Figure 5.6.2 summarizes the MR results for 50 and 100 nm diameter wires in perpendicular (a, c) and
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parallel (b, d) B-field configuration. The thinner nanowires show deviating MR values of about 3% (II)

and 1.5% (I) over 1 T at 2K (perpendicular case). On the other hand, the MR behavior amounts to simi-

lar values at 12 T in the parallel configuration, while the discrepancy was also recorded in the low-field

regime. The thick wire sections III and VI, exhibit almost identical MR behavior.

Figure 5.6.2: Magnetotransport measurement of a 50 nm (a, b) and a 100 nm (c, d) Bi2Te3 nano-
wire for various temperatures. (a, c) display the Resistance R and (b,d) the MR = (R(B)-
R(B=0))/R(B=0)·100 as a function of the magnetic field up to 12 T applied parallel to the
wire axis.

The critical magnetic field Bc at which the WAL effect is destroyed is defined as the half width at half

maximum of the cusp as indicated by a green line and gray box for the different wire sections in fi-

gures 5.6.2 (a) and (c). Employing equations 5.17 and 5.18, the phase coherence length lϕ and the

effective nanowire diameter D were be estimated. The uncertainties were calculated by standard pro-

pagation of uncertainties. On the other hand, the MR curve could not be renormalized according to

proper contact resistance values, which might result in larger deviations. The results are summarized in

table 5.6.1 for sections I-III and VI at temperatures of 2, 3 and 5 K. Additionally, the critical field and

lϕ of sample E (see figure 5.6.1) measured in the LNCMI setup was determined. The diameter d was

always measured by SEM.
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In all cases, lϕ is larger than the nanowire diameter justifying the use of equations 5.17 and 5.18. Ge-

Table 5.6.1: Extracted phase coherence length lϕ and effective diameter D from the WAL effect for samp-
les I, II, III, VI and E at different temperatures employing equations 5.17 and 5.18. The critical
fields Bc are determined by the half width half maximum of the WAL cusp.

ID Temperature (K) d (nm) Bc,⊥ (T) Bc,‖ (T) lϕ (nm) D (nm)
I 3 50 ± 5 0.39 ± 0.01 0.79 ± 0.01 210 ± 22 72 ± 1

5 0.48 ± 0.01 1.01 ± 0.01 171 ± 17 64 ± 1
II 2 50 ± 5 0.38 ± 0.01 0.71 ± 0.01 217 ± 22 76 ± 1

3 0.41 ± 0.01 0.74 ± 0.01 203 ± 21 75 ± 1
5 0.45 ± 0.01 0.85 ± 0.01 183 ± 19 70 ± 1

III 2 100 ± 5 0.10 ± 0.01 - 426 ± 49 -
3 0.10 ± 0.01 0.23 ± 0.01 416 ± 47 135 ± 3
5 0.15 ± 0.01 0.28 ± 0.01 273 ± 23 121 ± 2

VI 2 100 ± 5 0.11 ± 0.01 - 377 ± 39 -
3 0.11 ± 0.01 0.24 ± 0.01 372 ± 38 131 ± 3
5 0.13 ± 0.01 0.32 ± 0.01 326 ± 30 114 ± 2

E 2 75 ± 5 0.16 ± 0.02 - 343 ± 48 -
3 0.19 ± 0.02 - 286 ± 35 -
5 0.23 ± 0.02 - 239 ± 26 -

nerally, the phase coherence length tends to decrease with increasing temperatures, as expected. Within

the uncertainties, the values are similar for sections measured from the same nanowire. For both sections

of the 50 nm diameter wire (I, II) lϕ amounts to an average of about 207 nm at 3 K with only small

deviations. The 100 nm diameter wire sections (III, VI) exhibit an average lϕ value of (394 ± 31) nm

at 3 K. For sample E with an intermediate diameter lϕ was lies in between these values. These results

are in agreement with observations made in thin films [242, 272, 273, 275]. Furthermore, electroche-

mically deposited Bi2Te3 nanowires were found to yield phase coherence lengths of around 400 nm for

diameters of 50, 100 and 300 nm [26]. In the present work, similar values are obtained for the thicker

wire sections, whose lϕ is about twice as large as for wires of half the diameter. A possible reason for

the diameter-dependency could be finite size effects due to boundary scattering, which interfere with

the localization effects [227]. The effective diameter D calculated from equation 5.18, exceeds the one

measured by SEM up to about 35 nm. This is not surprising considering that the WAL behavior could

not be renormalized taking into account the contact resistance.

5.7 Conclusions of magnetotransport measurements and outlook

Individual Bi2Te3 nanowires with diameters between 25 and 100 nm were successfully contacted by

laser scanning and electron beam lithography. Especially, the Ar plasma treatments used to clean the

nanowire surface before contacting, are of crucial importance to establish good quality contacts. The la-

ser scanning lithography process at GSI was optimized for two positive resists with different thicknesses

(AZ1505 and AZ1518). After the liftoff process the desired structure was exactly replicated. In order to

obtain the maximal resolution of 1 µm structures technically achievable, further optimization is needed

by employing negative or image reversal resists in which an undercut prevents the flanks to be coated

and facilitates the liftoff.
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Temperature-dependent resistivity measurements were performed down to 4.2 K, revealing metallic be-

havior for all samples. Furthermore, the resistivity increased from about 0.1 to 2.5 mΩcm with decre-

asing diameter indicating finite size effects. The expected resistivity decrease for topological insulator

nanowires was not observed.

Magnetotransport measurements were successfully conducted and compared in pulsed and static magne-

tic field, yielding up to 55 and 12 T, respectively. The B-fields were applied in parallel and perpendicular

to the contacted nanowire axis. Generally, the MR was found to be positive and non-saturating, increa-

sing either quadratic or linear. Applying Kohler’s rule, the mobility was estimated to 30-40 cm2V−1s−1

which is only four times lower than that reported for electrodeposited single crystalline Bi2Te3 nanowi-

res [89]. The linear MR behavior is in accordance to literature and is typically observed in topological

insulator materials [23, 232, 233]. Except for the sample with two 25 nm wires contacted in parallel, all

samples exhibit a resistance cusp in the weak field regime indicating WAL effects. A rough estimation of

lϕ was performed relating the critical magnetic field at which the WAL effect is destroyed to the sample

size. In accordance to literature, the obtained lϕ values amounted to about 200 and 400 nm for nano-

wires with 50, 75 and 100 nm diameter, respectively.

Additionally, reproducible MR oscillations were observed for samples measured in a perpendicular sta-

tic B-field. These oscillations vanish at temperatures higher than 5 K in agreement with previous re-

ports [25]. In this configuration, the oscillations can be due to the AB effect. A full qualitative analysis

of these oscillations is being prepared for publication. Further magnetotransport measurements are also

proposed to include gating, in order to sweep the Fermi level and investigate the MR according to the

electronic band structure.
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6 Summary and outlook

Cylindrical Bi2Te3 nanowires with diameters between 25 to 100 nm were fabricated by electrochemical

deposition in ion track-etched polycarbonate membranes providing independent control of their geo-

metry, morphology, crystallographic structure and chemical composition. The successful realization of

nano-ARPES and magnetotransport studies on individual nanowires are demonstrated.

The structural properties were analyzed by HRSEM, XRD, TEM, XPS and EDX. Up to several hundred nm

long single crystalline sections are found, while the overall crystallographic orientation is highly textu-

red with the (205) and (101) plane preferably perpendicular to the wire axis. For individual nanowires

the chemical composition is stoichiometric, in some cases exhibiting a local Te enrichment at the wire

surface. Besides the chemical composition, the quality of the nanowire surface was evaluated by XPS. Po-

lymer residues originating from the dissolution process to release the wires from their template are found

and successfully removed by Ar sputtering. This finding is of major importance to provide a clean sur-

face for nano-ARPES investigations and to establish good electrical contacts for transport measurements.

Furthermore, the thermal stability, which is crucial for various device fabrication and cleaning methods

such as soft baking during lithography, was analyzed by in-situ transmission electron microscopy during

thermal annealing. The nanowires remain stable without morphological changes until 300◦C.

A protocol for the preparation of individual Bi2Te3 nanowires for nano-ARPES measurements was esta-

blished and successfully applied. The unique nano-ARPES at the SOLEIL synchrotron provided nano-XPS

information along a single nanowire as well as nano-ARPES recordings from different wire sections re-

vealing their electronic band structure. The chemically homogeneous composition along the nanowires

is confirmed, while the electronic structure changes for different sections. This is attributed to varying

crystallographic orientations depending on the rotation of the nanowire with respect to its axis. First-

principles calculations performed for crystal orientations, which were selected depending on the texture

evaluation by XRD, match the experimental results and demonstrate the orientation dependency.

The second major set of experiments conducted in this dissertation were magnetotransport measure-

ments as a function of nanowire diameter. First, a method for the electrical contacting of single Bi2Te3

nanowires had to be established, employing several lithographical processes. Especially, the optimization

of the parameters for the laser scanning lithography at GSI, are an important development of this thesis.

Second, the nanowires were characterized electrically by conducting temperature-dependent resistivity

measurements from room to liquid Helium temperatures. Nanowire samples with diameters of about

25, 50, 75 and 100 nm reveal metallic behavior. The resistivity increase with decreasing diameter hints

towards the influence of finite size effects. A decrease in resistivity as expected for topological insulator

nanowires due to their high surface-to-volume ratio, is not observed.

The actual magnetotransport measurements were performed in pulsed (up to 55 T) and static (up to

12 T) magnetic field applied perpendicular and parallel to the nanowire axis. For all samples, the MR

is positive and non-saturating, increasing either quadratic or linear. A linear increase has been reported

for TI materials. In all cases, the characteristic decrease of the MR in the zero-field regime and at very

low temperatures is appointed to the WAL effect. At higher magnetic fields and elevated temperatures
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this quantum interference phenomenon vanishes, as expected. From the WAL data, the phase coherence

length lϕ was roughly estimated making use of the correlation between the critical field at which WAL

is destroyed and the sample geometry. The obtained lϕ values exhibit a size dependency ranging from

about 200 nm for 50 nm diameter wires to 400 nm for 100 nm diameter wires.

On the basis of the results presented in this dissertation a full electrical characterization of individual

Bi2Te3 nanowires is possible. Future nano-ARPES measurements require an improvement of the re-

solution of the band structure. Additionally, nano-ARPES recordings in combination with subsequent

TEM investigations would provide the direct experimental link between crystallographic orientation and

electrical band structure. Furthermore, magnetotransport studies employing a gated nanowire could

complement the information about the band structure. As a function of nanowire diameter, the transi-

tion point at which possible surface states provide the dominant electrical signal could be investigated

using both methods.
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