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1
Introduction

Topological insulators may present a key solution to current challenges faced

in our society that are related to the increasing demand of computational

power. By limiting the physical size of a three-dimensional topological insula-

tor, pushing it to its two-dimensional limit, dissipationless conduction arises

along the one-dimensional edges of the material. By pushing chalcogenide

three-dimensional topological insulators into their two-dimensional limit we

aim to develop a platform that would allow for future detection of signatures

of these one-dimensional edge states. Here, we present our problem state-

ment, together with a historical overview of the development of topological

insulators, as well as a brief description of the physics and characterisation

techniques that lie at the hart of this thesis. This is followed by an outline of

this thesis.



Our current society is dependent on technology to perform extensive and

complex computations to find the answers to vital questions. We need an in-

creasing amount of computational power in order (i) to predict and understand

societal issues e.g. climate change, which is becoming more and more important

as we begin to globally experience its consequences, (ii) to run models that can

aid the development of more efficient sustainable energy sources, (iii) to discover

new drugs, using the computational power to research new medical treatments

that e.g. involve our DNA, (iv) to predict the course of a pandemic, e.g. COVID-

19, to find ways to limit the spread of diseases, and many more. As a society, we

gather tremendous amounts of data that might possibly aid one of these causes,

but this data is useless unless analysed. Many of these important issues can-

not be properly addressed without an improvement of our processing capacity.

Therefore, we stress that a continuous development of the ever-increasing com-

putational capacity presents a key to not only improve our quality of life, but also

to maintain it.

In the present day, the semiconductor industry is facing challenges. Ever since

the Nobel prize winning invention of the transistor [1] in 1947, our society relies

on the fast development of semiconductor technology, since transistors are used

as the main building blocks in computer-based technological applications. By in-

creasing the number of transistors, both the processing speed as well as the

information storage of its application can be improved. This results in an intrin-

sic need to downscale the size of a single transistor to fit more of them on the

same surface area. However, this downscaling has led to several limiting factors

in the performance of the device. A transistor can be switched from its ‘on’ to

its ‘off’ state by disrupting the conduction between the source and the drain by

manipulating the voltage on the gate. Decreasing the size of a transistor entails a

decrease of its gate dielectric thickness. When this layer becomes too small, gate

leakage becomes inevitable. This gate leakage results in a continuous gate cur-

rent which increases the power consumption of the applications, even when they

are in standby mode. Furthermore, the increasing density of transistors leads to

an increase in heat dissipation.

One way to address these problems is to explore the possibility to design new

materials and utilise their novel properties. Here, the unique properties of topo-

logical insulators (TIs) might come into play.
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Chapter 1. Introduction

There are at least three new technological developments that will benefit from

this class of materials: (i) dissipationless transport (in topological edge states), (ii)

(topological) quantum computing, and (iii) energy storage. These applications

share that they all utilise the common characteristic spin-momentum locking

(SML) feature of the topological surface states that exist at the physical bound-

aries of the TIs. Here, the spin of an electron can be seen as its intrinsic angular

magnetic moment. This SML allows for the manipulation of the spin of an elec-

tron, by tuning its propagation direction.

Concerning (i), dissipationless transport is of direct interest for many applica-

tions. Dissipationless transport can be realised in topological insulators, as their

intrinsic SML imposes a limitation on the movement on the electron. As an elec-

tron is forced to deviate from its straight trajectory as it faces a non-uniformity

in the material it is not allowed to make a U-turn, also referred to as backscatter-

ing. This topological forbidden backscattering allows the surface of the material

to carry currents more efficiently. Once we limit the thickness of the material,

the electrons will no longer be free to move along the surfaces, but they will be

forced to propagate along the one-dimensional (1D) edges of the material. Since

they are not allowed to reverse their propagation direction, the conduction along

these edges is regarded as dissipationless.

Regarding (ii), in recent years, a lot of research has been devoted to the field

of quantum computing where the unique properties of TIs are combined with

superconductivity to realise a new unit of information, a qubit. Unlike a binary

bit, which can only take the value ‘0’ and ‘1’, the state of a qubit can be a su-

perposition of both and thus holds more information. A topological qubit has the

predicted advantage that the system’s wave function only depends on the or-

der of the states, thereby it is more robust against perturbations. This desired

state of matter is predicted to arise at the interface of a TI and a superconduc-

tor when an electron propagates perpendicular through the material interface.

Although advances have been made in this field by employing the 2D conduct-

ing surfaces, only the 1D interface states are useful for topological quantum

computing. Therefore, significant improvements can still be made by limiting the

dimensionality [2].

A final implementation (iii) is a new type of energy storage that can extract work

from nothing more than spin information, presented in the theoretical framework
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1.1. A description of topological insulators

by Bozkurt et al. [3]. The SML property of the TIs causes a current that is sent

through a TI to become spin-polarised as the electron’s propagation is paired with

one specific magnetic moment. While the electrons move along the surface of a

material, they can interact with the magnetic moment from the material’s atomic

nuclei, hereby transferring their magnetic moment and storing spin information

in the material. Once the current is interrupted, putting the electron movement

to hold, interactions between the atomic nuclei and the electrons cause the elec-

trons to create an equilibrium potential due to their SML property. This potential

can be discharged, and therefore it acts as a spin battery. In this spin battery the

1D edge states suppress scattering mechanisms that would otherwise result a

smaller induced atomic nuclei polarisation.

This thesis is devoted to optimise and characterise a TI material with the final goal

to realise the topological 1D edge states. For this, the TI needs to be ultrathin.

The following section aims to provide a more detailed description of TIs together

with a brief historical overview of the development of topological materials and

the related quantum spin Hall effect.

1.1 A description of topological insulators
In semiconductor physics, materials are classified by their electronic band struc-

ture, which determines whether the material is conducting or not. An electronic

band structure has a valence band (VB) and a conduction band (CB) which both

consist of electronic states that electrons can occupy. These bands are a re-

sult from atoms coming close together. Every atom consists of a nucleus and

electrons that are confined to atomic orbitals. These orbitals are mathematically

described as regions with probabilities of having an electron and all exhibit a dis-

tinct energy. When atoms form a molecule or an even larger crystal lattice, their

individual atomic orbitals start to overlap. Pauli’s exclusion principle states that

electrons cannot occupy the same energy level. Therefore, the overlap of the

atomic orbitals which host electrons, leads to the formation of so-called molec-

ular orbitals, which are described by an increased number of discrete energies.

In case a solid consists of many atoms, the interaction of the electrons leads

to a large number of energy levels that are so closely spaced that they form a

band [4]. All states in these bands are occupied by electrons up to the so-called

Fermi level. Depending on the number of vacant electronic states, electrons can

move when an external electric field is applied. For insulators, the VB and CB
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Chapter 1. Introduction

Momentum

En
er

gy
Trivial insulator Gapless state non-Trivial insulator

CB

VB

(a) (b) (c) 

M

Figure 1.1: Schematic band structures of (a) a trivial insulator, (b) a gapless semi-metal

and (c) a non-trivial topological insulator state. These states are characterised by a gap (a)

M > 0, (b) M = 0 and (c) M < 0. In (c) additional linearly dispersive edge states are present

(not shown here).

are separated form each other by an energy gap in which there are no states

available, see Fig. 1.1(a). This means that a large amount of energy is required to

excite an electron from the VB to the CB. As a result, no current will run through

this material, it is insulating. Metals have a partially filled band so no band gap

exists. These electrons from the filled states can be exited by an electric field to

unoccupied states, resulting in a conducting material.

A TI is a material which behaves as an insulator in its interior, while it exhibits

conducting states on its surface. A simplistic explanation regarding the origin of

the conducting states can be given by looking at the material’s band structure.

Similar to an insulator, a TI exhibits a bulk band gap. However, near its surface

metallic states arise which are gapless, as depicted in Fig. 1.1(b). These metallic

surface states host unique properties, such as the aforementioned SML, that arise

due to strong spin-orbit coupling. Spin-orbit coupling is an intrinsic property of

materials, which is most pronounced in heavy elements. Its origin lies in the fact

that charged particles that propagate in an electric field, experience an interaction

with the electric field. The outcome of the interaction is dependent on their

momentum. An example of such an electric field is the field induces by positively

charged nuclei, where the spin-orbit coupling leads to a splitting of orbital levels

[5].
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1.1. A description of topological insulators

However, spin-orbit coupling does not not result in a topological insulating state

in all materials. For that it needs to induce a local band inversion of states at

the maximum of the VB and minimum of the CB, resulting in a non-trivial band

isolator [6], see Fig. 1.1(c). Due to the bulk band inversion at the boundary of a

TI and a trivial band isolator a gapless state arises.

Kane and Mele [7] were the first to characterise this difference between a trivial

and non-trivial band isolator. They predicted that graphene could host quantum

spin Hall (QSH) edge states due to its interface between the material’s non-trivial

and the vacuum’s trivial band structure. This QSH state is closely related to the

quantum Hall (QH) state. The QH state describes a unique state of matter in

which the current through a material, that is exposed to strong magnetic fields,

is confined to edge channels that can contribute a quantised amount of conduc-

tance, e
2
/h, to the total conductance [8]. Due to these arising edge channels,

the total conductance only takes up an integer amount of e
2
/h. By reversing the

magnetic field, the edge channels will carry the current in the opposite direc-

tion. An advantage of the QSH state is that it does not require magnetic fields

to reach this state of matter. Here the spin-orbit interaction functions as an ef-

fective magnetic field that acts in opposite direction on edge states carrying an

opposite spin [9], see Fig. 1.2.

The first material system that has both been theoretically predicted and ex-

perimentally verified as being a 2D TI, is the CdTe/HgTe/CdTe quantum well.

Bernevig, Hughes and Zhang [10] presented the theoretical framework describ-

ing this 2D TI, which we know as the BHZ model. Here, the CdTe layers have

a trivial insulator band structure, but HgTe layer experiences a transition from

a trivial insulator band structure to a non-trivial inverted band structure upon

exceeding a layer thickness of ∼ 6.4 nm. Transport measurements carried out

by König et al. [11] revealed gapless edge channels present in the QSH phase of

the CdTe/HgTe/CdTe quantum well. By performing magneto-transport measure-

ments on a Hall bar device with a low carrier density and a high mobility, König et

al. [11] were able to gate tune the quantumwell from n-type (electrons) to p-type

(holes/absent electrons). They did so whilst observing a plateau in the longitu-

dinal resistance value which saturated at the expected quantised resistance as

expected based on the Landauer-Büttiker formalism [12]. These findings were

supported by transport measurements performed in various non-local configu-

rations, resulting in the expected resistance values [13].
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B B

electron spin

quantum spin Hall

quantum Hallquantum Hall

Figure 1.2: Schematic representation of the quantum spin Hall state as a superposition

of two quantum Hall states that arise from applied strong magnetic fields in two opposing

directions. Adapted from [9].

The interest in TIs led to the theoretical prediction [14] and experimental real-

isation and observation [15] of the three-dimensional (3D) TI BixSb1–x. For 3D

TIs the conduction is not limited to the edges of the material, but to their whole

surface, referred to as topological surface states. The non-trivial, but complex

topological surface states of BixSb1–x were observed by means of angle-resolved

photo emission spectroscopy (ARPES). The complexity of these surface states in

combination with the fact that BixSb1–x intrinsically exhibits a rather small bulk

band gap, makes this material system a challenging one for experiments. A con-

tinuation of the search for new TIs led to the discovery of the chalcogenide 3D

TIs, such as Bi2Se3 [16], Bi2Te3 and Sb2Te3 [17,18], exhibiting relatively simple

surface states that appear in ARPES spectra as linearly dispersive states, which

form a V-shaped Dirac cone in k-space around the high-symmetry point Γ. The

experimental observation of these surface states evoked an enormous reaction

of the scientific community to study the exotic properties of these topological

surface states. Note, that these 2D Dirac surface states have a single helicity

whereas the 2D Dirac states in e.g. graphene are still spin degenerate.
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1.1. A description of topological insulators

Now that we have provided some basic insight in the concept of TIs and the

quantum Hall state of matter, we explain in somewhat more detail why their sur-

face state conduction is so unique. As previously noted, in case of a 3D TI, the

electrons are bound to 2D surfaces. Due to the SML, electrons that are propagat-

ing in opposite directions carry an opposite spin. Backscattering of electrons due

to a collision with a scatterer is forbidden since reversing the direction of an elec-

tron would require a full spin flip. Quantum mechanically the probability of such

a spin-flip is zero due to the fact that the spin states are orthogonal. Although

this 2D conduction is considered to be very efficient, it cannot be regarded as

dissipationless since the electrons are still allowed to scatter in all other direc-

tions. To make the topological surface states more efficient, we need to push

these 3D TIs into their 2D limit, to gain access to the quantised 1D edge states.

The dimensionality of such a 3D TI can be reduced by decreasing its layer thick-

ness. By continuously decreasing the layer thickness, the wave functions of the

top and bottom topological surface states will start to overlap. This overlap in-

duces hybridisation between the top and bottom surface. Because of this cou-

pling between the surfaces, the gapless metallic boundary states of both surfaces

will gap out, leaving only the 1D edges of the material conducting. This can be

seen as a 3D TI to 2D TI transition. At these edges, due to the SML, electrons

cannot scatter from (non-magnetic) impurities due to the forbidden backscatter-

ing. In this thesis we aim to develop and characterise ultrathin TIs that allow for

future detection of signatures of the QSH state of matter.

Now that we have defined our objective and explained what TIs are and how

their properties are of interest for our objective, we will briefly discuss methods

to detect the characteristic features of the topological surface states.

In order to proof that our ultrathin 3D TI is suitable to host future artificial 2D

TI phases with 1D edge states, we first want to provide solid evidence that our

material is in fact a TI. There are multiple ways to proof that a material is a TI. A

commonly used technique is ARPES, which is able to probe the allowed energy

at momenta of electron states in a solid material. Hereby, it can provide a direct

image the electronic band structure of the material, revealing the topological sur-

face state dispersion. Historically, all 3D TI materials have been experimentally

verified using this technique. Spin ARPES allows one to visualise the unique

spin-momentum locking property of the topological surface states [19].
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Chapter 1. Introduction

Another powerful tool, especially in combination with ARPES, is scanning tun-

nelling spectroscopy (STS). STS also provides information about the density of

electrons a function of their energy. It can be used to locate the energy of

the Dirac point, and to study quasiparticle interference patterns which provide

information about the scatter events in the topological surface states [20,21].

A final method is to performmagneto-transport measurements at cryogenic tem-

peratures, which are of vital importance for the direct applicability of the TI ma-

terials. Previous experiments have shown that the spin-momentum locking in TIs

could prove to be very useful as well in future spintronic applications as they it

allows for the generation of spin-polarised currents [22].

In the next section we provide a brief description of most of the main char-

acterisation methods used throughout this thesis.

1.2 Methods used to characterise our topological
insulator material system

1.2.1 Angle-resolved photoemission spectroscopy
Angle-resolved photoemission spectroscopy (ARPES) is one of the most direct

techniques to study the electronic band structure of materials. ARPES is per-

formed in an ultrahigh vacuum (UHV) environment where one can obtain infor-

mation about the energy and momentum of the electrons in a material by mea-

suring both the kinetic energy and angular distribution of photoelectrons emitted

from a sample using monochromatic radiation. The physics behind ARPES mea-

surements is described by [4]:

Ekin = hν –Φ – |EB|.

Here, Φ presents the work function which is the minimum energy required to

remove an electron from a solid to a vacuum. EB is the binding energy, which

is the minimum energy required to remove an electron bound to a nucleus from

an atom and depends on the chemical state of its elements. Depending on the

value of Φ and EB the emitted photoelectron has a certain kinetic energy, Ekin,

left from the initial photon energy hν of the monochromatic radiation.

9



1.2. Methods used to characterise our topological insulator material system

ARPES relies on the same principle as X-ray photoelectron spectroscopy, only

here the 2D detector allows for the the simultaneous measurement of both the

kinetic energy, and the emission angle, θe, of the photoelectron, from which it is

possible to calculate the initial momentum of the emitted photoelectron by [4]:

k‖ =

√
2meEkin

h̄
· sin θe.

An image of the electronic structure of the material along a crystallographic axis

is referred to as an electron density map (EDM). To understand how these spec-

tra are captured, a few notes about the set-up are crucial.

Simply put, the set-up consists of a photon source, a manipulator on which the

sample is mounted, a hemispherical analyser and a detector. The photons are in-

cident on the sample, which is aligned under a certain angle with respect to the

analyser. Photoelectrons emitted from the sample with a specific kinetic energy

enter the hemispherical analyser via a slit. Prior to entering the hemispherical

analyser the photoelectrons pass a system of electrostatic lenses that sort the

photoelectrons by their emission angle, after which the entrance slit selects a

single line through k-space to be imaged on the 2D detector. In the hemispher-

ical analyser, there are two metal plates between which a radial electric field is

applied. The electrons are deflected by this field and hereby separated based on

their energy. Depending on the kinetic energy of the photoelectrons the radius

of the curvature of the electron trajectory changes, causing them to arrive at

another location on the detector. Among other things, the energy resolution of

the measurement is dependent on the used photon energy and the radial electric

field applied between the hemispherical plates [23].

In the set-up used to gather the spectra from this thesis, a shift of momentum

along this slit can be achieved by varying the polar (θ) angle. By varying the tilt (ψ)

angle of the sample, one can move though the Brillouin zone in the ky direction.

By taking EDMs at a constant polar angle, varying the tilt of the sample, you can

create a 3D Fermi surface map, where one maps the electronic states in kx and ky

at a constant energy. The set-up in Amsterdam consists of an analyser in which

we can move the lenses of the analyser. By doing so we do not need to change

the physical tilt angle to acquire information about the ky dependency. This way

we are able to map out the Fermi surface in real time.
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Azimuthal φ

Polar θ

Tilt ψ

Incoming
radiation

Figure 1.3: Schematic representation of the geometry in ARPES and XRD experiments.

All ARPES data presented in this thesis were acquired at the Van der Waals-

Zeeman Institute. The ARPES spectra are taken at a base temperature of approx-

imately 15 K, using an L1 He-Lamp, emitting linear p-polarised photons with an

energy of 21.2 eV, and an A-1 hemispherical analyser, both from MB-Scientific.

The system is equipped with a TMM 304 UVmonochromator from Specs, result-

ing in a typical energy resolution of 15 meV. Laser-ARPES spectra were obtained

using a fourth harmonic source from APE, producing 200 nm photons with a cor-

responding energy of 6.2 eV, with a resolution of 5meV. Themeasurements were

performed while maintaining a pressure of < 5.0× 10
–11

mbar.

1.2.2 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a technique used to study the ele-

mental composition of a material and the chemical state of its elements. In this

thesis, it is an important tool, both used to determine the stoichiometry of our

(Bi1–xSbx)2Te3 films (Chapter 4 and Chapter 6) and to investigate the origin of the

electron-beam-induced nucleation of our film (Chapter 5). In situ XPS measure-

ments are conducted using an Omicron nanotechnology surface analysis system.

Similar to ARPES, the basic principle behind this technique is the photoelectric

effect, so a core electron is exited to vacuum due to the irradiation of the material

with photons. The XPS set-up also consists of a hemispherical analyser to be able

to select the emitted photoelectrons with a specific kinetic energy. Differences

between an ARPES and XPS set-up can be found in the type of source and detec-

tor [4]. Our XPS system is equipped with a monochromatic aluminium source (Kα

X-ray source XM1000), which emits photons with an energy of hν = 1486.7 eV.

11



1.2. Methods used to characterise our topological insulator material system

This is a much higher energy than ARPES since we are interested in the core

levels of our elements at a much larger binding energy EB. By means of an EA

125 Energy Analyser, operating in a constant analyser mode, we scan the kinetic

energy Ekin from the photoelectrons that have been emitted from the sample

due to the photoelectric effect, from which EB can be determined. The system is

also equipped with a neutraliser, which can prevent charging effects on insulating

films or metallic films deposited on an insulating substrate.

For our films we performed high-resolution elemental scans to determine the

stoichiometry. To evaluate the relative peak intensities for a quantitative analy-

sis of the different elements, we perform a Shirley background subtraction, after

which all elements were fitted employing the constraints suited for spin-orbit

spitting of the elements. We looked at the Bi 4f, Sb 3d and Te 3d spectra, with

a peak splitting of 5.31, 9.34 and 10.39 eV, respectively, and an area constraint

for the 4f5/2/4f7/2 = 3/4 and the 3d3/2/3d5/2 = 2/3. Exposure to ambient con-

ditions results in an additional peak splitting due the formation of Bi2O3, Sb2O5

and TeO2. Since this complicates the fitting and therefore increases the error in

the stoichiometry determination, all XPS experiments executed for this thesis are

performed in situ.

1.2.3 X-ray diffraction

X-ray diffraction (XRD) experiments are conducted for a structural analysis of

our (Bi1–xSbx)2Te3 crystalline films. XRD is a non-destructive analytical tech-

nique, that can provide information about a specimen’s crystal structure and

orientation, layer thickness and induced strain. In case of thin film deposition,

this allows one to optimise a fabrication process.

XRD is performed by irradiating X-rays on a sample, incident under a certain an-

gle ω, and measuring the angle-dependent intensities of the scattered X-rays at

well-controlled diffraction angles θ. The technique relies on the fact that crystals

are built up from regular arrays of atoms which act as scatterers for the incoming

X-rays. The basic principle behind XRD is described by Bragg’s law [4,24], which

states:

2d sin θ = nλ, (1.1)

where d is the interplanar spacing between the atomic arrays, θ the incident an-

gle, n an integer and λ the wavelength of the X-ray. Since we work with an XRD
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set-up with a fixed wavelength, the right hand side of equation 1.1 becomes a

constant value when considering a single diffraction order. This implies that for a

specific d, the X-rays only constructively interfere for a certain diffraction angle

θ, resulting in a distinct diffraction spot on the detector. The planes where the

reflections originate from are those perpendicular to the bisection of the incident

and diffracted X-ray beams. Depending on the geometry of the experiment, the

value of the diffraction angle θ at which the reflection occurs can provide infor-

mation about the in- and out-of-plane lattice parameter of the material.

For this thesis, high-resolution symmetric diffractograms and reciprocal space

maps (RSMs) are measured using a Bruker D8 Discover diffractometer equipped

with an Eiger2 R 500K area detector. Both measurements are powerful tools to

assess the quality of our films. The RSMs provide additional information regard-

ing strain imposed on our films by i.a. the substrate, due to the fact that both in-

and out-of plane lattice parameters can be deduced from the obtained datasets.

Thanks to the large field of view and dynamic range of the 2D detector, a large

region of reciprocal space can be efficiently measured using sets of ω rocking

curve scans while the detector remains stationary.

Additional texture studies are performed by measuring pole figures using a Pan-

alytical X’Pert Pro MRD instrument. The pole figures are created by mapping the

diffracted intensity of a given reflection as the sample is rotated 360° around the

azimuthal (φ) axis and tilted from 20° to 80° around the tilt (ψ) axis for a fixed 2θ

Bragg angle and the corresponding incident angle ω = 2θ/2.

The RSMs are collected at a fixed φ and ψ angle, which are determined to map

the reciprocal space in vicinity of a specific reflection as well as an adjacent sub-

strate reflection selected for the sample alignment. Therefore, a texture analysis

provides complementary information to that obtained from a RSM as it reveals

all domains that are present for a certain Bragg configuration. As a result, a pole

figure analysis can provide direct information on the rotational alignment of a film

to its substrate. Therefore, it enables us to reveal the presence of twin domains

and can provide us with a quantification of mosaic twist (in-plane misalignment

e.g. due to screw dislocations). A disadvantage from pole figures is, however, the

lack of resolution in 2θ and ω as these are fixed for the entire diagram.
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1.2. Methods used to characterise our topological insulator material system

1.2.4 Scanning tunnelling microscopy
In order to assess the surface morphology of the deposited TI films, different

types of scanning probe microscopes can be used. For measurements of the

topographical properties of our films on the nanometer scale we use atomic force

microscopy (AFM). For AFM we make use of a cantilever with a sharp tip at its

end. While scanning across the sample, the interaction between the sample and

the probe tip of the microscope changes based on the surface morphology of the

sample. These forces deflect the cantilever which can be measured and used to

create a topography image. To image surfaces at an ever smaller scale, scanning

tunnelling microscopy (STM) can be used. Due its high spacial resolution, it is

one of the most powerful techniques to reveal atomic topographic features on

a surface. Here, the working principle relies on quantum mechanical tunnelling

effect between the metallic STM tip and a conducting sample. By bringing the tip

in close proximity to the conducting sample controlled by a piezoelectric element

and applying a bias voltage, Vbias, between the two, a tunnelling current will be

established. This current is dependent on the separation between the tip the

sample, z, given by:

It(z) = CVbiase
–2κz

, (1.2)

where κ is the inverse decay length and the constant C is dependent on the the

number of states available (density of states, DOS) in both the tip and the sam-

ple at an energy of EF + eVbias [25]. By varying the bias voltage we can gather

information about the electron density of states of the material as a function

of energy, which is referred to as scanning tunnelling spectroscopy (STS). To ex-

plain the basic principle behind this technique, we distinguish two STM operation

modes employed for the characterisation of our (Bi1–xSbx)2Te3 films.

In the constant current mode the topography can be mapped out by varying the

tip to sample separation using a feedback loop to ensure a constant tunnelling

current. However, as described by equation 1.2, the tunnel current is also influ-

enced by the local density of states of the sample. Therefore, a STM topography

image with atomic resolution will not just present height differences induced by

the arrangement of the atoms in the material, but reveals also information about

the electronic landscape of the sample.
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The other operation mode utilised for the electronic characterisation of our ma-

terial is STS. We recorded I(V) curves in the STM constant height mode to gain

insight in the electronic structure of our (Bi1–xSbx)2Te3 films. The (normalised)

dI(V)/dV curves are the numerical derivatives of the I(V) recordings, which re-

flect the sample DOS, which were obtained by averaging over many I(V) traces

recorded at different locations. All STM and STS measurements presented in this

thesis were performed at 77 K with a low-temperature Omicron UHV STM. The

base pressure of the STM chamber was below 1.0 × 10
–11

mbar and PtIr tips

were used.

1.2.5 Vacuum suitcase
To avoid surface contamination and oxidation of our films prior to performing

surface sensitive characterisation methods, we transfer our samples to the XPS,

STM and ARPES system by a UHV suitcase. The vacuum suitcase is equipped

with a non-evaporable getter pump and an ion pump, which together ensured

the pressure to remain below 1.5 × 10
–10

mbar during the transfer process. In

the ARPES system, the films are briefly exposed to a pressure of 3.0×10–10 mbar

during the transfer of the sample from the suitcase to the main chamber. In order

for a film to arrive at the STM main chamber the sample has to move through a

load lock and preparation chamber with a base pressure of 5.0× 10
–9

mbar and

1.0 × 10
–10

mbar respectively. In both cases, the samples can subsequently be

stored in a UHV environment (∼ 2.0× 10
–10

mbar).
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1.3. Outline of this thesis

1.3 Outline of this thesis

This thesis aims to develop a platform that would allow future research into the

1D topological edge states. Our objective is therefore to decrease the physical

thickness of 3D TI films deposited bymolecular beam epitaxy. So far, we acquired

a better understanding of the topological properties of the 3D TI systems and

their limitations. Their relatively simple surface states allow the material to be

theoretically described by an effective Hamiltonian system for which analytical

solutions can be found that describe the 1D edge states that arise due to hybri-

dising surface states. In Chapter 2 we review and break down the existing quan-

tum mechanical model descriptions of these topological materials. Our starting

point is the theoretical framework presented by the Bernevig, Hughes and Zhang

(BHZ) model, used to describe the 2D TI system formed by CdTe/HgTe/CdTe

quantumwells [10]. We relate this model to the effective Hamiltonian for chalco-

genide 3D TI systems [5]. Subsequently, we show that an existing intuitive de-

scription of our TI system, acquired using the top and bottom surface states as

basis, upon transformation gives rise to a similar Hamiltonian as described by the

BHZ Hamiltonian. Using the theoretical description of the oscillatory behaviour

of the hybridisation gap [26, 27] we expand existing quantum Hall state phase

diagrams [28] for the three pure 3D TI compounds, Bi2Se3, Bi2Te3 and Sb2Te3.

We then formulate which systems have the largest probability to show signatures

of the quantum spin Hall effect.

As all our experiments in this thesis are performed on (Bi0.4Sb0.6)2Te3 thin films,

deposited by molecular beam epitaxy, we dedicate Chapter 3 to an introduction

of this deposition technique. Additionally, we start to explore our material sys-

tem (Bi1–xSbx)2Te3, providing information regarding the growth dynamics of the

material’s crystal structure. By assessing the surface morphology and structural

properties of thin films of (Bi0.4Sb0.6)2Te3 deposited on SrTiO3, we are able to

optimise our deposition process.

In pursuit of our goal to develop and characterise ultrathin TIs, Chapter 4 aims to

study the growth mechanism of our 3D TI material on three dissimilar substrates.

We find that, even though the crystal structure consists of a layered structure,

the weak inter-layer coupling is not sufficient to allow for defect-free growth on

many substrate materials. As we need to obtain ultrathin crystalline films for our

final experiments, we aim to identify the influence of the dissimilar substrates on
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the achieved film quality.

As we find that a proper initial nucleation is the key to high-quality TI films, we

study the effects that we found to influence the film nucleation density in Chap-
ter 5. We observed that both the implementation of an in situ pre-anneal, as

well as the irradiation of oxide substrate surfaces by a highly energetic electron

beam have an indisputable effect on the initial nucleation of our TI thin films. We

hypothesise about possible origins of this effect, and present experiments that

provide sufficient evidence to eliminate specific origins.

Another path that can be taken to improve our ultrathin TI films is by performing

a post-treatment. This will also allow us to repair structural defects present in

the TI film. As it is our objective to achieve high-quality films with a total thick-

ness of only a few nm, we cannot employ separate nucleation layers as the total

film thickness would simply become too large. Therefore, we study the effect of

performing a post-anneal treatment on the film quality in Chapter 6. This study
employs Al2O3 substrates as our TI films on these substrates were found to ex-

hibit the highest film quality.

InChapter 7we combine STS, ARPES and tight-binding (TB) calculations to inves-

tigate the electronic structure of ultrathin (Bi0.4Sb0.6)2Te3 deposited on SrTiO3.

Using STS we found clearly resolved oscillations of the DOS in the VB. As we

observe a striking match between the TB calculations and the ARPES results,

we use this close correspondence between the spectroscopy results and the TB

calculations to simulate the STS experiment using the TB electronic structure cal-

culations. This allows us to investigate which features in the electronic structure

are responsible for these DOS oscillations.

As we have extensively studied the structural properties of our TI films, at last,

Chapter 8 presents an electronic transport evaluation. As the substrate choice

imposed large differences in the structural film quality, we aim to investigate the

effect of these structural differences on the material properties. We perform

both ARPES and magneto-transport measurements on films deposited on the

dissimilar substrates and evaluate and compare the results. By using our ultrathin

(Bi0.4Sb0.6)2Te3 we are able to investigate the influence of the two topological

surface states on the electronic properties of the material, once they are brought

close together.
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At last, we discuss the results acquired in our studies in a broader perspective

in Chapter 9. Based on this discussion, we present an outlook for future experi-

ments, that should, ultimately, pave the way towards the QSH effect in ultrathin

3D TIs.
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2
Modelling 1D topological edge

states in ultrathin 3D

topological insulators

The topological surface states of chalcogenide three-dimensional (3D) topo-

logical insulators (TIs) can be described by an effective two-dimensional (2D)

massless Dirac-like Hamiltonian. After the discovery of the 2D TI system

CdTe/HgTe/CdTe, these 3D TI materials are presented as the next candidates

to host quantum spin Hall one-dimensional edge states, once their thickness

is small enough to ensure hybridised surface states. In order to visualise that

this material system can exhibit different states of matter depending on its

thickness, and to predict the effective length scale across which the gapless

edge states will arise, we combine two existing models. As a result, we present

phase diagrams that depict trivial and non-trivial insulating states of matter,

and formulate a thickness range in which these phases are most likely ob-

served. This theoretical framework is presented as the starting point for the

research presented in the remainder of this thesis.



2.1. The common ground in existing topological insulator models

Before we present our experimental research, in which the final goal is to

push a three-dimensional (3D) topological insulator (TI) material system to its

two-dimensional (2D) limit, we want to establish a theoretical foundation that

allows us to understand which outcomes might be expected. To do so, we first

provide a brief overview on theoretical models that describe TI materials. Starting

from the Bernevig, Hughes and Zhang (BHZ) model [10], describing a 2D TI

system, we present the widely used effective Hamiltonian for the 3D TIs Bi2Se3,

Bi2Te3 and Sb2Te3 [5]. We relate the existing models to each other and combine

their outcomes into phase diagrams, describing the Bi2Se3, Bi2Te3 and Sb2Te3

states of matter in the presence of a magnetisation gap and thickness-dependent

hybridisation gap. We use these to gain insight in the origin of the edge states

present in the quantum spin Hall (QSH) and quantum anomalous Hall (QAH) state

and to theoretically predict where and if edge states are expected to exist in these

chalcogenide 3D TI material systems.

2.1 The common ground in existing topological
insulator models

Bernevig, Hughes and Zhang [10] presented the scientific community with a

model Hamiltonian describing the 2D TI QSH state in the CdTe/HgTe/CdTe

quantum well system. By taking the material’s systems orbital symmetry and

standard band perturbation theory into consideration, they constructed the

followingHamiltonianwhich captures the fundamental mechanism of TIs through

a spin-orbit coupling induced band inversion:

H(k) = ε0(k)I4×4 +


M(k) Ak– 0 0

Ak+ –M(k) 0 0

0 0 M(k) –Ak–

0 0 –Ak+ –M(k)

 , (2.1)

where k is the momentum, I4×4 is the 4 × 4 identity matrix, ε0(k) = C – Dk
2

‖ ,

M(k) = M – Bk
2

‖ with k
2

‖ = k
2
x + k

2
y and k± = kx ± iky. Here A, B ,C and D are

so-called expansion parameters that describe a specific interaction strength of

the material. Bernevig, Hughes and Zhang have expressed their system in the

basis
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(∣∣∣∣E1,mJ =
1

2

〉
,

∣∣∣∣H1,mJ =
3

2

〉
,

∣∣∣∣E1,mJ = –
1

2

〉
,

∣∣∣∣H1,mJ = –
3

2

〉)
,

where E1 andH1 are the states around the high-symmetry Γ-point at the valence

band maximum and conduction band minimum, andmJ presents the angular mo-

mentum eigenstates. The parabolic B term is important as it describes whether

the Hall conductivity of the system is quantised to e
2
/h (M/B < 0, non-trivial

inverted band structure) or not (M/B > 0, trivial band structure).

Subsequently, Zhang et al. [5] derived an effective model Hamiltonian describ-

ing the chalcogenide 3D TIs with a single Dirac cone centred around the Γ-

point. Considering the symmetry and interaction of the bands near the Fermi

level for these 3D TIs, which all exhibit a rhombohedral crystal structure with

the space group R3̄m, Zhang et al. [5] constructed a Hamiltonian using the basis

(

∣∣P1+z , ↑〉 , |P2–z , ↑〉 , ∣∣P1+z , ↓〉 , |P2–z , ↓〉). Here, P1 and P2 refer to the bonding and

anti-bonding states of the pz orbitals from the Bi or Sb atoms which lie at the

Γ-point. The ± superscript denotes the parity of the states. A more comprehen-

sive description and derivation of this model is provided by Liu et al. [29], which

resulted in the following effective Hamiltonian description:

H(k) = ε0(k)I4×4 +


M(k) B(kz)kz 0 A(k‖)k–
B(kz)kz –M(k) A(k‖)k– 0

0 A(k‖)k+ M(k) –B(kz)kz
A(k‖)k+ 0 –B(kz)kz –M(k)

 , (2.2)

where ε0(k) = C0 + C1k
2
z + C2k

2

‖ ,M(k) = M0 +M1k
2
z +M2k

2

‖ , A(k‖) = A0 + A2k
2

‖
and B(kz) = B0 + B2k

2
z . All constants Ai,Bi,Ci,Mi have been derived from ab initio

calculations.

To acquire a more intuitive picture of the system, we compare this Hamiltonian

to the minimal 2× 2 model introduced by Qi et al. [30], which can be written as

h(k) = ε0(k)I2×2 + dα(k)σα, (2.3)

where σ
α
(α = x, y, z) are Pauli matrices k = (kx, ky) are the Bloch wave vectors

of the electron, and depending on the physical degree of freedom, dα(k) can
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describe the systems spin-orbit coupling or the hybridisation between the bands.

By moving from a Hamiltonian that is discretised on a lattice to the continuum

limit [31] this can be written as:

ε0(k) = C – Dk
2

‖ , (2.4)

dα(k) = [Akx, –Aky,M(k)], (2.5)

M(k) = M – Bk
2

‖ , (2.6)

matching one of the 2×2 blocks of the 4×4 Hamiltonian presented by Bernevig

et al. [10] in equation 2.1. Relating the Hamilonian from Liu et al. [29], equation

2.2, to the minimalistic Hamiltonian presented in equation 2.3 [31], we find that

both A(k‖) and B(kz) represent Fermi velocity terms. By neglecting the higher

order correction to the k dependency, which is allowed near the Γ-point, the A2

and B2 terms from equation 2.2 can be neglected. By doing so, we can rewrite

our Hamiltonian to

H(k) = ε0(k)I4×4 +


M(k) B0kz 0 A0k–

B0kz –M(k) A0k– 0

0 A0k+ M(k) –B0kz

A0k+ 0 –B0kz –M(k)

 . (2.7)

Redefining our constants A0 = A2, B0 = A1, and M0,1,2 = M,B1,B2, we arrive at

the generic Hamiltonian presented by Zhang et al. [5], which is in a similar form

as the Hamiltonian from the BHZ model from equation 2.1 [10].

For an intuitive description of our material system we can start by describing

the states of interest by another type of basis. Yu et al. [32] formulated a low-

energy effective Hamiltonian describing just the Dirac-type surface states, by

considering a 3D TI with a finite thickness for which its bulk system is gapped

and a coupling exists between the two opposite surface states. By using the

basis |t ↑〉,|t ↓〉,|b ↑〉,|b ↓〉, where t, b respectively represent the top and bottom

topological surfaces, and ↑, ↓ the spin up and down states, the Hamiltonian de-

scribing the system can be further rewritten. Within the same surface, opposite

spin states couple via spin-orbit coupling, whereas opposite surface states with

an equal spin state hybridise, or, in other words, undergo a tunnelling interaction.

This results in a surface Hamiltonian described by:
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H̃surf(kx, ky) =


0 ivFk– M(k) 0

–ivFk+ 0 0 M(k)
M(k) 0 0 –ivFk–

0 M(k) ivFk+ 0

,

where M(k) is a finite mass term describing the tunnelling effect between the

top and bottom surface which can be written as M(k) = M – B(k
2
x + k

2
y ) for a thin

film and approaches zero in a thick slab geometry. This basis allows one to easily

add a ferromagnetic ordering to describe the QAH effect. A magnetic field in the

z-direction, or a magnetisation is included in the total Hamiltonian by adding a

Zeeman term in the form of:

H̃Zeeman(kx, ky) =


Δ 0 0 0

0 –Δ 0 0

0 0 Δ 0

0 0 0 –Δ

.

For simplicity, we assume a spacial inversion symmetry, neglecting the contri-

bution of a substrate. By applying a basis transformation, we can express the

system in terms of symmetric and anti-symmetric states, which are related to

the bonding and anti-bonding states from Zhang et al. [5].

We perform the basis transformation:

|ψ〉 =


|t, ↑〉
|t, ↓〉
|b, ↑〉
|b, ↓〉

 −→

|+, ↑〉
|–, ↓〉
|+, ↓〉
|–, ↑〉

 = |φ〉 ,

where

|±, ↑〉 = (|t, ↑〉 ± |b, ↑〉)/
√
2,

|±, ↓〉 = (|t, ↓〉 ± |b, ↓〉)/
√
2.

The new Hamiltonian describing the system can be found by finding the trans-

formation matrix Γ, so that Γ |ψ〉 = |φ〉, and we have H
′
= ΓHΓ

–1
. Performing this

transformation leads to
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M

Δ

NI

QSH

QAH, C=+1QAH, C=-1

Figure 2.1: Phase diagram presenting the normal insulator (NI), QSH and QAH states as

function of the hybridisation gap (M) and magnetisation gap (Δ). The constant C represent

the Chern number of the QAH phase, given by Δ/|Δ|. The figure is adapted from [28].

H =


M(k) + Δ vF(ky + ikx) 0 0

vF(ky – ikx) –M(k) – Δ 0 0

0 0 M(k) – Δ vF(ky – ikx)

0 0 vF(ky + ikx) –M(k) + Δ

, (2.8)

which resembles the Hamiltonian from the BHZ model, as described in equation

2.1 [10]. Since this Hamiltonian is block diagonal, we can fairly easily deduce the

surface state spectrum, described by the eigenvalues:

Ek = ±
√
v
2

F
k2 + (M(k)± Δ)2.

Based on the relative sign and magnitude of the coupling between opposite sur-

face states, or hybridisation gap, M(k = 0) = M, and the exchange coupling be-

tween magnetic moments and electron spin, or magnetisation gap, Δ, Wang et

al. [28] distinguished different states of matters that can be described by this

Hamiltonian. They presented a phase diagram, see Fig. 2.1, which provides an

intuitive picture of the transitions between the different phases in the material

system. As illustrated by the band structures in Fig. 2.2, it is possible to go from

a trivial, insulating state to a non-trivial, QSH state by changing the polarity of

the hybridisation gap M. For the QSH state, two band inversions lead to the ex-

istence of two edge states. Without the magnetic exchange term, the states are

doubly degenerate.
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Figure 2.2: Evolution of the band structure near the Γ-point, following the x- and y-

axes of the phase diagram presented in Fig. 2.1. The coloured triangles at the bottom

of the graphs refer to the different states of matter as presented in the aforementioned

phase diagram. The blue (red) lines represent spin up (down) electron states, and the +(-)

represent the (anti-)symmetric states. Varying the hybridisation term M gives rise to a

transition between the trivial, insulator state and non-trivial, QSH state, where the states

are double degenerate. Varying the exchange field Δ will push only one band into an

inverted regime, resulting in the QAH state.

By applying an exchange field in the direction perpendicular to the topological

surfaces, the states corresponding to opposite spin are being pulled apart. By

reducing the hybridisation gapM to zero, a single band inversion arises, whereas

the remaining bands are gapped out even further. With one non-trivial band gap,

only one edge state appears, giving rise to the QAH state.

The wave functions that describe these edge states obviously need to have a

local increased probability |ψ|2 near the material edge. However, by making the

general wave function anzatz ψ = φe
λx
, solutions can become non-physical due

to the imposed boundary condition ψ = 0 at the edge. To prevent the edge

state wave functions from becoming non-physical, these edge states are often

described by a linear combination of two exponential functions described by

two decay lengths λ
–1
. By finding a general solution of the form ψ = (c1e

λ1x –

c2e
λ2x), this problem can be solved, as has been reported previously [27] [33, and

references therein].
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Figure 2.3: Evolution of the band structure near the Γ-point by varying the quantum tun-

nelling between opposite surface states M and the exchange coupling between magnetic

moments Δ. The blue (red) lines represent spin up (down) electron states, and the +(-)

represent the (anti-)symmetric states. The coloured triangles at the bottom of the graphs

refer to the different states of matter as presented in the phase diagram in Fig. 2.1.

Fig. 2.3 presents band structures that correspond to phases with both a hybridi-

sation and magnetisation gap. These figures illustrate that the trivial, insulating

and non-trivial, QSH phases continue to exists as long as |M| > |Δ| where M > 0

and M < 0 respectively. When the exchange field is strong enough such that

|M| < |Δ|, regardless of the sign of both M and Δ, it will always induce a band

inversion in one pair of bands resulting in the QAH state. Hence, the phase

diagram as depicted in Fig. 2.1.

2.2 Thickness-dependent hybridisation gap
As the thickness of the 3D TI is reduced, the coupling between opposite topo-

logical surface state increases, which causes the 3D TI to cross over to a 2D TI.

In order to predict which phases are going to arise in this 2D limit, we need to

know more about the sign and magnitude of the hybridisation gap in the material

systems.
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[..] (..) Bi2Se3 Bi2Te3 Sb2Te3 [..]

M (eV) -0.28 -0.30 -0.22 M0

–B1 (eV Å
2
) 6.86 2.79 19.64 M1

–B2 (eV Å
2
) 44.5 57.38 48.51 M2

A1 (eV Å) 2.26 0.30 0.84 B0

A2 (eV Å) 3.33 2.87 3.40 A0

ς(0) (eV
2
Å
2
) -2.58 -3.26 -16.58

Table 2.1: Parameters for the four bandmodel Hamiltonian for the three 3D chalcogenide

TIs. The table specifies the names of the parameters used by [5, 27, 31]. For ς(0) =

A
2

1
– 4B1M < 0, the interface coupling exhibits an oscillatory behaviour.

Using ab initio tight-binding calculations, Liu et al. [26] found that both the sign

and magnitude of this gap are neither constant nor linearly dependent on the

material thickness for 3D chalcogenide TIs. Upon varying the surface state cou-

pling, the hybridisation gap was found to exhibit an oscillatory behaviour, giving

rise to multiple trivial and non-trivial band inversions depending on the mate-

rial thickness, caused by the parity change at the Γ-point. Recently, Asmar et

al. [27] incorporated a tunnelling approach in the model from Zhang et al. [5]

to quantify this non-trivial coupling of the surface states. Instead of introducing

the intuitive and simplified basis they started from the full bulk Hamiltonian, and

selected the eigenfunctions that decay away from the interface. By matching

these wave functions and their derivatives at the boundary of the TI, they found

an expression for a 4-spinor wave function and its decay length, fully describing

the surface state at one surface.

Using these expressions, they are able to deduce an analytical expression for

the thickness-dependent tunnelling (hybridisation) parameter, t, and find that

the existence of the oscillatory behaviour depends on the sign of the parameter

ς(t(k = 0, a)):

t(k, a) = 4A1Mke
a
A
1

B
1√

|ς(k)|
×


sin

(√
|ς(k)|a
B1

)
if ς(k) < 0,

sinh

(√
|ς(k)|a
B1

)
if ς(k) > 0,

(2.9)
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Figure 2.4: (a) Thickness-dependent oscillation of the hybridisation gap parameter t(k =

0, a) for Bi2Se3, Bi2Te3 and Sb2Te3. (b)-(d) Corresponding parity and hybridisation gap

of the TI materials. The parity determined by the sign of t(0, a), determines whether the

material at a certain thickness behaves as a topological non-trivial (-1) or trivial insulator

(1). The hybridisation gap is given by 2|t(0, a)|. These results are determined using the ab

initio determined parameters from [29].

where ς(k) = A
2

1
– 4B1Mk, Mk = M – B2k2, 2a is the film thickness and for which

the model parameters M, A1, A2, B1 and B2 for Bi2Se3, Bi2Te3 and Sb2Te3 are

listed in Table 2.1. Since we are interested in the size of the hybridisation gap at

the Γ-point, we can calculate ς(0) = A
2

1
– 4B1M, for which we find that ς(0) < 0

for all three material systems. The resulting behaviour of t(k = 0, a) is depicted in

Fig. 2.4(a). Fig. 2.4(b)-(d) present the corresponding energy gap Eg = 2t(0, a) and

parity, given by sgn(t(0, a)), for a film thickness of 1-20 nm.

In order to experimentally verify the predicted oscillatory behaviour of the hy-

bridisation gap, one could employ scanning tunnelling spectroscopy (STS) to study

the size of the hybridisation gap for different material thicknesses. Additionally,

STS can be used to investigate whether a local increase in the density of states
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arises near the edges of the material. From the results presented in Fig. 2.4 we

can conclude that Bi2Se3 is not expected to be the most suitable material to

conduct QSH experiments with, since even though the bulk band gap is rather

big [5], the size of the hybridisation gap quickly decreases with increasing film

thickness. Thermal broadening limits the spectroscopy results theoretically to

kBT. Performing measurements at 77 K would therefore limit us to solely detect

gap features larger than 6 meV, which is included in Fig. 2.4 using a grey dotted

line. For Fig. 2.4(a), for all materials, the coupling t(k = 0, a) between the dot-

ted lines are too small to observe using STS. For Fig. 2.4(b)-(d) this holds for all

material thicknesses for which Eg drops below this limit. Using the analytical ex-

pression for the hybridisation gap as function of material thickness, we are able to

present more realistic phase diagrams, predicting the NI, QSH andQAH phases in

Bi2Se3, Bi2Te3 and Sb2Te3. These phase diagrams are presented in Fig. 2.5(a)-(c).

Asmar et al. [27] also presented an analytical expression for the edge state decay

constant of λ0 ≡ (|t(0, a)|/A2) cos θ. By making the assumption that the system is

characterised by the absence of magnetisation, i.e. θ = 0, we can determine the

edge state decay length λ
–1

0
= (|t(0, a)|/A2)–1 as function of the film thickness.

The result is presented in Fig. 2.5(d). As previously mentioned, Bi2Se3, Bi2Te3

and Sb2Te3 all exhibit the same rhombohedral crystal structure. To account for

the fact that the nature of this crystal structure does not allow for a typical 2D

layer-by-layer growth mode, we present an maximum experimental limit to the

decay length for which we would be able to observe signatures of the edge state.

We state that when the edge state decay length exceeds≈ 500 nm, our average

terrace size will be too small to enable a fully localised edge state
1
. When the

edge state decay length exceeds the average terrace size, it is able to couple to

other edges, which will, in turn, gap out the edge state dispersion. By means

of dotted lines, we visualised this limit in Fig. 2.5(d), and in the phase diagrams

this limit is depicted as a shaded semi-transparent region. Clearly, this 500 nm

also presents a more fundamental limit as the effective hybridisation gap in both

the Bi2Se3 and Bi2Te3 phase diagrams is gone when reaching this marked region.

Additionally, we argue that this limit is presented for an ideal situation, but can

vary depending on other physical parameters such as the surface roughness

of the material and the temperature. Furthermore, it must be noted that the

QAH state can still be observed beyond this limit since it does not require a

1
This is an arbitrary parameter, which can be varied based upon experimental observations.
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Figure 2.5: (a)-(c) Phase diagrams of the material systems Bi2Se3, Bi2Te3 and Sb2Te3.

Depending on the relative size and sign of the hybridisation gap, given by Eg = 2|t(0, a)|,
and the magnetisation gap, different phases are acquired in the material systems. The

shaded area marks the region where the edge state decay length exceeds 500 nm, indi-

cated in (d) by the dotted line. (d) The decay length of the topological edge states, given

by λ
–1

0
= (|t(0, a)|/A2)–1, for Bi2Se3, Bi2Te3 and Sb2Te3 per QL thickness.

hybridisation gap to arise in the material.

To summarise, in this chapter we have established our theoretical framework

regarding the binary 3D TI materials. An overview was provided of various mod-

els that describe the fundamental properties of this class of 3D TIs. We find

that an intuitive Hamiltonian derived by only considering the coupling between

and physics described in the topological surface states closely relates to the well-

known BHZmodel. Using reported findings acquired from the extensive effective

Hamiltonian for the chalcogenide 3D TIs, describing the bulk material, we have
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been able to modify existing phase diagrams, that describe the direct relation

between the hybridisation and magnetisation gap, to material specific phase di-

agrams. Using these diagrams along with the theoretical description of the edge

state decay length, we are able to present a clear goal regarding the level of ho-

mogeneity that we want to achieve in our 2D TI films. We find that both Bi2Te3

and Sb2Te3 could be used to further investigate the properties of ultrathin TIs.

As we aim to design an intrinsic TI by combining these two binary TIs into the

ternary (Bi1–xSbx)2Te3, we expect its phase diagram to partially resemble both.

Therefore, we aim to limit our TI film thickness to 5 nm which would still result

in a reasonable size of the hybridisation gap in both Bi2Te3 and Sb2Te3.
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3
Deposition of topological

insulator thin films by

molecular beam epitaxy

All experiments in this thesis are carried out on (Bi1-xSbx)2Te3 thin films,

deposited by molecular beam epitaxy. This chapter provides a concise intro-

duction to this thin film deposition technique and a brief description of the

optimised deposition process. The optimal growth conditions are determined

by assessing the (Bi1-xSbx)2Te3 thin film surface morphology using atomic

force microscopy and structural properties using X-ray diffraction experi-

ments. Information regarding the material’s crystal structure is provided to

be able to asses the acquired data.



3.1. Molecular beam epitaxy, the technique

3.1 Molecular beam epitaxy, the technique
Molecular beam epitaxy (MBE) is an ultrahigh vacuum (UHV) thin film deposition

technique, which is known for producing high-quality films. We use an Octoplus

300MBE System fromDr. Eberl MBE Komponenten to deposit our materials. An

overview of the system is presented in Fig. 3.1. To reach a UHV environment, a

prepump/turbomolecular pump combination
1
with an additional non-evaporable

getter
2
and cryo pump are installed in the deposition chamber, which can re-

duce the base pressure to about 5.0×10–11 mbar. The system is equipped with

a buffer chamber that uses a combined non-evaporable getter and ion pump
3

to establish a base pressure of < 2.0×10–10 mbar. The samples, mounted on

flag style holders, can be stored in this chamber. The flag style holders that

we employ for our depositions are equipped with 4x M1.6 screws for sample

fixing. The load lock allows us to load the sample holders at a base pressure of

< 2.0×10–10 mbar, maintaining the UHV environment in the system. The load

lock is equipped with a turbomolecular pump
4
. Additionally, a vacuum suitcase

can be attached at the bottom flange of the load lock, which is accessed using

the vertical load stick.

During the deposition process, high-purity Bi (99.999%), Sb (99.999%) and Te

(99.999%) are evaporated or sublimated from standard Knudsen effusion cells

by electrically heating the crucibles that contain the materials. The evapora-

tion/sublimation rate of the individual elements depends on their melting point

and vapour pressure. The rates can be controlled individually by varying the

pocket temperature and are calibrated using a quartz crystal microbalance (QCM).

The molecular beams of Bi, Sb and Te condense on a heated crystalline substrate.

The interaction of absorbed species on the substrate surface leads to the forma-

tion of a film. The combination of the UHV environment and the high-purity

elements is desirable for the growth of high-quality films.

1
HiPace 300 H from Pfeiffer Vacuum with a nXDS 10i scroll pump from Edwards

2
CapaciTorr D2000 from SAES Getters

3
NEXTorr D 500-5 NEG-ION combination pump from SAES Getters

4
HiPace 80 from Pfeiffer Vacuum with an MD 4 NT membrane pump from Vacuubrand
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Te
Sb
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Load lock
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Manipulator

Deposition chamber

RHEED set-up

N2 in- and outlet

Figure 3.1: 3D schematic drawing of the Octoplus 300MBE System fromDr. Eberl MBE

Komponenten, highlighting the load lock, the buffer chamber, the deposition chamber,

with the Bi, Sb and Te Knudsen effusion cells, the cryo pump liquid N2 in- and outlet,

the RHEED set-up and the manipulator. The manipulator is equipped with a shutter that

can be placed in front of the sample and additionally allows for a sample rotation and a

temperature readout [34].

The rates determined by the QCM are not sufficient to determine the actual

growth rate of the (Bi1–xSbx)2Te3 (BST) films. The QCM is designed to measure

the maximum deposition rate of the individual elements. It does not take into ac-

count the different sticking coefficients of the elements at a pre-heated substrate

surface. Therefore, the final growth rate is determined by X-ray Reflectivity (XRR)

measurements and by performing etch tests. Using these methods the standard

growth rate that we employ is determined to be 0.07 nm/min, with a flux ratio

of (Bi+Sb):Te = 1:10.
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The substrate is heated by radiation originating from a tungsten heater filament.

A sensor in the manipulator allows for a temperature readout during the depo-

sition. This sensor temperature is calibrated by means of a thermocouple spot-

welded to a flag style holder and a pyrometer. In this thesis the values of these

calibrated temperatures are mentioned to allow for a more direct comparison of

our growth conditions with those presented in other research.

The deposition chamber is equipped with a reflection high-energy electron

diffraction (RHEED) analysis system that can be used to acquire information

regarding the material surface crystallinity and its morphology. We used RHEED

to determine the substrate temperature below which the Te atoms start to ad-

sorb on the substrate surface. By monitoring the RHEED pattern of the substrate

while supplying a Te flux and decreasing the substrate temperatures using two

different rates we found the Te adsorption temperature. Our final deposition

temperature has to be higher than this temperature to ensure that the Te atoms

do not nucleate on the substrate without a mutual supply of Bi or Sb.

To produce stoichiometric films and suppress Te vacancies in (Bi,Sb)2(Te,Se)3

compounds, it is suggested to employ a (Te,Se)/(Bi,Sb) flux ratio in the range of

4-40, as described by [35,36] and the references therein. Therefore, a standard

growth procedure starts by increasing the substrate temperature to the deposi-

tion temperature, in a Te atmosphere. Thereafter, we perform a pre-anneal at an

elevated temperature, while maintaining the Te overpressure. The Te atoms will

not stick to the surface of the oxide substrates above the deposition tempera-

ture. The cool down of the substrate from the elevated pre-anneal temperature

to the final deposition temperature needs to be controlled thoroughly to limit the

undershoot of the substrate temperature. We found that we can bridge these

large temperature differences by cooling down the substrate using an exponen-

tially decaying ramp rate. This ensures that the Te atoms do not nucleate without

a mutual supply of Bi or Sb prior to stabilising the substrate temperature at the

deposition temperature. Subsequently, the film deposition process starts by the

simultaneous evaporation and sublimation of Bi and Sb.

36



Chapter 3. Deposition of topological insulator thin films by molecular beam

epitaxy

[001]

<120>

<100>

Quintuple 
layer

Van der
Waals gap

Te
Bi/Sb

C

B

A

B’

C’

A’

B

A

C

A

C

B

[0001]

<0110>

<2110>
or

(a) (b) 

<0110>
<2110>

[0001]

Figure 3.2: (a) The layered rhombohedral tetradymite crystal structure of (Bi1–xSbx)2Te3.

The top view reveals the three-fold symmetric hexagonal atomic arrangement and the side

view reveal the quintuple layer stacking along the c-axis, which are weakly bonded to one

another across a Van der Waals gap. Note, that the lines in the top view and in the 3D

crystal do not represent interatomic bonds. They are solely drawn to clarify the atomic

arrangement within the crystal structure. The side view along 〈21̄1̄0〉 reveals a direct

stacking of the atoms in the crystal’s c-axis direction. (b) Representations of the different

stacking possibilities within a unit cell along 〈011̄0〉. In this direction, the subsequent

atomic layers present a tilted stacking. The capital letters A,B,C denote the position of

the first atom in the quintuple layer. For the A-B-C stacked unit cell, its twin is depicted

next to it, where the primed capital letters indicate the position of the first atoms from all

three quintuple layers. These structures were created with VESTA [37].
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3.2 (Bi1-xSbx)2Te3 crystal structure and substrate
choice

Bi2Te3 and Sb2Te3 both crystallise in the same rhombohedral tetradymite crystal

structure. This crystal structure allows us to use bothMiller indices (hk`) as well as

Bravais-Miller indices (hki`) to specify specific directions and planes in this crys-

tal structure. Bi2Te3 and Sb2Te3 are also referred to as (binary) chalcogenide TIs

since they are compounds with a chalcogen element. It is possible to partially ex-

change the Bi and Sb atoms to form BST despite their slightly deviant in-plane, a,

and out-of-plane, c, lattice parameters
5
. A single unit cell of this crystal structure

consists of three quintuple layers (QL) stacked in the [0001]
6
/[001]

7
direction.

A QL consists of five atomic layers in a Te-X-Te-X-Te stacking (X= Bi, Sb) and is

approximately 1 nm high. Within the QL, the atoms are covalently bonded to

one another. Adjacent QLs are bonded by a weak Van der Waals interaction, as

depicted in Fig. 3.2.

The Van der Waals nature of the interaction has initiated growth studies of 3D TI

systems on a large variety of substrates which exhibit the same in-plane hexag-

onal atomic arrangement. In this thesis we focus on (Bi1–xSbx)2Te3 deposited on

the dangling-bond free, vicinal, oxide substrates SrTiO3 (111) and Al2O3 (001),

and the closely lattice-matched InP (111)A substrate, which does exhibit dan-

gling bonds.

Table 3.1 summarises all important substrate parameters, such as the interpla-

nar distance, the in-plane parameter of the InP (111)A, Al2O3 (001) and SrTiO3

(111) surface, and resulting mismatch
8
of the substrates with a BST film. Even

though SrTiO3 (111) imposes the largest lattice mismatch on our system, we

chose it as our initial substrate material because of its high dielectric constant at

low temperatures, which allows us to gate tune the Fermi level in our material

by means of a back gate.

5
For Bi2Te3 and Sb2Te3 these are approximately a = 4.39 Å, c = 30.50 Å [38], and a = 4.26 Å,

c = 30.46 Å [39].

6
Bravais-Miller indexation, allows for apparent permutations.

7
Miller indexation, commonly used in literature.

8
Based on experimental results, the mismatch is calculated using aBST = 4.32 Å.

38



Chapter 3. Deposition of topological insulator thin films by molecular beam

epitaxy

substrate

surface
asub (Å) mismatch (%)

interplanar

distance (Å)

InP (111) 4.14 4.3 3.38

Al2O3 (001) 4.76 -9.2 2.66

SrTiO3 (111) 5.52 -21.7 2.25

Table 3.1: Overview substrate parameters. asub is the in-plane lattice parameter of

the hexagonal unit cells. The interplanar distance perpendicular distance between to

successive planes of the same (hk`) family. For all substrates, the mismatch is calculated

by mismatch =
(
aBST – asub

)
/asub×100%.

We established an optimised deposition process for our BST material system. In

Section 3.3 we elaborate on this process by assessing the BST surface morphol-

ogy using atomic force microscopy (AFM). In Section 3.4 we focus on the struc-

tural properties of the deposited films using X-ray diffraction (XRD) experiments.

At last, Section 3.5 presents a brief study on the influence of the pre-treatment

of the substrates on the film nucleation.

3.3 The surface morphology of (Bi1-xSbx)2Te3 thin
films

Fig. 3.3 presents the surface morphology of three BST films deposited on SrTiO3

at different substrate temperatures. All films reveal features that are character-

istic for the BST crystal structure. First of all, the AFM images display single QL

steps, which indicates that our film is oriented in the [001] direction. Secondly,

they reveal the architypical triangular islands that are formed by the QLs. These

triangular islands are a direct consequence of the asymmetry of the rhombohedal

crystal structure, as presented in Fig. 3.4. The asymmetry results in a higher

growth velocity in three of the six directions from the hexagonal lattice [40]. The

different directions are marked by the red and black dotted lines which represent

directions in which the islands exhibit one or two unsaturated dangling bonds.

The triangular islands tend to grow faster in the direction of the double unsatu-

rated bonds [41], forming the triangular islands as visualised in Fig. 3.4(c).
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200oC(a) (b) 225oC (c) 250oC

Figure 3.3: AFM images with a lateral dimension of 1 μm of BST films deposited on

SrTiO3 at a substrate temperature of (a) 200°C, (b) 225°C, and (c) 250°C. All films are

deposited using the same deposition time, resulting in a slight difference in thickness. For

the film deposited at 225°C, the thickness is determined to be 10 nm.
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Figure 3.4: Simplified representation of the anisotropy of the BST crystal structure, re-

sulting in the formation of archetypical triangular islands. The anisotropic crystal structure

induces a different growth velocity in different directions, from which the step edges are

indicated by the red and black dotted lines (a). This originates from the number of unsat-

urated bonds at these step edges. The step along the black dotted line marks the step

edge with two unsaturated bonds (b), and the red dotted line presents step edges with

one unsaturated dangling bond (c). Figure adapted from [41,42].

The Te atoms at the resulting step edges of these triangular islands are bound

with two bonds to the island. Therefore, the energy required to break up these
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steps is higher than needed to break up the steps with one bond, see Fig. 3.4(b).

Hence the step edges marked in red are more stable [42].

The AFM images sometimes reveal triangles pointing in multiple directions. This

is not a consequence of the anisotropy of the crystal structure, but from the weak

Van der Waals interaction that binds the QLs to each other. This weak interac-

tion allows for (i) different QL stacking possibilities within the unit cell, which can

induce stacking faults in the film. Examples of the different stacking orders, i.e.

A-B-C, B-C-A and C-A-B, are presented in Fig. 3.2(b). The capital letters A, B

and C denote the position of the first atoms within the QL. Furthermore, the

weak interaction results in the fact that (ii) the material is highly prone to twin

formation. This twin formation implies that the first QL has an equal probability

to nucleate in its mirror image. For the A-B-C stacked unit cell in Fig. 3.2(b), its

twin is depicted next to it, where the primed capital letters indicate the twinned

position of the first atoms in the QLs [43]. These twin domains occur despite

the material having a perfect c-axis orientation. A more elaborate study on the

occurrence of these domains and an explanation of the implications of this twin-

ning effect is presented in Chapters 3 and 6.

Fig. 3.3 shows the AFM results acquired on the BST films deposited at (a) 200°C,

(b) 225°C and (c) 250°C. In all three AFM images we recognise the single QL steps

and the triangular islands. As discussed in Chapter 2, in order to observe signa-

tures of the hybridisation gap with the resulting edge states, we need ultrathin

films with an overall homogeneous height distribution and broad terraces. Based

on this argument, the film deposited at 225°C presents the best result.

3.4 Structural characterisation of (Bi1-xSbx)2Te3 thin
films

Fig. 3.5(a) presents two X-ray reflectivity (XRR) measurements, acquired from

two 10 nm BST films, deposited at 225°C. The blue curve represents a ratio of

(Bi+Sb):Te ≈ 1:4 and for the red curve we increased the ratio to approximately

1:10. As can be seen from the equivalent period of the Kiessig oscillations, the

growth rate is solely dependent on the Bi and Sb fluxes [44, 45]. The clear os-

cillation and low noise level imply that the films exhibit a low surface roughness.
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In Fig. 3.5(b) we present the XRR scans corresponding to the samples presented

in Fig. 3.3. As expected, increasing the substrate temperature has a direct impli-

cation on the growth rate. As the temperature is raised, the Kiessig fringes show

a larger oscillation period, corresponding to a thinner film.

As described in Section 3.1, our deposition process includes a substrate pre-

anneal. Fig. 3.5(c) emphasises the significance of this pre-anneal by presenting

a symmetric 2θ – ω diffractogram of two BST film, deposited at 225°C. The

substrate of the sample presented by the red (blue) curve did (not) receive an in

situ treatment prior to deposition. The club symbol at 2θ ≈ 40° marks the peak

arising from the SrTiO3 substrate reflection, with the corresponding peaksmarked

by an asterisk which arise due to the non-monochromated X-rays. The diamond

symbols at 2θ ≈ 17°, 26°, 35° and 44° mark the diffraction peaks of the BST

(003n) reflections. The latter reflections imply that the c-axis of the crystal struc-

ture of the BST film is properly aligned perpendicular to the substrate surface.

The peaks that are not marked indicate that at least one other crystal phase is

present in the film deposited without a pre-anneal, which is highly undesirable.

Therefore, the pre-anneal is employed at all times to suppress these additional

phases. In Chapter 5 we discuss the possible origin of this improvement of the

BST film quality caused by employing a substrate pre-anneal. Fig. 3.5(d) presents

the symmetric 2θ – ω diffractograms to compare the crystal quality of the BST

films deposited at different temperatures. The presence of the Laue fringes is a

clear indication of the high crystalline quality of the BST films [46]. Based on the

combination of the AFM and XRD results, we decided to choose 225°C as an

optimal substrate temperature for our experiments.

3.5 Effect of pre-treatment process onfilmnucleation
After determining the optimal growth parameters, we focussed on further opti-

mising the pre-treatment process. The in situ pre-treatment process of the sub-

strates includes a pre-anneal while applying a Te flux, as is described in more

detail in Appendix A. Fig. 3.6(a) presents the surface morphology of a 5 nm BST

film deposited using our optimised deposition process. A poor morphology was

obtained in (b)-(d).
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Figure 3.5: XRD measurements performed on BST films deposited on SrTiO3. In

the diffractograms of (a), (b) and (d) the measurements are offset for clarity. The solid

(semi-transparent) lines present the smoothed (experimental) data. (a) XRR of two 10 nm

BST films deposited using the same Bi and Sb flux, while varying the Te flux. The data

shows that the growth rate is solely dependent on the supply of Bi and Sb atoms. (b)

Influence of deposition temperature on the BST film thickness (oscillation period) and

roughness (slope). (c) Difference observed in crystal quality when (not) performing a

pre-anneal of the SrTiO3 substrate before deposition. Both films were deposited using

the same deposition time and a substrate temperature of 225°C. A different phase is

observed, and, additionally, the intensity of the main film peaks is heavily suppressed. (d)

Influence of deposition temperature on the film quality. Note, that additional peaks ap-

pear in the diffractograms presented in (c) and (d) due to the absence of a monochromator.

These peaks are marked with an asterisk.
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SrTiO3(a) (b) SrTiO3

(d) Al2O3(c) SrTiO3

Figure 3.6: Influence of post-treatment on surface morphology of BST thin films re-

vealed by AFM images with a lateral dimension of 3 μm. We compare 5 nm BST films

deposited on SrTiO3 (a, b, c) and Al2O3 (d). The AFM image in (a) reveals the surface mor-

phology of a BST film deposited using our optimised deposition process. In (b) the SrTiO3

substrate was treated using the standard buffered hydrofluoric (BHF) and heat treatment,

only during the in situ post-anneal, no Te flux was used. In (c) and (d), SrTiO3 and Al2O3

substrates were used which were not heat treated before being loaded in the MBE. An in

situ post-anneal was performed in a Te-rich environment.

The rough BST film surface presented in Fig. 3.6(b) is a result of our standard

deposition on a SrTiO3 substrate, which has received its standard ex situ treat-

ment, but where no Te was supplied during the in situ anneal. As a result, the

film nucleation is poor, revealed by the presence of many crystallites sticking out

of the film in random directions. To investigate the influence of the presence of

SrTiO3 and Al2O3 terraces on the film nucleation, we performed a deposition on

a SrTiO3 and Al2O3 substrate where no ex situ heat treatment was performed,

see Fig. 3.6(c) and (d), respectively. The resulting surface morphology provided

sufficient proof to state that the presence of well-defined terrace step edges has

a positive influence on the nucleation of the BST.
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To summarise, in this chapter we introduced the principle behind the MBE tech-

nique that we employ to deposit our films with. Additionally, we described our

growth process and details regarding the BST crystal structure. These together

with presented scientific evidence support our final conclusion regarding the op-

timal parameters for the BST deposition.
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Appendix A: Substrate treatments
A high-quality epitaxial growth is essential to study the structural and electronic

properties of BST thin films. This can be obtained by ensuring that the sub-

strates have clean surfaces and saturated dangling bonds. Here we describe

the ex situ and in situ substrate treatment of Fe-doped In-terminated InP (111)A,

Al2O3 (001) and SrTiO3 (111) substrates prior to the deposition process.

Ex situ treatment

The InP (111)A substrates are cleaned by an ultrasonic immersion in acetone of

the as-received substrates for about 5 min, followed by an ultrasonic submer-

sion in ethanol for 5 min. All substrates are visually inspected to verify their

cleanliness using an optical microscope. If required, the substrates undergo an

additional cleaning step by means of a lens tissue and isopropanol.

The Al2O3 (001) substrates require an additional heat treatment to create a ter-

raced surface. Before employing the heat treatment, the Al2O3 substrates are

cleaned using the same cleaning procedure as for the InP substrates. Subse-

quently, the Al2O3 substrates are placed in a quartz tube and heat treated in a

tube furnace, at 1030°C, for 1.5 h. The typical substrate miscut of 0.33° results

in terraces width of approximately 60 nm.

An equivalent cleaning procedure is applied to the SrTiO3 (111) substrates, to

ensure a clean surface. For the SrTiO3 substrates it is desirable to have a Ti
4+

terminated surface, even though this surface can undergo a reconstruction. In

order to etch the SrO
4–

3
termination, the substrates are first ultrasonically im-

mersed in demineralised water for 30 min to form SrH compounds. Thereafter,

a buffered hydrofluoric acid (BHF) dip of 30 s follows to selectively etch these

Sr compounds from the surface. Subsequently, the substrates are polished em-

ploying a lens tissue and isopropanol, to retrieve a clean surface. This cleaning

step is succeeded by a heat treatment, in the quartz tube furnace at 950°C for

1.5 h, while supplying an oxygen flow of 150 ml/min to prevent the creation of

oxygen vacancies [47]. The treated substrates from this study typically exhibit

terraces with a width of approximately 130 nm.
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All Al2O3 and SrTiO3 substrates are inspected by AFM before loading into the

MBE, to ensure a proper terraced surface.

In situ treatment

Alike on the Si (111) surface, dangling bonds are present on the InP (111)A sur-

face, as is a surface oxide layer. It has previously been reported that the passi-

vation of these dangling bonds is achieved using a strained atomic layer of Te,

which allows for the growth of a relaxed BST film on Si (111) via Van der Waals

epitaxy [36, 48, 49]. The same passivation procedure has led to the success-

ful growth of epitaxial Bi2Se3 films on InP (111)A [50]. By in situ annealing at

510 °C for 15 min, we achieve the deoxidation and Te passivation of the InP

substrates. The high temperatures required to desorb the oxide layer, also lead

to phosphorous outgassing, which is compensated for by introducing a chalco-

genide overpressure, which will in turn passivate the dangling bonds on the sur-

face [43,50,51]. For Al2O3 and SrTiO3, an in situ pre-anneal of 1 h at 550°C was

used to remove surface contaminations. As well as with the procedure for InP,

this in situ pre-anneal is performed in a Te rich environment.
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4
Revisiting the Van der Waals

epitaxy in the case of

(Bi0.4Sb0.6)2Te3 thin films on

dissimilar substrates

Ultrathin films of the ternary topological insulator (Bi0.4Sb0.6)2Te3 are fabri-

cated by molecular beam epitaxy. Although it is generally assumed that the

ternary topological insulator tellurides grow by Van der Waals epitaxy, our

results show that the influence of the substrate is substantial and governs

the formation of defects, mosaicity, and twin domains. For this comparative

study InP (111)A, Al2O3 (001), and SrTiO3 (111) substrates were selected.

While the films deposited on lattice-matched InP (111)A show Van derWaals

epitaxial relations, our results point to a quasi-Van der Waals epitaxy for the

films grown on substrates with a larger lattice mismatch.

The contents of this chapter will be submitted for publication as:

“Revisiting the Van derWaals epitaxy in the case of (Bi0.4Sb0.6)2Te3 thin films on dissimilar substrates”

by L. Mulder, D.H. Wielens, Y.A. Birkhölzer, A. Brinkman and O. Concepción.



4.1. Introduction

4.1 Introduction

Since the theoretical prediction and experimental realisation of binary topological

insulators (TIs) such as Bi2Se3 [5,16,52,53], Bi2Te3 [18,53,54], and Sb2Te3 [54],

both the electronic and structural properties of this exotic class of materials have

been investigated extensively. The properties of the characteristic topological

surface states, such as spin-momentum locking and prohibited backscattering,

allow TIs to be used as a fundamental building block in the fields of spintron-

ics, quantum computing, and low-power electronics. Additionally, they are also

of interest for fundamental research into exotic phenomena such as Majorana

fermions and axion electrodynamics. To achieve the prospects, it is of vital im-

portance that the TIs exhibit an excellent crystallinity, smooth surfaces, and a low

defect-density.

The energy of the Dirac point of the Dirac cone of the topological surface state

can be tunedwithin the bulk band gap of the TI, by varying the ratio of Bi and Sb in

ternary (Bi1–xSbx)2Te3 (BST) [55]. Bi2Te3 and Sb2Te3 exhibit the same rhombo-

hedral crystal structure, consisting of a layered structure in the [001] direction.

Therefore, it is possible to randomly interchange Bi and Sb atoms to form this

ternary compound. In this crystal structure, five atomic layers in the sequence

-Te-X-Te-X-Te- (where X is either Bi or Sb) form a quintuple layer (QL) with a

height of approximately 1 nm. Atoms within the QL are covalently bonded but

adjacent QLs are bonded via weaker Van der Waals (VdW) forces. It is generally

stated that these relatively weak inter-atomic interactions allow the film to be

grown by VdW epitaxy on a great variety of substrates, even if these exhibit a

large lattice mismatch with respect to the film [56].

So far, successful deposition of these binary and ternary TIs has been reported

on various substrates, such as: Al2O3 (001) [55,57,58], GaAs (111) [59,60], InP

(111)A [61], Si (111) [62], SrTiO3 (111) [63,64], and Nb-doped SrTiO3 (111) [21].

Reasons to deviate from choosing a lattice-matched substrate could be (i) to allow

for electric field gate tuning through the substrate dielectric, or (ii) to be able to

illuminate TIs from the backside. For the former reason, SrTiO3 (111) is an ideal

candidate [63,64] due to its high dielectric constant at low temperatures, and for

the latter reason Al2O3 (001) substrates could be an attractive alternative. These

oxide substrates are widely used for their well-established chemical, thermal, and

mechanical stabilities. In addition, Al2O3 (001) is relatively cheap, and therefore
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well-suited for future practical applications. An evenmore exotic use of substrate

material is to induce interfacial superconductivity, e.g. by integration of Bi2Te3

on a layer of FeTe [65] or on a cleaved FeTe1–xSex bulk single crystal [66]. For all

of these cases, it is important to understand up to what degree the TI material

will allow for VdW epitaxy on these substrates. In terms of thin film deposition

techniques, molecular beam epitaxy (MBE) has proven to be well suited for the

growth of binary and ternary TIs. TI films grown by MBE are generally of high

crystalline quality, however, defects such as mosaicity, twin domains, antiphase

domain boundaries, and misoriented crystallites are not exceptional [46,56]. No

clear correlation between the existence of these defects and the characteristics

of VdW growth has been reported.

This chapter presents a comparative study of the influence of the substrate on

the structural and morphological properties of BST films grown by MBE. To in-

vestigate whether BST solely grows by VdW epitaxy, various experiments were

carried out to verify and refute the distinct characteristics of this growth mech-

anism, i.e. the high crystalline quality, a strain-free growth, the absence of dislo-

cations, a rotational alignment with the substrate, and an abrupt and defect-free

substrate/film interface, despite a possible lattice mismatch [67].

4.2 Substrate and material choice
InP (111)A, Al2O3 (001), and SrTiO3 (111) substrates were selected for this

study, which can be passivated or reconstructed to avoid dangling bonds. Semi-

insulating InP (111)A substrates have a relatively rough surface and a rather mod-

est lattice mismatch of 4.3% with respect to BST. Here, the lattice mismatch is

calculated using,

afilm – asubstrate

asubstrate

× 100%. (4.1)

The properties of the rough InP (111)A surface are in stark contrast with the

atomically flat terraces, and reconstructed surfaces of Al2O3 (001) and SrTiO3

(111) insulating substrates. The drawback of the latter substrates is, however,

that they exhibit a relatively large lattice mismatch of –9.2% and –21.7%, re-

spectively.
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Figure 4.1: In situ XPS results for the 10 nm film deposited on SrTiO3. The top panel

shows the survey scan and the bottom panels show the high-resolution scans of the

Te 3d, Sb 3d, and Bi 4f core level spectra used to determine the stoichiometry of the

(Bi1–xSbx)2Te3 films.

We verified that MBE allows for the growth of crystalline ultrathin BST films

on three fundamentally different substrates. However, depending on the sub-

strate material quantitative differences are observed in the type and amount of

defects present in the film. The results of the performed studies show that the

differences observed with regard to the structural and morphological properties

cannot solely be explained by a VdW epitaxial growth mechanism.

Even though Bi2Te3 and Sb2Te3 have the same rhombohedral crystal structure,

there are slight variations in the lattice parameters of these materials. Therefore,

all BST films were grown with an equivalent Bi:Sb ratio to rule out the influence

of the composition-dependent lattice parameter on our comparative study. The

samples were transferred under ultrahigh vacuum conditions to an XPS set-up

to determine the stoichiometry of the films. We verified that all 10 nm thick

(Bi1–xSbx)2Te3 films exhibit x = 0.59± 0.04. The collected spectra of the 10 nm
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Substrate Bi (%) Sb (%) Te (%) Stoichiometry

InP (111) 17.7 24.3 58.0 (Bi0.42Sb0.58)2Te3

Al2O3 (001) 16.6 25.4 57.9 (Bi0.40Sb0.60)2Te3

SrTiO3 (111) 17.6 24.8 57.6 (Bi0.42Sb0.58)2Te3

Table 4.1: Overview of the XPS results, including the element concentrations and de-

termined stoichiometry, for the 10 nm (Bi1–xSbx)2Te3 films.

film grown on SrTiO3 are shown in Fig. 4.1. The spectra for the other samples

are equivalent. Since the samples are transferred in situ, all peaks in the survey

scan (top panel) can be attributed to either Bi, Sb or Te. The high-resolution el-

emental scans (bottom panels) were used to determine the stoichiometry. After

a Shirley background subtraction, all elements were fitted employing the con-

straints suited for spin-orbit spitting of the elements. The determined atomic

percentages and calculated stoichiometries are shown in Table 4.1. For the stoi-

chiometry calculation, we omitted the Te percentage to determine the Bi:Sb ratio.

4.3 High degree of crystallinity, consistentwith VdW
epitaxy

For all BST films, reflection high-energy electron diffraction (RHEED) patterns

were recorded at room temperature, after deposition. Fig. 4.2 presents the ac-

quired RHEED patterns along 〈21̄1̄0〉 of three 10 nm BST film deposited on InP

(a), Al2O3 (b) and SrTiO3 (c). The sharp streaks observed in all RHEED patterns

are representative for all 10 nm BST films deposited on a particular substrate ma-

terial. The streaks indicate a terraced surface morphology and demonstrate the

high-crystalline quality of the film. All RHEED patterns show a spacing between

the streaks that is equivalent to having an in-plane lattice parameter of 4.3±0.05
Å. The high-crystalline quality of the BST is corroborated by performing ex situ

XRD measurements on all films. The corresponding diffractograms are shown in

Fig. 4.2. The high intensity peaks correspond to the substrates, i.e. 2θ = 26.30°

for InP, 41.68° for Al2O3 and 39.96° for SrTiO3. The remaining diffraction peaks

match the parallel planes of the rhombohedral BST structure [68, PDF nr. 98-

018-4248], resulting in an out-of-plane lattice parameter of 30.55 ± 0.1 Å for
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Figure 4.2: (a)-(c) RHEED patterns and (d) symmetric 2θ – ω diffractograms of 10 nm

BST on InP (111), Al2O3 (001), and SrTiO3 (111) substrates respectively. The presented

RHEED patterns are recorded along 〈21̄1̄0〉 and are representative for other BST films

deposited on these substrates. The XRD data has been given an offset for clarity. The

solid (semi-transparent) lines present the smoothed (real) data. The Miller indices of the

different crystallographic planes (hk`) are indicated. The diffractograms and the sharp

streaks observed in the RHEED patterns confirm the crystallinity of all three BST films in

the out-of-plane direction.
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Figure 4.3: RSMs of 10 nm BST films deposited on (a) InP (111)A, (b) Al2O3 (001), and

(c) SrTiO3 (111). All RSMs map out the same region of reciprocal space chosen to cover

the three nearest substrate reflections and the reciprocal space position of the (0120) and

(1019) BST reflections. The RSMs indicate almost no strain.

all the samples, which is the value for the relaxed bulk crystal structure. The

presence of only the BST (003n) reflections implies that the c-axis of the crys-

tals are properly aligned perpendicular to the substrate surface. The presence of

Laue fringes is a clear indication of the high-crystalline quality of the BST films

and corroborates the homogeneity of the thickness [69], and the formation of

a clean interface between the substrate and the film [46]. The film thicknesses

were verified using X-ray reflectivity (XRR).

To investigate the potential strain induced in the BST films by the different sub-

strates, reciprocal space maps (RSMs) were obtained in coplanar geometry in

grazing-exit configuration. All RSMs, presented in Fig. 4.3, show a projection of

the same region of reciprocal space, whichwas chosen to capture both the (0120)

and (1019) reflections of BST and the nearest reflections of the substrates, which

are the (133), (018), and (112) reflections for InP, Al2O3, and SrTiO3, respectively.

The differences observed in the relative film peak intensities can be explained by

considering the rotational alignment of the BST filmwith the substrates, as will be

discussed later on in this chapter. All film peaks in Fig. 4.3 show an undistorted

elliptical shape, independently of the used substrate. This rules out the presence

of strain in the film and is consistent with the VdW epitaxial growth mechanism.
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4.4 Morphological differences, indicating quasi-VdW
epitaxy

The highly crystalline nature of the films, with fully relaxed lattice constants, are

consistent with the concept of VdW epitaxy. However, for a pure VdW mecha-

nism one would expect defect-free films, independent of the choice of substrate,

even though their surfaces differ to a great extent, see Fig. 4.4(a)-(c). In contrast

to this expectation, the AFM images of the BST films in Fig. 4.4 reveal large dif-

ferences in the surface morphology. In order to obtain a better understanding

of the influence of the substrates on the film growth, the surface morphology of

BST films of 5 and 10 nm thickness are compared for different substrates. From

left to right, the topography of BST on InP (111)A, Al2O3 (001), and SrTiO3 (111)

is presented.

The deposition of 5 nm thick BST films on rough InP substrates results in a

smooth and uniform film surface (RMS roughness of 0.4 nm) which can be seen

in Fig. 4.4(d). This is expected to be a direct consequence of the VdW epitaxy

and small lattice mismatch between the film and the InP substrate allowing for a

layer-by-layer growth mode. The height profiles of the AFM images of the 5 nm

film, presented in Fig. A.1(a) in Appendix A, reveal step edges which appear to be

incomplete QLs, but are likely to arise from the InP substrate, where subsequent

In atoms are separated by 3.38 Å. By increasing the film thickness, the archetypi-

cal triangular islands start to appear with their distinctive single QL steps. Similar

results have been obtained for the growth of Bi2Se3 on InP (111)B [43] and for

Bi2Te3 and Sb2Te3 on Si (111) [48, 70, 71]. These also exhibit a rough surface

and diatomic steps of which the height is comparable to those on the InP (111)A

substrate.

The AFM image of the 5 nm film on Al2O3, presented in Fig. 4.4(e), reveals a

relatively rough film surface (RSM roughness of 1.8 nm). Additionally, it shows

three-fold symmetric features, that are archetypical for films exhibiting these Bi-

based rhombohedral crystal structure. The substrate surface is not completely

covered by the BST film. We refer to these uncovered areas as voids and observe

that some of these voids act as nucleation sites for randomly oriented crystal-

lites. For thicker films, the triangular islands start to merge, forming a smooth,

dense film, but the misoriented crystallites are still present.
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Figure 4.4: AFM images revealing the surface morphology of the used substrates (a)-(c)

with a dimension of 1×3 μm. Surface morphology of 5 and 10 nm BST films deposited on

InP (d, g), Al2O3 (e, h), and SrTiO3 (f, i), with a lateral dimension of 1 and 3 μm, respectively.

The BST films exhibit randomly inclined crystals when deposited on SrTiO3 and Al2O3,

whereas it grows relatively smooth on InP. The observed defects are expected to arise

from strain in the nucleation layer of the film due to the relatively large lattice mismatch

between the film and the SrTiO3 and Al2O3 substrates.

Both the 5 nm and 10 nm film on SrTiO3 show a surface morphology that covers

the entire substrate, as can be seen in Fig. 4.4(f) and (i). This observation is in

stark contrast to the observed voids in the films on Al2O3. The 5 nm film on

SrTiO3 exhibits a RMS roughness of 1.4 nm. We observe individual substrate

terrace steps in both the surface morphology of the 5 nm and 10 nm BST film,

displaying a step height that corresponds to the 2.25 Å for single terminated

SrTiO3 (111). A height profile, revealing both these substrate terrace steps is

presented in Fig. A.1(b) in Appendix A.
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Since the RHEED and XRD results rule out an amorphous phase, this proves that

a layered growth is achieved. The surface morphology shows no clear in-plane

orientation for the 5 nm film on SrTiO3, which resembles the lack of in-plane ori-

entation observed in the 5 nm film on InP. In contrast to InP, the absence of the

rotational alignment becomes more apparent when increasing the film thickness

on SrTiO3. Although there is no sign of voids in these films, similar randomly

oriented crystallites are observed as on the films on Al2O3. Since these do not

exist on the films on InP, we conclude that these crystallites arise due to strain

in the first nucleation layer, as a direct result of the lattice mismatch. This is not

expected for a solely VdW epitaxial growth.

The presence of misoriented crystallites has previously been reported for Bi-

rhombohedral compounds under different nomenclature: such as blobs, islands,

spot structures or randomly inclined crystals [56, 57, 72, 73]. They can even be

present in devices that show exotic phenomena such as the quantum anomalous

Hall effect [72, 74]. Despite the observed relation between the existent lattice

mismatch and the presence of these crystals, the origin of these defects is still

unclear. Kremer et al. [75] and Richardella et al. [56] performed TEM studies

in which they found these misoriented grains to be crystalline. These studies

discard the possibility that these disoriented crystals are impurities, or that they

exhibit a different crystal structure, or even consist of a different stoichiometry.

Furthermore, by using Auger electron spectroscopy and Energy-dispersive X-ray

spectroscopy (EDX), they verified that the crystals had the same composition

as the rest of the film. By employing XRD, Ferhat et al. [40] and Mu et al. [73]

proved by the presence of polycrystalline BST diffraction peaks that the crystal-

lites are, in fact, the same material but in an unfavourable orientation. The 2θ

diffraction angle of the polycrystalline (015) plane, is very close to the diffraction

angle of the (009) plane of BST. Therefore, by using only the diffractogram in

Fig. 4.2(d) it is not possible to rule-out the presence of the (015) plane in the

BST diffractograms. Even though we have not found any indication of the mis-

oriented crystallites in the symmetric XRD scans, the AFM results for the BST

films on Al2O3 and SrTiO3 do correspond with the BST misoriented grains as

observed in other studies [56,57].

Additionally, the electron backscatter diffraction (EBSD) analysis, which is per-

formed to visualise the in-plane crystal orientation of the films, also showed some

amount of misoriented phases, verifying the deviant crystallite orientation (see
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Fig. B.1 in Appendix B).

According to the Frank-van der Merwe model [76], layer-by-layer growth can

only be achieved in case of atomic diffusion and a film to substrate interaction.

By performing the growth at the correct growth temperature and using a sub-

strate with a low mismatch with the material, it is possible to achieve this growth

mechanism, as we report in the case of the films grown on InP. Despite the op-

timisation of the growth temperature and the intrinsically weak interaction be-

tween QLs, the large lattice mismatch of BST with respect to both the Al2O3

and SrTiO3 substrate gives rise to three-dimensional island growth. This is in

accordance with the Volmer-Weber model [76]. Our results provide additional

evidence that the growth of Bi-rhombohedral compounds cannot be considered

to be completely consistent with VdW epitaxy on our substrates with large lat-

tice mismatch. This allows us to define the growth mechanism of our BST films

as quasi-VdW epitaxy.

4.5 Employing quasi-VdW epitaxy to enhance single
domain rotational alignment with the substrate

Even in the case of a pure VdW epitaxy, there is still an inevitable interaction

between the film and the substrate. This interaction induces an in-plane align-

ment of the crystal structures of the film and the substrate [67]. For BST and

materials with a similar crystal structure, this in-plane alignment allows for the

presence of the characteristic, so-called twin domains [56]. When there is only

a small interaction between the film and the substrate, the crystalline arrange-

ment within the first QL has two possible orientations with equal probability.

This results in grain boundaries with 60° in-plane rotations of the crystal struc-

ture around the c-axis, referred to as twin boundaries. These boundaries could

potentially lead to an enhanced bulk conduction and are therefore detrimental

for the film’s applications [60]. For this reason, a suppression of the presence of

one of the twin domains is highly desired. In Fig. 4.4(h) the AFM image of the 10

nm film deposited on Al2O3 shows that the triangular features are almost exclu-

sively oriented in the same direction, indicating the presence of a single domain,

free of twinning. If the growth mechanism would be described solely by VdW

epitaxial growth, it would not be possible to suppress of one of the domains. Tex-

ture studies are performed by measuring pole figures to verify this hypothesis.
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Figure 4.5: Pole figures taken in symmetric 2θ – ω configuration at 2θ = 38.06° on 10

nm BST films deposited on (a) InP (111)A, (b) Al2O3 (001), and (c) SrTiO3 (111). φ and

χ present the azimuthal and tilt angle, respectively. Mapping the BST{1010} of the film

on SrTiO3 (a) and InP (c) clearly shows the existence of the twin domains while a domain

suppression is achieved in the film on Al2O3 (b).

These measurements allow for the in-plane orientation analysis of the crystals,

i.e. to study the presence of the domains as well as the in-plane alignment with

the substrate.

The diffraction spots in Fig. 4.5 correspond to the BST {1010} reflections and

confirm the aforementioned c-axis orientation of the crystals perpendicular to

the substrate surface. The azimuthal angles of the spots coincide with those

of the substrate, which is a clear indication of an epitaxial textured growth and

characteristic for VdW epitaxial growth.
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The suppression of one of the twin domains becomes apparent when only three

spots in the pole figure are present, such as shown for the films deposited on

Al2O3, see Fig. 4.5(b). On the contrary, for the rough InP surface, for which

the growth takes place by VdW epitaxy, no twin suppression is expected. This is

confirmed by the pole figure revealing much less preference for the nucleation

of one of the twin domains over the other, see Fig. 4.5(a). Similar results were

obtained using EBSD (see Fig. B.1 in Appendix B). However, Guo et al. [50]

have shown that a domain suppression in Bi2Se3 epilayers deposited by MBE is

possible on InP (111)A substrates as well, by enabling a step-flow growth mode

by using vicinal InP (111) substrates. The pole figure from the film deposited on

SrTiO3, presented in Fig. 4.5(c), shows that the film is built up out of two domains

with a substantial mosaic twist. From these results, we conclude that the large

mismatch of SrTiO3 and BST apparently leads to less ordered, mosaically twisted

and multi-domain films.

Note, that in the RSM presented in Fig. 4.3(b), an inversion of the (0120) and

(1019) reflections of BST is observed. While the (0120) is more intense in the

RSM performed on the films deposited on InP and SrTiO3 substrates, the (1019)

reflection is more pronounced in the RSM of the Al2O3 substrates. According to

simulations using theWinWulff Stereographic software, see Fig. 4.6, and verified

by φ-scans performed on the samples, the reflections of the (0120) plane have

the same azimuthal angle as the (133) plane of InP, whereas the (1019) reflections

are rotated by 60°. Since the film deposited on InP exhibits twin domains, both

planes should be visible on the RSM. But as the intensity of the reflections of

the (0120) plane is 26.5 times as high as the (1019) reflections, only the (0120)

is present in the RSM [68, PDF nr. 98-018-4248], see Fig. 4.3(a). For the films

deposited on both the Al2O3 (001) and SrTiO3 (111) substrates, in case of a

single twin domain, only the (1019) plane should appear in the RSMs, because

the reflections of this plane have the same azimuthal angle as the reflections of

the (018) and (112) planes of the Al2O3 and SrTiO3 substrates, respectively. This

prediction is verified for the single domain BST film grown on Al2O3, presented

in Fig. 4.3(b). However, for the film on SrTiO3 both the (1019) and (0120) plane

are observed due to the presence of both twin domains, see Fig. 4.3(c).
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Figure 4.6: Simulations of relative azimuthal angles, φ, for the BST (0120) and (1019),

the (a) InP (133), (b) Al2O3 (018), and (c) SrTiO3 (112) reflections, for which corresponding

RSMs are presented in Fig. 4.3. φ and χ present the azimuthal and tilt angle, respectively.

(a) The InP (133) reflection can be found at the same azimuthal angle as the BST (0120)

reflection, and exhibits a 60° rotation with the BST (1019) reflection. The Al2O3 (018) (b)

and SrTiO3 (112) (c) reflections can be found at the same azimuthal angle φ as the BST

(1019) reflection.

4.6 Revealing the nature of the film-substrate inter-
action in quasi-VdW epitaxy

The final characteristic VdW feature that we want to investigate is the lattice

mismatch independent defect-free substrate/film interface [67]. To assess the

local crystallinity at the interface of the film and substrates we use (high-angle)

annular dark field, (HA)ADF, scanning transmission electron microscopy (STEM).

The (HA)ADF signal is sensitive to variations in the atomic number of the atoms
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Figure 4.7: STEM images of the substrate/film interface (a)-(c) ADF mapping performed

on a 10 nm BST film deposited on InP. The lamellae preparation and STEMmeasurements

have been performed by Hitachi High-Tech. (a)-(b) STEM cross-sectional view along the

[21̄1̄0] (in-plane) direction, (a) presenting a regular stacking of the QLs and (b) revealing a

well-defined substrate/film interface. (c) The twinning of the film can be clearly resolved

from this STEM image presenting a cross-sectional view along the [011̄0] (in-plane) direc-

tion. (d) HAADF mapping performed on a 10 nm BST film deposited on Al2O3 presenting

a cross-sectional view along the [011̄0] (in-plane) direction. The lamellae preparation and

STEM measurements have been performed by JEOL Ltd.

of the specimen, and therefore provides information about local atomic order-

ing. However, since our material system does not exhibit a large Z-contrast, no

elemental information can be deduced from the (HA)ADF STEM images alone.

For the purpose of mapping the elemental distribution within the film and near

the substrate/film interface, we performed energy dispersive X-ray spectroscopy

(EDX). All presented STEM images were obtained using an acceleration voltage

of 200 kV, except for those presented in Figs. 4.8 and 4.9(c), which were ac-

quired using 80 kV in order to limit the specimen damage caused by the highly

energetic electron beam.
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As visualised in Fig. 3.2 in Chapter 3, a lamella cut in the [21̄1̄0] or [100] direction

can reveal twinning of the crystalline rhombohedral crystal structure. However,

for a proper examination of the substrate/film interfaces we used lamellae cut

in the [011̄0] or [120] direction, in which the crystal structure exhibits a higher

level of order due to its atomic arrangement in the out-of-plane direction.

Fig. 4.7(a)-(b) present ADF STEM results acquired on a lamella fabricated from

a 10 nm BST film on InP, cut in the latter [011̄0] direction. Although the images

only presents a local image of the atomic arrangement of the film, we observe the

well-ordered QL stacking along the c-axis, with VdW gaps separating the subse-

quent QLs. Fig. 4.7(b) shows a close up of the interface of the BST film and the

InP substrate, revealing an ordered single, and sometimes double, atomic layer at

the interface, smoothing the relatively rough InP surface. Additional EDX analysis

is required to verify the composition of this layer. Borisova et al. [48] previously

observed the presence of an interfacial Te layer between Bi2Te3 thin films de-

posited on Si (111), which is therefore proposed to be a likely scenario for our

films as well.

The ADF STEM image of a lamella fabricated from the same BST film, cut in

the [21̄1̄0] or [100] direction, is presented in Fig. 4.7(c). In this image two twin

domains are apparent. No clear twin boundary is observed, because the bound-

ary exists in between the QLs. The observation with regard to the twin domains

matches the results acquired in the XRD and SEM study, see Fig. 4.5(a) and B.1(a).

In contrast to the observation we made regarding the defect-free interface in

between the BST film and the InP, the film interfaces at both the Al2O3, Fig.

4.7(d), and SrTiO3 substrate, Fig. 4.8(b), reveal an, what resembles, amorphous

interfacial layer with a thickness of about 1 nm. The crystalline, unstrained QL

ordering appears directly above this layer, which is correspondence with the re-

sults obtained from the RSMs. This same observation was made by Richardella

et al. [56] and Richardson et al. [77] for MBE deposited Crx-(Bi,Sb)2–xTe3 and

Vx-(Bi,Sb)2–xTe3 on SrTiO3. The unidirectional diagonal alignment of the atoms

in the BST film on Al2O3, see Fig. 4.7(d), reveals that one of the twin domains is

suppressed. From this we can conclude that, as for InP, the HAADF results are

in agreement with the results of the pole figures and the EBSD analysis. Addi-

tionally, this STEM image verifies the presence of screw dislocations within the

film, which matches the surface morphology as assessed by AFM, see Fig. 4.4.
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Figure 4.8: Probe-corrected HAADF HRSTEM images. (a) STEM cross-sectional view

along the [21̄1̄0] (in-plane) direction on a 10 nm BST film deposited on SrTiO3. (b) Close-

up of substrate/film interface (c) near a randomly inclined crystal. Analysis performed by

Thermo Fisher Scientific Eindhoven.

Fig. 4.8(a) shows a cross section of a randomly inclined crystal present in the 10

nm BST film deposited on SrTiO3. No clear atomic arrangement could be identi-

fied within this inclined crystal, using this lamella. However, we can state that the

nucleation area is smaller than observed by AFM, since the crystals tend to over-

grow the crystalline film. A close-up of the substrate/film interface reveals that

these crystals do nucleate at the substrate surface, but cannot confirm whether

their origin is strain related, see Fig. 4.8(c). We propose to perform additional

elemental mapping near the substrate/crystal interface to investigate whether

their origin is related to local stoichiometry differences. We did, however, per-

form elemental mapping on the crystalline region of the BST film on SrTiO3, to

investigate the composition of the amorphous interfacial layer. We present the

the elemental map acquired using EDX on the cross-sectional lamella of the BST

film on SrTiO3 in Fig. 4.9. In Fig. 4.9(a) a HAADF reference scan is presented of
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(a) (b)

(c)

Figure 4.9: STEMHAADF image (a) and EDXmaps (b)-(c) of lamella presented in Fig. 4.8,

presenting a cross-sectional view along the [21̄1̄0] (in-plane) direction on a 10 nm BST

film deposited on SrTiO3. The dotted line marks the bottom of the first QL. (a) Reference

image of the area on which the EDXmapping is performed. (b) Overlay of elemental maps.

(c) Individual elemental maps of Bi (red), Sb (green) and Te (blue). The analysis reveals the

ordering of Sb in the interfacial layer. The lamellae preparation and STEM measurements

have been performed by Thermo Fisher Scientific Eindhoven.

the area on which the EDX is performed, see Fig. 4.9(b)-(c). The elemental maps

present the Te-X-Te-X-Te stacking within the QL, but also reveal a striking effect

near the substrate interface. The first QL consists of a higher concentration of

Bi than the QL farther removed from the interface, likely due to the Sb diffusion

towards the substrate interface.

Within the inter-layer, the diffused Sb forms an ordered layer. A similar Sb dif-

fusion was observed on our BST film deposited on Al2O3. Additionally, Lanius

et al. [78] presented a similar observation after fabricating a Sb2Te3/Bi2Te3 p-n
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heterostructure . A combined EDX and atom probe tomography study revealed

the accumulation of both Sb and Te at the substrate/film interface. This is re-

markable since they deposited Bi2Te3 prior to Sb2Te3. Thus the Sb must have

diffused through the whole Bi2Te3 layer to reach the Si (111) surface.

We speculate that it is unlikely that this effect is caused due to an imbalance

in the formation energies of Bi2Te3 and Sb2Te3 or Bi3O4 and Sb2O3. The for-

mer situation cannot explain the Sb diffusion throughout the Bi2Te3 layer and

the latter one does not account for the accumulation of Sb near the oxygen-free

Si (111) surface. No definite conclusion has yet been drawn regarding this ob-

servation. We propose to perform additional EDX measurements on a BST film

on InP, to verify whether the ordered atomic inter-layer that we observed also

contains Sb.

4.7 Conclusion
To conclude, in this research we have investigated the argument that weak VdW

interactions allow for the deposition of high-quality BST film on various sub-

strates by VdW epitaxy, regardless of the lattice mismatch. We present self-

consistent results of various studies performed to support or contradict this ar-

gument.

A comparison of the surface morphology of the BST films deposited on various

substrates revealed that (i) a larger lattice mismatch resulted in mosaic twisting of

the BST and the additional formation of randomly oriented crystals in the ternary

TI films. Furthermore, based on the 2θ – ω diffractograms, we concluded that

(ii) the highest structural quality is achieved in BST films deposited on lattice-

matched substrates. The RHEED results supported both these claims. Based

on a strain analyses performed by mapping the reciprocal space of the samples,

we conclude that (iii) no strain is present within the BST film. This observation

is verified by STEM images which did reveal an amorphous inter-layer for sub-

strates with a larger lattice mismatch, but above this layer an abrupt transition

to a well ordered crystal structure. With regard to the rotational alignment, we

verified that (iv) epitaxial growth on rough lattice-matched substrates results in

inevitable twinning of the crystal structure. Due to the partial agreement of our

results with the definition of VdW epitaxial growth, we argue that BST films grow

by quasi-VdW epitaxy.
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Figure A.1: Height profiles extracted from AFM images of 5 nm BST deposited on InP

(a) and SrTiO3 (b), presented in the main text in Fig. 4.4(d) and (f), respectively.

Fig. A.1(a) and (b) reveal a height profile extracted from AFM images presented

in the main text in Fig. 4.4(d) and (f), respectively. These were the 5 nm BST

deposited on InP (a) and SrTiO3 (b). As described in Section 4.4, some of the

steps correspond to the height of a single QL, and others seem to correspond to

individual substrate steps, which are 3.38 and 2.25 Å for InP (111)A and SrTiO3

(111), respectively.

Appendix B: Scanning electron microscopy analysis
In Fig. B.1 we present the results of the EBSD measurements. EBSD has been

used to perform a quantitative microstructural analysis on three 10 nm BST films,

deposited on (a) InP, (b) Al2O3, and (c) SrTiO3 substrates.
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Figure B.1: EBSD results for the three 10 nm films deposited on (a) InP, (b) Al2O3, and

(c) SrTiO3 substrates. The SEM images on the left show the morphology of the films,

and the IPF panels show the crystal directions parallel to the respective axis (Z or X). The

inset in the IPF Z image of panel (a) shows the colour mapping used in the IPF images.

The SEM measurements have been carried out by Mark A. Smithers employing a Zeiss

MERLIN HR-SEM system.

The samples are mounted on the sample holder by means of silver epoxy, and

an additional droplet of silver epoxy on the corner of the sample is used to make

contact between the film and sample holder to prevent charging effects.

The SEM images on the left reveal the morphology of the films. The Inverse Pole

Figure (IPF) data shows the orientation of the film with respect to the Z (out-of-

plane) or X (in-plane) axis. The inset in the IPF Z image of panel (a) shows the

colour mapping used in the IPF figures. The IPF Z images show that the films are
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well-oriented in the (001) direction, which corresponds to the results from the

symmetric XRD diffractograms, see Fig. 4.2. We attribute the relatively low mea-

surement yield on Al2O3 and SrTiO3 to the randomly inclined crystals present in

the BST films on these substrates.

The IPF X images provide information on the in-plane orientation of the films,

which present similar results to the pole figures in the main text. Here, we see

a clear difference between the different substrates. The film on InP shows two

domains, in stark contrast to the film on Al2O3 featuring almost a single phase.

The film grown on SrTiO3 exhibits a lot of different domains (although mostly

oriented along two preferred directions).

Appendix C: Lamellae cuts
Since the InP and Al2O3 substrates itself have no crystal plane indicators, and

the SrTiO3 notches present a direction, but can be interpret in two ways by flip-

ping the substrate, we developed a method to determine lamellae cut directions.

For this, we use the 5 nm W strip deposited on the substrate by RF sputtering

prior to film growth as a reference. All presented AFM scans in Fig. C.1, reveal

the triangular islands arising from the BST crystal structure. The AFM images

are all captured with the W strip located on the right side of the sample. The

pictures show the samples in the XRD set-up, where the X-rays were incoming

from the right, and the substrates were aligned to their RSM planes. By simu-

lating the reflections of the RSM planes of the substrates using the WinWulff

Stereographic software, we determined that in order to visualise the twinning

of the BST, the lamella have to be cut in the in one of the directions indicated

in the right schematic. For InP, this is perpendicular to the (133) plane, and for

both Al2O3 and SrTiO3, this is parallel to the (018) and (112) plane, respectively.

Translating these cut directions to the surface morphology as revealed by the

AFM images shows that the twinning of the BST film can be captured by cutting

the film perpendicular to the triangular island edges.

70



Chapter 4. Revisiting the Van der Waals epitaxy in the case of (Bi0.4Sb0.6)2Te3

thin films on dissimilar substrates

InP

Al2O3
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(133)
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Figure C.1: Lamellae cut directions, determined by XRD, presented with respect to

the BST surface morphology. From top to bottom, 10 nm BST films deposited on InP,

Al2O3 and SrTiO3. The grey rectangle presents the W strip, used as a reference in these

experiments. On the right, the three proposed lamellae cut directions are drawn, with

respect to the W strip. By performing a cut along these directions, a TEM lamellae will be

present a cross-sectional view along the [21̄1̄0] or [100] direction of the BST film.
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5
Enhancement of (Bi1-xSbx)2Te3

nucleation density by

high-energy electron irradiation

Pre-deposition irradiation of the oxide substrates SrTiO3 and Al2O3 by a high-

energy electron beam, as well as preforming an in situ pre-annealing pro-

cedure, lead to a higher nucleation density of the (Bi1-xSbx)2Te3 thin films.

Plausible causes are investigated such as the creation of oxygen vacancies,

inducing carbon nucleation sites, charging of the substrate surface and a

local rise of the substrate temperature. A scanning electron microscopy study

was performed to investigate the influence of the electron exposure on the

nucleation density after deposition. Since the effect induced on the substrate

surface is only preserved in vacuum, in situ X-ray photoelectron spectroscopy

was employed to find signatures of the potential causes of the effect. The

scenario in which oxygen vacancies are created is found to be a likely origin

of the enhanced nucleation density.



5.1. Introduction

5.1 Introduction
As briefly discussed in Chapter 4, reflection high-energy electron diffraction

(RHEED) can be used as a surface sensitive non-destructive in situ monitoring

technique to observe a material’s surface crystallinity and its morphology. In the

case of epitaxial layer-by-layer growth, it can also track the film thickness evolu-

tion during deposition. Additionally, RHEED is a grazing-angle diffraction tech-

nique which can be used to track or verify the epitaxial relation between the film

and substrate by having the electron beam incident at a high crystal symmetry

direction of the substrate prior to deposition. The generated electron diffraction

pattern allows one to determine the growth mode of the film. We found that

when the RHEED electron beam has been incident on the surface of SrTiO3 and

Al2O3 substrates prior to the deposition of (Bi1–xSbx)2Te3 (BST) compounds by

molecular beam epitaxy (MBE), it locally affects the nucleation density of the film.

Additionally, we observed an improvement of the nucleation by pre-anneal, as

described in Chapter 3. In Section 5.2, we show that it is the BST film nucleation

density that is affected by electon beam irradiation of the oxide substrate. In

Section 5.3 we discuss possible origins of this effect. Section 5.4 provides an

outlook in which we recommend additional experiments. All experiments in this

chapter were performed using SrTiO3 (111) substrates.

(a) (b) (c)

Figure 5.1: Optical microscopy image of three BST films deposited on SrTiO3 substrates.

For the samples presented in (a) and (b) the RHEED electron beam irradiated the sub-

strate prior to deposition, while the substrate was preheated to 225°C. The direction of

the incoming electron beam is indicated by the arrows. For the film presented in (c) we

employed the same deposition process, only no electron beam irradiation was performed

on the substrate. The aimed BST film thicknesses were (a) 10 nm and (b)-(c) 5 nm.
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Figure 5.2: (a) XRR analyses performed on a 10 nm BST film deposited on a SrTiO3

substrate. 2θ–ω diffractogramswere recorded from0 to 5° in the direction of the electron-

beam-induced pattern in the film. The coloured lines correspond to different locations on

the sample. The central positions of the XRR scans are indicated in the picture of the

sample by coloured dots (b).

5.2 RHEED affected film nucleation density

Three optical microscopy images of samples are presented in Fig. 5.1. For the

10 nm (a) and 5 nm BST film (b), the deposition was performed after electron

irradiation of the substrate surface. The RHEED beam was incoming at grazing

incidence from the right lower corner with an acceleration voltage of 15 kV. The

picture in Fig. 5.1(c) presents an optical microscopy image of a BST film for which

no electron beam irradiation was performed prior to depositing the BST thin film.

The latter result provides evidence that the electron beam irradiation is in fact

inducing the pattern in the BST films presented in Fig. 5.1(a) and (b). All films

were deposited using our standard deposition parameters, without employing a

pre-anneal of the substrate. This deposition process is described in more detail in

Chapter 3. The quality of the deposited films is evaluated by an X-ray reflectivity

(XRR) and scanning electron microscopy (SEM) study.

For these studies we used a 10 nm film, deposited using the same deposition

procedure as utilised for the sample presented in Fig. 5.1(a). We performed

XRR scans in the direction of the RHEED-induced BST film pattern. The results

are presented in Fig. 5.2(a). The coloured lines represent three different loca-
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tions across the pattern, as indicated in the picture in Fig. 5.2(b) by the coloured

dots. The black curve represents the scan along the centre of the electron-beam-

induced pattern, and the red and blue curve are taken at an equidistant spacing

from the center. We find that for the black curve the intensity of the Kiessig

fringes drops sharply, which indicates a relatively large surface roughness. The

red and blue curves show intensity oscillations over a larger 2θ range, which

exhibit a smaller oscillation period. This implies that the film is thicker at these

locations and exhibits a smaller surface roughness compared to the region of the

film near the black dot. Based on these results, we conclude that the electron

beam locally affects the film nucleation density, since more nucleation sites allow

the material to grow faster and allows for a better coverage.

To obtain information about the surface morphology of the film at different loca-

tions, we performed a SEM study on the same sample. The results are presented

in Fig. 5.3. We locally removed the BST film, creating the markings O, T and I,

to navigate across the sample. The sample with the markings is depicted in Fig.

5.3(h). Fig. 5.3(a) presents a SEM image captured at the edge of the O mark. The

sharp edge created in the BST film shows how easy it is to remove the BST from

the substrate surface due to its weak adhesion to the SrTiO3 substrate. In this

region, close to the marking O, island growth is observed, see Fig. 5.3(b). Moving

towards the engraved T, Fig. 5.3(b)-(f), the islands start to merge, leaving only a

few voids in the BST film near the centre of the sample, Fig. 5.3(e). Comparing

this morphology to that presented at the centre of the sample, Fig. 5.3(f), we

find that the density of randomly inclined crystals increases. These results nicely

correlate with the XRR results from Fig. 5.2(a), which show that the film presents

a larger surface roughness near the centre of the sample than at at a small dis-

tance from the center. Based on the SEM results we conclude that the electron

beam affects the nucleation density of the film in such a way that it is possible

to achieve a very flat surface morphology, as observed in Fig. 5.3(g).

The latter XRR and SEM study provide definite information about the influence

of the electron beam irradiation on the final thickness and morphology of the

film. In addition, X-ray diffraction (XRD) measurements have been performed to

learn more about the influence of the irradiation on the crystal phase in which

the BST film tends to grow. We argue that increasing the number of nucleation

sites will allow the film to nucleate in the right crystal phase, whereas a lack of

nucleation sites could manifest itself in the formation of different undesirable
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Figure 5.3: (a)-(g) SEM study performed on a 10 nm BST film to visualise the differences

observed in the film nucleation density across the sample. (h) An O, T and I were engraved

in the film to navigate across the film. The T marks the region close to the centre of the

region where the RHEED beam was incident on the sample. The SEM images (a)-(g) are

captured at the positions indicated in (h). This study was executed by Mark A. Smithers

employing a Zeiss MERLIN HR-SEM system.

crystal phases. The XRD measurements are performed on a 10 nm BST film,

from which a picture is presented in Fig. 5.4(c). The bright region reveals where

the electron beam has irradiated the substrate. Fig. 5.4(a) presents four 2θ – ω

scans, recorded at different locations across the sample, parallel to the electron-

beam-induced pattern. For clarity, the data captured at the centre of the induced

pattern, the blue line in the XRD diffractogram in Fig. 5.4(a), is presented at a

y-position of 0 mm. The other graphs present data acquired at y-positions below

this pattern. Moving away from y=0 mm, the intensity of the (009), (0015) and

(0018) reflections drops. The evolution of the maximum intensity near to the

(0015) reflection reveals a peak shift towards lower 2θ values. Additionally, near

the (009) and (0018) reflections, another crystal phase seems to appear while

moving away from y = 0 mm.
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Figure 5.4: XRD analyses performed on a 10 nm BST film deposited on a SrTiO3 sub-

strate. (a) Symmetric 2θ – ω XRD scans recorded from 5 to 60° at various y-positions,

across the centre of the sample, along the electron-beam-induced pattern in the film. The

Miller indices of the crystallographic planes of the BST film are indicated above the graph

and the dotted lines indicate the expected positions of (009), (0015) and (0018) reflec-

tions. In (b) we fix the 2θ position at the BST (0015) reflection, at 44.38°, and create a real

space image of the electron-beam-induced nucleation. (c) Sample used for this analysis.

The bright region shows where the electron beam has been incident on the substrate. For

these measurements, a combination of a 300 μm incident beam collimator with a 100 μm

divergence slit is used to allow for a local diffraction measurement.
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Focussing on a single 2θ position, Fig. 5.4(b) shows a spacial map tracking the

intensity of the (0015) reflection across a the sample. For this map, the detector

was fixed to a 2θ diffraction angle of 44.38°, which corresponds to the position

of the (0015) reflection at the centre of the electron-beam-induced pattern. This

map reveals that the right BST rhombohedral crystal structure is only observed

at regions where the electron beam has irradiated the substrate.

To investigate the robustness of the electron-beam-induced effect, we performed

an ambient exposure experiment where we irradiated a SrTiO3 substrate for sev-

eral minutes, using an acceleration voltage of 15 kV and a filament current of 1.5

A
1
. Instead of performing a subsequent film deposition, we exposed the irradi-

ated substrate to ambient air and transferred it back into our MBE system. Here

we deposited a film using our normal deposition process. A visual inspection of

the sample after deposition revealed that no effect of the incident electron beam

was present in the BST film, which means that ambient conditions destroy the

electron-beam-induced effect on the substrate. This observation imposes limi-

tations to the amount and type of characterisation techniques that can be used

to study the substrate surface after irradiation, since the analysis needs to be

performed in situ.

As presented in Chapter 3, we found that employing a pre-anneal of the sub-

strate in the ultrahigh vacuum (UHV) environment of the MBE allows us to de-

posit high-quality BST films. We performed an additional experiment to investi-

gate whether the induced effect of these two processes, i.e. the electron beam

irradiation and the in situ thermal anneal of the substrates in a UHV environment,

exhibits a similar origin. We repeated the ambient exposure experiment, this time

for a pre-annealed substrate. The substrate was annealed in UHV and subse-

quently exposed to ambient air prior to the BST film deposition. The substrate did

not reveal any discolouration or other noticeable change directly after the heat

treatment. After the exposure to ambient air, and a subsequent deposition of a

5 nm BST film, the same observation was made as before, that the pre-anneal-

induced effect is destroyed by exposing the substrate to ambient conditions. We

will first focus on finding a possible explanation for the electron-beam-induced

nucleation and thereafter we will investigate the pre-anneal imposed effect.

Before we can use the observed effect to improve the film quality, the questions

1
Corresponds to an emission current of approximately -0.5 μA.
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that remain are: What happens with the substrate when it is irradiated with a

high-energy electron beam? Is it an effect that is present throughout the sub-

strate or only on the substrate/film interface? In the following section, a number

of hypotheses are formulated and will be investigated.

5.3 Possible origins of the electron-beam-induced
nucleation

A first possible origin for the differences observed in the nucleation density of

the film is electron-beam-induced local heating effect of the substrate surface.

The SrTiO3 substrate is an oxide insulator material. As a result, the thermal heat

conduction is limited and in addition convection is absent in vacuum. This could

allow the highly energetic electron beam to induce a local thermal gradient on

the substrate surface prior to the deposition. A local elevated substrate temper-

ature could promote the film growth.

A second origin is related to an electron-beam-induced local charge build-up at

the substrate interface. Although the target material sublimates or evaporates,

which should result in a neutral atom or cluster of atoms, we wanted to exclude

the possibility that atoms are locally attracted to the substrate surface due to

charging effects induced by the high-energy electrons. We investigate this hy-

pothesis by using a conducting Nb:SrTiO3 substrate.

A third origin is related to carbon present on the substrate surface. Most vacuum-

dependent techniques are vulnerable to carbon deposition. The electron beam

might stimulate this locally [79], and the deposited carbon atoms could act as

film nucleation sites. Alternatively, there is also the possibility that adventitious

carbon contamination is removed from the sample surface by the electron beam

irradiation, effectively cleaning the substrate surface, allowing for a better nucle-

ation density.

A final possible origin is that oxygen vacancies are created. The local creation

of O vacancies seems to be a plausible origin, since the electron beam irradia-

tion (i) affects both SrTiO3 and Al2O3 substrates in a UHV environment, (ii) films

deposited on the non-oxide Fe-doped InP (111)A insulating substrates are not

affected, and (iii) the effect cannot withstand exposure to ambient air.
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As previously mentioned, the effect cannot withstand ambient conditions. There-

fore, the direct influence of the electron beam on the substrate can only be

investigated in situ. Another way to verify the validity of the hypothesis is by

performing a series of tests on the substrates and subsequently depositing a

BST film without breaking the vacuum. We used both methods to examine the

above-mentioned origins.

5.3.1 Local heat transfer due to highly energetic electrons
To verify whether the electron-beam-induced effect could be related to any

thermal phenomena, we performed an experiment where we irradiated a sub-

strate with high-energy electrons while pre-heating the substrate to the standard

growth temperature of 225°C. After irradiation, the substrate was stored for 21

hours inside the vacuum at room temperature (RT), prior to depositing the BST

film. The streaky pattern induced in the final film is presented in Fig. 5.5(a). This

reveals that the influence of the electron beam is robust over time and therefore

discards a local heating effect as a possible cause.

5.3.2 Local charge build-up by the electron beam
We argued that the irradiation of an insulating substrate surface by high-energy

electrons might be able to induce a local charge build-up. By charging the sub-

strate surface, ions could be attracted locally to the substrate, and act as nucle-

ation sites for the film material. This hypothesis was tested by performing the

same growth procedure as performed on the SrTiO3 substrate in Fig. 5.1(b) on a

metallic Nb:SrTiO3 (111) substrate with a 0.5 wt% Nb concentration. By doping

the SrTiO3 substrate with Nb, the substrate becomes conducting, which prevents

a local charge build-up. Fig. 5.5(b) shows the results of a deposition of suppos-

edly 5 nm BST on Nb:SrTiO3, subsequent to an electron beam irradiation. This

irradiated region appears as a bright area in the optical microscope image. XRR

verified that a film of approximately 5 nm was deposited upon electron beam

irradiation, and that the nucleation density on the residual parts of substrate was

insufficient to initiate the growth. This result is similar to the result observed

on insulating SrTiO3 substrates. Therefore, we discard this hypothesis of a local

charge build-up origin.
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(a) (b) (c)

Figure 5.5: Optical microscopy images of three BST films deposited on (a), (c) SrTiO3 and

(b) Nb:SrTiO3. The depositions performed in (a) and (b) were aimed to result in a 5 nm film,

using a deposition temperature of 225°C, whereas the deposition process of (c) involved

a shorter deposition time. (a) Experiment in which an electron-irradiated substrate is kept

in vacuum for 21 hours prior to depositing the BST film. (b) Repetition of same growth

procedure as performed in Fig. 5.1(b) on Nb:SrTiO3. (c) The result of employing an in situ

pre-anneal before electron beam irradiation, after which the BST is deposited.

5.3.3 Carbon deposition or adventitious carbon removal

Since we perform the electron beam irradiation at 225°C, we wanted to ex-

clude the possibility that heating the SrTiO3 substrate to this temperature already

affect the amount of carbon present on the surface. In line with this thought we

performed two additional experiments, one where we performed electron beam

irradiation (i) at RT and one where we performed electron beam irradiation (ii) af-

ter an in situ pre-anneal performed at 550°C. In both experiments we deposited

a BST film afterwards. The RT electron beam irradiation experiment (i) showed

that the effect is also present without increasing the substrate temperature to

225°C, although the effect is suppressed. The second experiment (ii) revealed

that even after performing a substrate pre-anneal, the electron beam still in-

duces an additional effect, as can be seen in Fig. 5.5(c). As presented in Chapter

3, the pre-anneal already enhances the film nucleation. Therefore, to distinguish

the electron beam exposed area from the non-exposed area, only a few nm BST

were deposited. We state that it is safe to assume that a pre-anneal at 550°C re-

moves all adventitious carbon from the substrate surface. Consequently, the fact

that the exposed and non-exposed area are still distinguishable after depositing

the BST film provides evidence that the improvement of nucleation is not caused

by a local carbon removal.

To perform a more qualitative analysis, X-ray photoelectron spectroscopy (XPS)
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Figure 5.6: XPS data revealing the of (a),(e) Sr 3d, (b),(f) Ti 2p, (c),(g) O 1s and (d),(h) C

1s spectra of pristine SrTiO3 (a)-(d) and at 225°C electron-beam-irradiated SrTiO3 (e)-(h).

The black line represents the original experimental data, the shaded regions the individual

fitted peaks with the total intensity of the fitted region marked by the coloured lines.

is employed to study the observed effect in situ. It is a surface sensitive tech-

nique which can be used (i) to study the elemental composition of the first few

nm of a specimen, and (ii) to find out more about the chemical and electronic

state of the elements. More specifically, it can determine whether atoms of spe-

cific elements are bonded to other chemical species, which in turn changes the

binding energies of the core electron of that specific element. Fig. 5.6 presents

the XPS data acquired from the Sr 3d, Ti 2p, O 1s and C 1s spectra on a pris-

tine SrTiO3 substrate (top panels) and on an electron-beam-irradiated substrate

(bottom panels)
2
. The spectra are plotted in log scale to enhance the visibility of

small differences between the spectra. In the Sr 3d and Ti 2p spectra, presented

in the two columns on the left, the spin-orbit coupling doublets are observed, for

which the peak area and position appear to be very comparable for both samples.

In contrast to the Sr 3d and Ti 2p spectra, both the O 1s and the C 1s spectra,

presented in the two columns on the right, show significant differences. The O

1s spectrum from the pristine SrTiO3, 5.6(c), exhibits a shoulder feature at higher

binding energies, which can be attributed to adsorbed molecules such as carbon

oxides and/or hydrocarbons. This observation is not unusual since the substrate

has been exposed to atmospheric conditions and did not receive any additional

2
These measurements have been performed by F.O. van der Grient.
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treatment with the purpose to clean the surface. By comparing the O 1s spectra

of Fig. 5.6(c) and (g), we notice that the area of the additional structure at higher

binding energies is significantly reduced. This is in agreement with the observed

dissimilarities between the C 1s spectra. Due to the absence of the C 1s peaks at

higher binding energies and the reduction of the area of the C 1s C-C peak, we

conclude that there is less C present on the surface after performing the elec-

tron beam irradiation at 225°C. Therefore, we argue that the hypothesis that the

nucleation is improved by local carbon deposition is highly unlikely.

5.3.4 Oxygen vacancies by electron-stimulated desorption
The only remaining hypothesis is the local creation of O vacancies in or on the

surface of the oxide substrates. Using the XPS results presented in Fig. 5.6,

we concluded that the irradiation process imposes a significant reduction of the

O 1s peak at higher binding energies. However, as discussed in the precious

section, this difference might be explained solely by the desorption of carbon

oxides and/or hydrocarbons, as the C 1s spectrum also reveals a reduction of

the amount of adventitious carbon.

Another way to prove the presence of O vacancies in SrTiO3 is by examining

the Ti 2p spectrum. As previously reported by Psiuk et al. [80], the Ti 2p spectra

of oxygen-vacant SrTiO3 show additional doublets beyond the main doublets.

The appearance of this additional electronic state is attributed to the lower Ti

oxidation state, Ti
3+
, which appears at lower binding energies. Additionally, they

show that the Sr 3d spectra of oxygen-vacant SrTiO3 shows additional Sr 3d

doublets at higher binding energy. These were attributed to the presence of SrO

complex states or metallic Sr, which effectively raise the local minima in between

the Sr 3d main peaks.

There are several ways to induce O vacancies in SrTiO3. One method involves

a high temperature treatment at a low oxygen pressure [81]. The O vacancies

arise due to a reduction process that can already be realised by heating SrTiO3

in a UHV environment to a temperature of 500°C [82]. Another method is to

create O vacancies by Ar
+
bombardment [80,83]. In line with our findings, Hen-

rich et al. [84] showed that these vacancies are not robust against exposure to

O2. Since there is a lot of literature available about SrTiO3 and the creation of O

vacancies therein, we decided to test our hypothesis by using SrTiO3 substrates.
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Figure 5.7: XPS spectra of (a) Sr 3d and (b) Ti 2p for pristine, annealed and electron-

beam-irradiated SrTiO3 substrates. In order to allow for a comparison of the peak shapes,

the peak intensities are normalised to unity and the data is shifted, with a maximum of

1 eV, to fit the peak positions of the pristine SrTiO3. The anneal at 550 and 1000°C are

performed for respectively 60 and 30 min.

A local discolouration is typical for SrTiO3 when sufficientO vacancies are present

[81]. As the electron-beam-irradiated SrTiO3 substrate did not reveal any dis-

colouration, we conclude that if the induced effect is caused by O vacancies, the

percentage of vacancies is not very high. To create a reference sample with a

high concentration of vacancies we annealed a SrTiO3 substrate at 1000°C for

30min. The resulting blackened substrate proved that this annealing process was

successful. To find out whether we can detect any signatures of O vacancies us-

ing our XPS set-up, we included this substrate in our XPS analysis. In Fig. 5.7 the

XPS results of the Sr 3d and Ti 2p spectra of this sample are compared to the

XPS spectra of pristine SrTiO3, SrTiO3 annealed at 550°C and SrTiO3 on which

we performed our irradiation procedure. The anneal at 550°C was performed for

60 min to resemble our in situ substrate treatment.

The four Sr 3d core spectra of the samples are very similar, as can be seen in

Fig. 5.7(a). Additionally, the Ti 2p spectra from our samples, Fig. 5.7(b), do not

show significant differences either. The single feature that we would like to point

out is the small enhancement of the spectral region at binding energies below

the Ti 2p3/2 peak, near 456.5 eV. This feature only appears in the XPS result of

the substrate annealed at 1000°C. This could be a signature of the O vacancies.

Based on a comparison of our results to those presented by Drera et al. [85], we

can speculate about an upper limit of the amount of O vacancies induced in our

annealed sample. Their set-up was different as they performed XPS on a het-

erointerface of LaAlO3/SrTiO3 in a small angle configuration. However, as they
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show that they are still able to probe the Sr3d spectra, we argue that we can

compare our results with their findings to formulate an upper limit. On their con-

ducting SrTiO3, they only observe a small bump on the low binding energy side

of the Ti 2p spectrum. Based on an evaluation of their Ti
3+
/Ti

4+
ratio determined

by XPS, and their expected Ti
3+

distribution throughout the heterointerface, they

find that their results can only account for a maximum fraction of 23% Ti
3+

ions.

As our XPS results show a less clearly resolved Ti
3+

contribution, only for the

sample annealed at 1000°C, we conclude that if our irradiation process induces

O vacancies, it would be a much smaller fraction, probably only a few %.

To summarise, we discovered that the electron beam irradiation of oxide sub-

strates significantly influences the nucleation of BST films deposited by MBE.

We formulated possible origins of this effect and discarded the hypotheses stat-

ing that the electron beam irradiation induces a local heating effect, a local charge

build-up, local carbon removal or local carbon deposition. The only remaining hy-

pothesis is that O vacancies are created by electron-stimulated desorption. As

we did not observe any discolouration of the SrTiO3 caused by the electron beam

irradiation, nor did we find any signature of Ti
3+

ions in the Ti 2p XPS spectrum

of the irradiated substrate, we conclude that only a small fraction of O vacancies

is induced. We propose to perform additional experiments to further investigate

the nature of our observations.

5.4 Outlook

In this outlook we present a series of follow-up experiments that might lead to

a final conclusion regarding the origin of the effect. As we still believe that O

vacancies are the main cause of the electron beam irradiation and pre-anneal

effect, we propose to examine the following ideas.

- The reduction process Ti
4+ → Ti

3+
that occurs upon Ar

+
bombardment

of the SrTiO3 surface, as well as by annealing the material, induces n-type

conductivity [82, 86]. Therefore, a measurement of the conductivity of

the material without breaking the vacuum would present a clear signature

of the presence of O vacancies. We propose to ex situ deposit contacts

on pristine SrTiO3, and subsequently irradiate its surface by a highly ener-

getic electron beam. By performing in situ four-probe STM, we can con-

duct a transport measurement to verify whether the irradiation process has
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induced conductivity.

- By performing XPS on Nb:SrTiO3 instead of SrTiO3 a more direct com-

parison between the spectra can be made, since the charging effects are

significantly reduced. Instead of focussing on the Sr 3d and Ti 2p spectra,

we would look for signatures of an O vacancy-induced shift of the Fermi

level [87].

87





6
Enhancement of the surface

morphology of (Bi0.4Sb0.6)2Te3

thin films by in situ thermal

annealing

This work aims to study the enhancement of the surface morphology of op-

timally doped, high-crystalline (Bi0.4Sb0.6)2Te3 films deposited by molecular

beam epitaxy on Al2O3 (001) substrates. Atomic force microscopy shows

that by employing an in situ thermal post-anneal, the surface roughness is re-

duced significantly, and transmission electron microscopy reveals that struc-

tural defects are diminished substantially.

The contents of this chapter will be submitted for publication as:

“Enhancement of the surface morphology of (Bi0.4Sb0.6)2Te3 thin films by in situ thermal annealing”

by L. Mulder, H.R. van de Glind, A. Brinkman and O. Concepción.



6.1. Characterisation of films without employing a post-anneal

Three-dimensional (3D) topological insulators (TIs), are of great interest for

future applications in the field of low-power electronics [88], spintronics, and

quantum computing [89] due to their intrinsic electronic properties. These ma-

terials exhibit a bulk band gap and display topological conducting surface states,

which are characterised by a unique coupling between the spin and the momen-

tum of an electron. Quantum mechanically these surface states are described

by a wave function that decays into the bulk material. The topological surface

states of opposite sides can interact with each other as we decrease the material

thickness. This gives rise to a hybridisation gap [26,90], which could potentially

lead to the quantum spin Hall (QSH) effect in these 3D TI materials [27]. To ob-

tain experimental insight in the influence of the TI thickness on these electronic

properties, it is crucial to have defect-free and ultra-flat films.

(Bi1–xSbx)2Te3 compounds exhibit topological surface states with a single Dirac

cone centred around the high-symmetry Γ-point in the Brillouin zone. The dop-

ing x can be optimised to position the Dirac point and Fermi energy in the bulk

band gap. BST has a rhombohedral crystal structure with a unit cell built up out

of quintuple layers (QLs). These QLs are approximately 1 nm high and coupled

to each other by weak Van der Waals (VdW) bonds in the [001] direction. The

growth mechanism of BST allows for characteristic triangular terraced islands

that exhibit height differences of single QL steps. These well-defined height

differences make BST a perfect candidate for a height-dependent study of the

influence of the hybridisation gap on the TI’s electronic properties. The aim is

to maximise the lateral terrace dimensions to create devices that mainly con-

sist of a uniform film thickness. For this study, we use the optimally doped TI

(Bi0.4Sb0.6)2Te3 (BST) deposited on Al2O3 (001) substrates by means of molec-

ular beam epitaxy (MBE). By employing an in situ thermal anneal we are able to

acquire smooth ultrathin films that create a perfect platform to detect signatures

of the hybridisation gap.

6.1 Characterisation of films without employing a
post-anneal

To understand the effect of a post-anneal on the structural properties of a BST

film, we will start by characterising the crystal orientation of a non-annealed film

and investigate the influence of the substrate step edge density on the growth of
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(a) (b)

Figure 6.1: AFM images (1×1 μm
2
) showing the surface morphology of two 10 nm BST

films deposited on Al2O3 (001), without employing a post-anneal. The terrace width of

the used Al2O3 (001) substrates was approximately 270 nm (a) versus 60 nm, (b), which

correspond, respectively, to a miscut of 0.07° and 0.33°.

BST thin films. In situ X-ray photoelectron spectroscopy (XPS) is used to verify the

stoichiometry of a 10 nm BST film deposited without employing a post-anneal.

The atomic concentration of Sb in the (Bi1–xSbx)2Te3 films, deposited using our

standard growth procedure as described in Chapter 4, is x = 0.59± 0.04. Based

on the resolution of our equipment, we provide x = 0.6 as a final estimate of

our Sb concentration. Fig. 6.1 depicts atomic force microscopy (AFM) images,

revealing the surface morphology of a 10 nm BST films on which no post-anneal

was employed. The film surface exhibits archetypical oriented triangular islands

with single QL steps reflecting the rhombohedral crystal structure of thematerial.

Due to the weak VdW coupling characteristic for these chalcogenides, the mate-

rial is highly prone to twin formation. A twinned domain has a unit cell, which can

be described by a 180° rotation around the [001] direction, i.e. the unit cells that

built up the twin domains are each other’s mirror image. Elaborate studies have

been performed on methods to suppress one of these twin domains. Examples

for this are: (i) decreasing the growth rate [49], (ii) using the two-step growth

method (although not presented to be an infallible method) [91], (iii) depositing

the film on a rough substrate surface [43] or (iv) on vicinal substrates [50,92]. Kim

et al. [60] showed the structural rearrangement of atoms near a twin boundary

leads to a local modification of the electronic structure, suppressing the carrier

mobility. Additionally, they perform density functional theory calculations that

show the appearance of a defect level within the bulk band gap, which can in-

troduce additional carriers in the material. Therefore, we emphasise that a sup-

pression of the twinning of the crystal structure is in our favour as well.
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Here, we show that the use of substrates with a large vicinal angle allows for the

suppression of one of the twin domains. Hence a large miscut angle is indispens-

able. We study the formation of twin domains by growing 10 nm BST films on

Al2O3 (001) substrates with two distinct miscuts, i.e. (0.07°± 0.01°), and (0.33°±
0.01°). Fig. 6.1, presents AFM images revealing the resulting BST surface mor-

phology, which clearly reflect the presence (absence) of both (one) twin domains

on the substrate with a small (large) miscut. This observation is confirmed by the

texture analysis performed and presented in the pole figures in Fig. 6.2(a)-(b).

These reflect the in-plane orientation of the crystal structure of 10 nm BST films

deposited on the Al2O3. As the two twin domains present each other’s mirror

image, their crystal structures are effectively rotated by 60° with respect to each

other. The presence of only three reflections from the BST {1010} in Fig. 6.2(b)

indicates this BST film does not exhibit twinned crystals, or at least that one twin

domain is largely suppressed. So evidently, this suppression can be realised using

a substrate with terraces of approximately 60 nm in width (0.33° miscut).

A plausible cause for this suppression is the higher density of parallel step edges

present on the substrate, which can serve as nucleation sites during the growth

process. The parallel step edges would align the nucleation sites which favour

one (majority) domain orientation. Therefore, when BST islands originate from

these nucleation sites and start to coalesce with other islands, the twin domain

orientation favoured by the substrate orientation will prevail. In case of segre-

gated nucleation sites, the minority domain has a small window of opportunity,

resulting in just a partial suppression of the twinning.

Fig. 6.2(c)-(d) present reciprocal space maps (RSM) of both films. These RSMs

capture the reciprocal space in proximity to the reflection of the Al2O3 (018)

plane in a grazing-exit configuration. By comparing the relative intensities of the

BST (0120) and (1019) reflections we find that the intensity of the peaks inverts.

The RSM from Fig. 6.2(c) corresponds with previously reported results acquired

on Bi2Te3 deposited on Al2O3 (001) [93,94]. As we know that one of the main

differences of the two films is the amount of crystal twinning, we state that the

origin of the inversion can be found by looking at the relative intensities and the

relative in-plane orientation of the reflections.

The Al2O3 (018) plane and the BST (0120) and (1019) planes are all three-fold

symmetric. To explain the origin of the inversion, we first focus on the relative
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Figure 6.2: Pole figures taken in symmetric 2θ–ω configuration at 2θ = 38.06°, mapping

the BST {1010} for two 10 nm NST films deposited on Al2O3 substrates with a terrace

width of approximately (a) 270 nm versus (b) 60 nm. Their corresponding RSMs are pre-

sented in (c) and (d), respectively. The inversion observed in the intensities of the BST

reflections in the RSM can be attributed to crystal twinning.

intensity of BST reflections in our RSMs. Generally, the (0120) reflection is about

26.5 times as intense as the the (1019) reflection [68, PDF nr. 98-018-4248].

So naively one would expect the (0120) reflection to exhibit a higher intensity

diffraction spot than the (1019) reflection. However, the in-plane orientation of

the Al2O3 (018) reflection matches the one from BST (0119) and has a relative
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in-plane rotation of 60° with respect to the BST (0120) plane. Therefore, only

in case that both twin domains are present, the highly intense (0120) reflection

appears at the same azimuthal angle as the Al2O3 (018) reflection, used to align

the BST film for the RSMmeasurements. When one of the twin domains is highly

suppressed, the (0120) reflection will also be highly suppressed in the RSM. Only

then, the generally less intense BST (0119) reflection can become more promi-

nent in the RSM.

Combining the results acquired using AFM with the results from both the tex-

ture study and the RSMs, we conclude that increasing the number of substrate

terrace edges increases the number of nucleation sites, resulting in a more pro-

nounced suppression of one twin domain. Because of this result, the remainder

of the study presented in this chapter is performed using Al2O3 substrates with

a similar miscut.

6.2 The effect of post-annealing temperature on sur-
face morphology

The presented results of the 10 nm BST thin film are promising, even without

applying any additional improvement procedure. However, the morphology re-

veals large randomly inclined crystals present in the film that are not oriented

in the characteristic [001] direction. The presence of these crystals has been

reported before [56, 57, 72, 73, 95]. Additionally, the surface presents spiral tri-

angular mounds, which are associated with screw dislocations (see Fig. 6.1 and

6.3). Similar results have been reported on other materials that exhibits the same

rhombohedral crystal structure as BST, i.e. Bi2Se3 deposited on a variety of sub-

strates such as GaAs (111)B [96], Si (111) [92], SrTiO3 (111) [97] and epitaxial

graphene/SiC (001) [41]. Li et al. [92] found that these screw dislocations mainly

occur near the twin boundaries and therefore were able to suppress these de-

fects by using vicinal substrates. This is in stark contrast with our results on Al2O3

substrates, where an increase of the vicinal angle almost completely suppresses

one of the twin domains, but spiral triangular mounds are still present. By using a

post-annealing procedure, we aim to produce films with an ultrasmooth surface

in which these randomly inclined crystals and screw-dislocations are no longer

present.
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Figure 6.3: AFM images (3 × 3 μm
2
) of 10 nm BST on Al2O3 (001). (a) The mor-

phology for the reference film, without post-anneal. (b)-(g) 10 nm BST films on which a

post-anneal was employed to improve the surface morphology. Employing an anneal at

300°C and higher results in a significant improvement of the surface roughness, revealing

a homogeneous height distribution. The surface morphology of the annealed film for 15

min at 300°C still reflects the rhombohedral crystal structure. (h) 2θ–ω diffractogram for

the film without anneal and the films annealed for 15 min at different temperatures. The

peaks associated with the (003n) BST phase are clearly observed.

Various methods have been proposed and studied to improve the surface mor-

phology and crystalline quality of BST compounds. An example of this is two-step

growth, which is employed to minimise the occurrence of the observed randomly

inclined crystals [94]. Their process involves growing a 20 nm nucleation layer.

This layer is annealed in a Te rich environment while ramping the substrate tem-

perature to the temperature used to deposit Bi2Te3. At this temperature they
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6.2. The effect of post-annealing temperature on surface morphology

continue depositing Bi2Te3 until they have reached their desired film thickness.

Li et al. [92] also found the surface smoothness and crystallinity achieved with a

single step growth to be inferior compared to that achieved with two steps. Ad-

ditionally, various studies have shown that increasing the substrate temperature

during deposition can increase the lateral dimensions of the triangular mounds

for this material. However, in practice the substrate temperature window is

quite narrow. Too low temperatures lead to a reduction of the adatom diffu-

sion, resulting in a polycrystalline or amorphous film and too high temperatures

lead to the formation of 3D islands [35]. Additionally, decreasing the deposition

rate increases the time available for surface diffusion, but will in turn favour the

Te desorption from the surface due to is relatively low sticking coefficient [98].

Therefore, to achieve an ultrasmooth surface morphology, post-annealing is in-

dispensable. Liu et al. [57] show that they can significantly improve the surface

morphology of 30 nm films by annealing the BST film at 580 K for 4 h, but that

employing an annealing temperature of 620 K leads to what they interpret as

re-evaporation of the film material.

For our study, to improve the structural quality and surface morphology of ultra-

thin BST films, we employed annealing temperatures of 250°C, 275°C, 300°C,

and 325°C. During the post-anneal, and during the cool down from the post-

annealing temperature to the deposition temperature, 225°C, we maintained a

Te atmosphere to prevent out-diffusion of Te [45]. To gain insight in the influence

of the anneal temperature on the deposited films, we also deposited BST films at

these temperatures. At a growth temperature of 275°C, we are still able to grow

a crystalline BST film. However, raising the growth temperature to 300°C, results

in no material being adsorbed on the substrate. From the AFM results presented

in Fig. 6.3, we conclude that the films still possess the buckled crystals when

employed annealing temperatures below this limit, i.e. 250°C and 275°C.

To quantify the improvement of the surface morphology, we defined the fol-

lowing parameters: (i) the fractional area of randomly inclined crystals, f, (ii) the

average height of these crystals, hc, and (iii) the overall RSM roughness, σ. Com-

paring the values of parameters found for the films post-annealed at 250°C and

275°C to the initial film shows a significant reduction of both f and σ (see Table

6.1). Fig. 6.3(h) presents the X-ray diffraction (XRD) 2θ – ω diffractogram of the

film deposited without a post-anneal and the films annealed for 15 min at 250°C,

275°C, 300°C, and 325°C.
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Tanneal (°C) tanneal (min) f (%) hc (nm) σ (nm)

- - 2.3 ± 0.3 7.0 ± 1.3 1.15 ± 0.1

250 15 1.3 ± 0.1 6.3 ± 0.2 1.06 ± 0.03

275 15 0.7 ± 0.3 6.5 ± 0.6 1.00 ± 0.04

300 5 0.8 ± 0.6 6.9 ± 1.2 1.43 ± 0.11

300 15 -
∗

-
∗

0.63 ± 0.01

300 30 -
∗

-
∗

0.68 ± 0.03

325 15 - - 0.49 ± 0.02

Table 6.1: Quantification of smoothness of the BST films annealed at Tanneal for tanneal,

based on fractional area of inclined crystals (f), average height of inclined crystals (hc)

and RMS roughness (σ). These are all determined by using MATLAB. We defined f =

area above threshold/total area scan, by setting a threshold at a height of 4 nm above

the median height of the film. Using the marked area, we determine the average crystal

height hc.
∗
For the 15 and 30 min anneal above 300°C, f was too small to determine both

f and hc.

For all films, the XRD measurements solely show the reflections corresponding

to the Al2O3 (001) substrate planes and the (003n) planes of BST, confirming

the film’s rhombohedral crystal structure. An improvement of the crystal quality

is observed upon performing a post-anneal at 275°C. Even so, the surface mor-

phology of this film, as revealed by Fig. 6.3(c) still exhibits many QL steps. To

be able to perform QSH measurements we aim to acquire a more homogeneous

height distribution. To achieve this, the film needs to be restructured without re-

evaporating the material. Therefore, we investigate post-annealing procedures

at 300°C for a variety of annealing times. The AFM results of the different an-

nealing temperatures and times are presented in Fig. 6.3(d)-(f). It is clear from

Fig. 6.3(d) that the material gains enough energy to restructure itself within 15

min. Using XRR we confirm that no material has re-evaporated, while the surface

roughness is improved. This improvement is verified by the values found for f, hc

and σ, presented in Table 6.1.

Comparing the XRD results for the annealing procedures at 275°C and 300°C,

reveals a reduction of the crystal quality upon increasing the annealing temper-

ature as the Laue fringes become less pronounced. However, by increasing the

annealing temperature to 325°C the Laue fringes reappear. This might be caused

by an anneal-induced stoichiometry gradient which suppresses the visibility of
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225oC, no anneal(a) (b) 300oC, 15 min

Al2O3 Al2O3

BSTBST

Figure 6.4: Post-anneal-induced structural improvement of the films visualised by TEM

analysis. TEM images presenting a cross-sectional view along the [21̄1̄0] direction of a

10 nm BST film deposited at 225°C (a) and a 10 nm BST film deposited at the same

temperature but post-annealed at 300°C for 15 min (b). The TEM lamellae have been

prepared by Henk. A. G. M. van Wolferen, using a FEI Nova600 Nanolab DualBeam FIB.

The TEM measurements have been carried out by Enrico G. Keim employing a Philips

CM300ST.

the Laue fringes on films post-annealed at higher temperatures. Previously, we

found that Sb likes to diffuse towards the substrate interface. By in situ XPS we

want to verify whether this effect can be promoted by increasing the substrate

temperature.

6.3 The effect of post-annealing temperature on struc-
tural properties

To visualise the structural improvement achieved by performing a post-anneal,

we performed a transmission electron microscopy (TEM) analysis. Fig. 6.4 com-

pares the TEM results from a 10 nm BST film deposited at 225°C (a) with a film

deposited at the same temperature, but post-annealed at 300°C for 15 min (b).

The lamellae were cut in the [21̄1̄0] direction of the BST film, in which the atomic

layers within the QL are stacked in the [001] direction. The annealed film shows

a clear QL stacking and a lack of stacking faults, whereas the regular film shows

that various QLs are merging.
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In situ XPS is performed to verify the material stoichiometry after annealing the

films at 275°C, 300°C and 325°C. We note that we are not drawing any conclu-

sion from the exact stoichiometry, but that these experiments are only performed

to verify whether the anneal induces a difference in the Bi:Sb ratio. We observe

a variation in the Sb concentration that is slightly larger than individual measure-

ments on BST film’s with the same stoichiometry. We find that our (Bi1–xSbx)2Te3

films annealed at 275°C, 300°C and 325°C for 15 min consist of a Sb percentage

of x = 0.56, 0.54 and 0.54, respectively. No clear deviations with regard to the Te

percentage were found. This brings us to the conclusion that, even though the

effect is very small, the anneal might have caused some of the Sb to either dif-

fuse or re-evaporate. We suggest to perform a high-resolution TEM study with

energy-dispersive X-ray spectroscopy to formulate a final conclusion regarding

this matter.

6.4 Post-annealing of ultrathin films
We have optimised our 10 nm BST films. However, to investigate the QSH state

that is predicted to arise in the two-dimensional TI limit, we need to reduce the

film thickness to induce a larger hybridisation gap [26, 27]. Therefore, we per-

formed a similar post-anneal study on 5 nm BST films. Fig. 6.5(a) reveals the sur-

face morphology for a 5 nm film, deposited at 225°C. By applying a post-anneal

at 300°C on the 5 nm films, voids are created that reach all the way to the sub-

strate. A this stage, the random oriented crystals are not yet fully eliminated. To

ensure a better nucleation of the BST film in the initial growth process, the same

annealing procedure is repeated for a 5 nm film deposited at a lower deposition

temperature, 200°C versus 225°C. The final result, presented in Fig. 6.5(d), is

striking. The randomly inclined crystals are diminished, the film surface morphol-

ogy has significantly improved and the film exhibits a homogeneous thickness.

The voids manifest themselves as well-defined triangular holes in the film, which

illustrates the achieved twin domain suppression in these ultrathin films. These

films presents the perfect platform for future research on the QSH state of mat-

ter in ultrathin TIs.

To test the applicability and efficiency of our procedure on other substrates, we

repeated the annealing procedures on 5 nm BST films on SrTiO3 (111) substrates.

The filmswere deposited using the same growth conditions. The lattice mismatch

between BST and SrTiO3 is larger than for BST and Al2O3, -21.7% and -9.2%,
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225oC, no anneal

(a) (b) 

(c) (d) 

300oC, 15 min

300oC, 15 min200oC, no anneal

Figure 6.5: AFM images (3 × 3 μm
2
) revealing the surface morphology of 5 nm BST

films on Al2O3 (001) substrates. The AFM images from (a) and (c) show the surface mor-

phology for BST grown at 225°C and 200°C, respectively. The panels (b) and (d) reveal

the morphology of BST films deposited at a substrate temperature of 225°C and 200°C,

respectively, but subsequently post-annealed at 300°C for 15 min.

respectively. Because of this large lattice mismatch, the BST films on SrTiO3 gen-

erally exhibit a mosaic twist, which is reflected by the surface morphology pre-

sented in Fig. 6.6(a). Additionally, the multi-directional triangular islands reveal

that both twin domains are present. Without post-anneal, the BST film shows a

large coverage of the substrate surface.

A comparison between the 5 nm BST films on Al2O3 and SrTiO3 shows that the

latter one presents a higher level of homogeneity. This is also apparent from the

result of the post-anneal performed on this film as well, see Fig. 6.6(b). However,

as the randomly inclined crystals are still present and the film starts to exhibit

voids by performing the post-anneal, we try to improve the initial nucleation of

the film by decreasing the deposition temperature. Although the surface rough-

ness of the BST film increases upon decreasing the deposition temperature to

200°C, see Fig. 6.6(c), a subsequent post-anneal reveals a significant improve-

ment of the surface morphology, see Fig. 6.6(d). Similar to the results presented

on Al2O3 in Fig. 6.5(d), the void density increases as a result of the post-anneal
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225oC, no anneal

(a) (b) 

(c) (d) 

300oC, 15 min

300oC, 15 min200oC, no anneal

Figure 6.6: AFM images (3×3 μm
2
) revealing the surface morphology of 5 nm BST films

on SrTiO3 (111) substrates. By applying the same optimised procedure on BST films de-

posited on SrTiO3 as previously performed on Al2O3, we are able to improve the surface

morphology significantly. The AFM images from (a) and (c) show the surface morphol-

ogy for BST grown at 225°C and 200°C, respectively. The panels (b) and (d) reveal the

morphology of BST films deposited at a substrate temperature of 225°C and 200°C, re-

spectively, but subsequently post-annealed at 300°C for 15 min.

procedure, see Fig. 6.6(d). The shape of the voids reflects the presence of the

two twin domains. However, as the twin domains differ by a 60° rotation of the

crystal structure, it is self-evident that the post-anneal procedure would not im-

pose an improvement of this crystal twinning effect.

To summarise, in this chapter we reported the successful growth of ultrathin 10

and 5 nm BST films on Al2O3 (001) substrates. We showed that increasing the

miscut angle of Al2O3 (001) substrates can suppresses the occurrence of crys-

tal twinning. Additionally, our post-anneal study revealed the enhancement of

the BST surface morphology and a reduction in the number of structural defects

upon a thermal treatment of the films after deposition. We observed signs that

the post-anneal induces a small reduction of the amount of Sb in the film. How-

ever, as we are able to grow smooth ultrathin TI films, we are a step closer to

future QSH experiments.
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7
Spectroscopic signature of

surface states and bunching of

bulk sub-bands in topological

insulator (Bi0.4Sb0.6)2Te3 thin

films

High-quality thin films of the topological insulator (Bi0.4Sb0.6)2Te3 have been

deposited on SrTiO3 (111) by molecular beam epitaxy. Their electronic struc-

ture was investigated by in situ angle-resolved photoemission spectroscopy

and in situ scanning tunnelling spectroscopy. The experimental results re-

veal striking similarities with relativistic ab initio tight-binding calculations.

We find that ultrathin slabs of the three-dimensional topological insulator

(Bi0.4Sb0.6)2Te3 display topological surface states, surface states with large

weight on the outermost Te atomic layer, and dispersive bulk energy levels

that are quantised. We observe that the bandwidth of the bulk levels is

strongly reduced. These bunched bulk states as well as the surface states

give rise to strong peaks in the local density of states.

The contents of this chapter is submitted for publication as:

“Spectroscopic signature of surface states and bunching of bulk sub-bands in topological insulator

(Bi0.4Sb0.6)2Te3 thin films” by L. Mulder
∗
, C. Castenmiller

∗
, F.J. Witmans, S. Smit, M.S. Golden, H.J.W.

Zandvliet, P.L. de Boeij and A. Brinkman.



Chalcogenide three-dimensional (3D) topological insulators (TI), such as

Bi2Se3, Bi2Te3 and Sb2Te3, are well-known for their topological surface states

[16–18]. These metallic surface states, which are characterised by a linear dis-

persion as well as spin-momentum locking, appear as a Dirac cone at the Γ-point.

Since Bi2Te3 single crystals are intrinsically n-doped, and Sb2Te3 p-doped, alloys

of the two have been developed in order to engineer a material in which the

chemical potential is located within, or close to, the bulk band gap [64]. An ad-

vantage of a higher Sb/Bi ratio, is the shift of the Dirac point (DP) to higher

energies, reaching above the top of the bulk valence band (VB) [55].

Due to the spatial extent of the surface state in the z-direction, it has been

predicted that ultrathin slabs of 3D TIs provide a route to a hybridisation gap

around the DP [26, 90], thereby gapping out the topological surface states and

paving the way to topologically protected one-dimensional (1D) edge state trans-

port, very comparable to the quantum spin Hall (QSH) effect in HgTe quantum

wells [10,11,99]. Even though Bi2Se3 presents the largest bulk band gap, Bi2Te3

and Sb2Te3 are predicted to be more appealing candidates to exhibit 1D trans-

port due to their relatively short edge state decay length in the ultrathin film

limit [26,27,100]. While stoichiometric slabs have been well-investigated spec-

troscopically [93, 101, 102], even in the limit of hybridised surface states [103],

the electronic structure of ultrathin films of off-stoichiometric (Bi1–xSbx)2Te3 is

still relatively unexplored.

Here, we investigate the electronic structure of few-nm (Bi0.4Sb0.6)2Te3 (here-

after referred to as BST) deposited using molecular beam epitaxy (MBE) on gate-

tunable SrTiO3 (111) substrates. We performed angle-resolved photoemission

spectroscopy (ARPES) and scanning tunnelling spectroscopy (STS) measurements

and compared the results to ab initio tight-binding (TB) calculations. The good

agreement between the measured and calculated electronic structure reveals a

bunching effect of the bulk sub-levels, the identification of Bi/Sb topological sur-

face states, as well as Te surface states close to the top of the VB, leading to

strong peaks in the density of states (DOS). The modelling shows that the re-

duced band width is likely caused by a Sb/Bi substitution-induced inversion of

the band order near the high-symmetry point Γ, interchanging bands close to the

Fermi energy (EF), while the order at the Z-point remains unaltered.
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Figure 7.1: (a) STM topography image (250 x 250 nm) of a 5 nm (Bi0.4Sb0.6)2Te3 film

measured at a bias voltage of 1.0 V and a current set point of 400 pA. The inset shows a

STM topography image (15 x 15 nm) with the atomic structure on a single terrace mea-

sured at a bias voltage of 0.2 V and a current set point of 1.0 nA. The hexagonal atomic

arrangement of the rhombohedral tetradymite crystal structure of (Bi1–xSbx)2Te3 is clearly

visible. (b) Line profile taken at the white line of the main figure of panel (a) which crosses

a stack of triangular terraces. The height difference at every step edge is approximately

1 nm. The middle terrace is slightly tilted since it is located at a 0.2 nm high substrate

terrace step edge. (c) Line profile taken at the white line of the inset of panel (a).

7.1 Scanning tunnelling microscopy of
(Bi0.4Sb0.6)2Te3 thin films

BST crystallises in the rhombohedral tetradymite crystal structure. The BST

surface-matched unit cell is composed of three quintuple layers (QLs) each of

which are approximately 1 nm high and separated from each other by a Van der

Waals gap. TheQLs consist of five atomic layers in a Te-X-Te-X-Te stacking, where

X can either be Bi or Sb. The STM constant current image in Fig. 7.1(a) reveals

the film’s surface morphology. The film exhibits triangular islands, reflecting the

three-fold symmetry of the crystal structure, with single QL terrace step edges,

visible in the line profile shown in Fig. 7.1(b). The 0.2 nm height differences ob-

served in the background arise from individual Ti-terminated SrTiO3 (111) terrace

step edges. The inset of Fig. 7.1(a) shows a constant current STM image with

atomic resolution. The hexagonal atomic arrangement matches the materials

crystal structure. Additionally, the extracted line profile, presented in Fig. 7.1(c),

reveals an interatomic distance which is in good agreement with those reported
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for Bi2Te3 and Sb2Te3, which exhibit a lattice parameter of approximately 4.39

Å [38] and 4.26 Å [39], respectively. The observed global height inhomogeneity

is allocated to disorder-induced charge density fluctuations [21,104,105].

7.2 Ab initio tight-binding modelling of the ternary
(Bi1-xSbx)2Te3 alloy

The electronic structure of the ternary tetradymite alloy was obtained using a

TB approach based on the ab initio Greens-function calculations of Aguilera et

al. [106]. Their projected TB parameters turn out to be very similar for pristine

Bi2Te3 and Sb2Te3
1
, resulting in very comparable band dispersions, apart from

band inversions along the line Γ – Z. This close resemblance allows us to inter-

polate to the alloy system in the following way: the quasiparticle states for the

alloy are expanded as wave packets of Bloch-like sums of localised functions,

ψ(r) =
∑
mk

cmkφmk(r), (7.1)

φmk(r) =
1√
N

∑
R

e
ik·R

wm(r – R). (7.2)

The wm(r) centred on a Bi- or on a Sb-atom are derived from respectively the

projected Wannier functions of the pristine Bi2Te3 or Sb2Te3 crystals, and when

on a Te-atom, from either one. The alloy disorder is thus incorporated into this

mixed basis, which can reasonably be assumed to inherit the orthogonality of the

pristine Wannier functions. The alloy Hamiltonian elements on the k-diagonal
then reduce to the weighted average of the pristine ones. As these are by far

the largest terms, they effectively define a virtual crystal (VC) Hamiltonian for the

alloy. The alloy disorder further enters via smaller off-k-diagonal elements that

may be accounted for in a perturbative expansion. These off-diagonal terms will

cause the wave packets to spread over a range of k-vectors centred around the

VC one. As turns out, it suffices to compute the VC-band structure, {εnk,ψnk},
to identify the main features in the ARPES measurements. Similarly we compute

the laterally averaged local density of states (LDOS) from the VC-dispersions, and

use the Tersoff-Hamann model [107] to simulate the marginal tunnel currents,

The TB modelling has been performed by Paul L. de Boeij.

1
Which requires a phase factor -1 for the Sb 5p states relative to the Bi 6p states.
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dI

dV
∝
∑
nk

δ(εnk – eV)e
–2κnkz|〈ψnk | Te〉|2. (7.3)

Here the quasiparticle amplitudes at the outermost Te-atoms are used to gen-

erate the LDOS at the tip position z (9Å), while accounting for the k- and εnk-
dependent inverse decay length κnk, satisfying

κnk =

√
2m

h̄2

(
Φ –

1

2
εnk
)
+ k

2

‖ , (7.4)

in which Φ (5.4 eV) is the work function. This simulated signal can be decom-

posed into layer contributions, as is done in Fig. 7.5(b), by adding a projective

weight νnk = |〈ψnk | A〉|2 to the summand for atomic layer A. The same projective

weight is used to identify and colour-code the surface states in the band disper-

sion in Figs. 7.2, 7.3(b), 7.4 and 7.5(a).

The electronic structure of the (Bi1–xSbx)2Te3 alloys was obtained within the VC

approximation of the ab initio TB model as outlined above. All slab calculations

were performed on free-standing vacuum-surrounded slabs. For the modelling

we take into account all six p-type spin orbitals of every atom in the unit cell,

which contains only a single QL for the 3D bulk systems. The covalent bonding

inside the QL gives rise to 15 doubly degenerate VBs, of which 9 are occupied

and 6 unoccupied, separated by a small gap along the line F – Z. We refer to

Zhang et al. [5] for a schematic of both the bulk and surface Brillouin zone (BZ),

showing labels for the high symmetry points. The dispersion along the line Γ–Z,

i.e. in the direction perpendicular to the QLs, is small due to the van der Waals

bonding type in between the QLs. In the pristine Bi2Te3 bulk crystal we find that

the top VB has an energy at Γ that is well below its energy at the Z-point. In

the pristine Sb2Te3 the reverse order is obtained. Upon sufficient alloying, we

find that in our VC calculations the band order along Γ–Z can be tuned, causing

the band dispersion along this line to nearly vanish at intermediate alloy fractions

close to x = 0.6. This has an important effect on the electronic structure of the

2D slabs containing small numbers of QLs. In such systems, the small thickness

causes the k-vector to quantise along Γ – Z, and the 2D-projected bulk bands

to discretise proportional to the number of QLs, with an energy separation that

depends on the alloy fraction x. A flat bulk dispersion along Γ – Z, causes the

bulk-like bands to bunch, as shown in Fig. 7.2, with a striking reduction of the

bandwidth around the Γ-point visible in panel (b).
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Figure 7.2: Ab initio TB calculations for a 6 QL free-standing thin slab of (Bi1–xSbx)2Te3

in theM–Γ–K direction, for (a) x = 0.0, (b) x = 0.6 and (c) x = 1.0. The energy is plotted with

respect to the predicted EF. The green, red and blue lines respectively represent Bi/Sb

surface states, Te surface states and states with a bulk character. The grey area marks

the projected bulk bands. All states outside this projection represent surface states. The

calculations visualise the characteristic shift of the DP with respect to the top of the VB.

Furthermore, they show that for mixed stoichiometries, especially close to x = 0.6, the

bulk states bunch at an energy close to -0.2 eV.

In addition, topological surface states develop from the bulk bands, which sep-

arate from these bulk-like bands into the gaps that open near Γ. These surface

states are only weakly sensitive to the number of QLs. As these surface states

live on either side of the slab, and decay exponentially into the bulk, the devel-

opment of the bonding - anti-bonding gap at Γ is indicative for the decay length.

We estimate the decay length to be about 3 QLs, with an odd-even difference

due to the nodal plane inside or in between the middle QLs.
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The electronic structure of the slabs, as depicted in Figs. 7.2, 7.3(b), 7.4 and

7.5(a) are indeed mainly composed of closely spaced parallel bands inside each

projected 3D-bulk band (grey) with predominantly bulk character (blue), and a

fixed number of surface states, that lie outside the projected bulk bands. These

surface states are coloured green if they have a large weight on the outermost

Bi/Sb atoms, and red if on the outermost Te layer. The Bi/Sb surface state de-

velops a Dirac cone at Γ for increasing slab thicknesses, as shown in Fig. 7.4, and

will be termed topological surface state (TSS). The reversal of the band order at

Γ causes the DP to shift from buried inside the VB for Bi2Te3 to slightly above

the VB for Sb2Te3, see Fig. 7.2.

In the VC approximation the top-valence bands have small energy dispersions

over a considerable portion of the BZ. Such nearly flat bands can easily be lo-

calised, and will thus be more sensitive to the local disorder in the alloy. This

disorder needs to be included in the perturbation expansion going beyond the

VC approximation. Furthermore, the additional degeneracy caused by the bunch-

ing of these flat, bulk-like bands brings about localisation not just in the lateral

direction, but also in the perpendicular direction. This makes them even more

susceptible to the alloy disorder. The vicinity of these bands to the DP may

cause hybridisation of these bands with the TSS, potentially interfering with the

delocalised nature of the TSS.

7.3 Angle-resolved photoemission spectroscopy
To study the electronic band structure, ARPES measurements have been per-

formed on a 10 nm (Bi0.4Sb0.6)2Te3 film. The material system has been described

in more detail in Chapter 1. The resulting electron distribution map (EDM) mea-

sured along the K̄ – Γ̄ – K̄ direction is presented in Fig. 7.3(a). On the same film,

laser-ARPES measurements were conducted. These results confirm the linearly

dispersing topological surface states, along with a circular constant energy con-

tour throughout the occupied part of Dirac cone, see Fig. 8.5 in Chapter 8. The

conformity of the TB model calculations on a vacuum-surrounded slab to the

ARPES data from a film of similar thickness, shown in Fig. 7.3, is striking.

The small discrepancy between the EF in the ARPES EDM and the TB slab cal-

culation can be explained by surface adsorption of residual gases, which is likely

to take place when the sample is cooled down to 15 K, at which temperature the
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7.3. Angle-resolved photoemission spectroscopy

Figure 7.3: Correlation between TB calculations and ARPES measurements. (a) ARPES

EDM of the band dispersion along the K̄ – Γ̄ – K̄ direction of a 10 nm (Bi0.4Sb0.6)2Te3

film deposited on a SrTiO3 (111) substrate. The V-shaped dispersion, at energies above

–200 meV, originates from the TSS. The relatively weak M-shaped dispersion just below

it, at –200 meV < E – EF < –400 meV, is from the bulk VB. At energies below –500 meV

the Te surface state shows up, which is flanked by bulk-like intensity at lower energies.

The DP is located in vicinity of the top of the bulk VB. (b) Ab initio TB calculations for a

free-standing thin slab, 10 QL of (Bi0.4Sb0.6)2Te3, in the K – Γ – K direction. The y-axis

presents the energy of the electronic states with respect to the predicted EF, resulting

from the TB calculations. To allow for a proper comparison between the experimentally

observed and theoretically predicted band structure, the TB slab calculation is plotted up

until a crystal momentum of K/4 which corresponds to the measured range of 0.25 1/Å

in the ARPES EDM.

ARPES measurements were performed [108]. Additionally, the effect can also

be attributed to defects present in the (Bi0.4Sb0.6)2Te3 film. A more in-depth de-

scription regarding the observed discrepancy in EF will follow in the next section.

The TSS are relatively weak, but clearly resolved in the ARPES EDM at energies

above –200 meV, and merge on the lower binding energy side with weak bulk-

like states between –200 meV and –400 meV. The Te surface state shows up as

a much more intense feature in the ARPES below –500 meV, with an expected

dispersion and flanked at the lower energy side by bulk-like intensity. The dif-

ference in intensity between the surface states and the bulk bands in the EDM
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can be explained by taking into consideration that, for a photon energy of 21.2

eV, the escape depth of the emitted electron is of the order of only a couple

of nm. This means that we expect the surface states with large weight on the

outermost Te atomic layer to be more intense than those with large weight on

the Bi/Sb layer beneath. Moreover, we also expect these surface states to be

more intense than the bulk-like states from the layers below, even though the

latter are greater in number. In particular we observe that the Te surface state

is asymmetrically sensitive to the p-polarised light, while the bulk like states and

the TSS are more symmetric.

The location of the DP, ED, with respect to the top of the VB, along K – Γ – K, as

found in the TB calculations is slightly different than observed in ARPES. From

the ARPES EDMwe find the DP to lie approximately 50meV above the top of the

VB, whereas in the TB slab calculation ED coincides with the top of the bunched

VB bulk states in the Γ – K direction. By extracting the Dirac fermion velocity

from the linear dispersion around the DP from the ARPES EDM, using an undis-

torted upper cone fitted to the Γ̄– K̄ dispersion angle, we find the Fermi velocity,

vF, to be about 4.7×105 m/s. By applying the same procedure on the TB calcu-

lated TSS dispersion, we find a vF of 4.1×105 m/s, which closely resembles the

experimental value. Additionally, these values are also in good correspondence

with previously published calculations [5] and ARPES data [64]. However, in the

TB slab calculations, we note that at energies just below ED, the TSS present a

flat-band behaviour, causing them to exhibit a non-linear behaviour at energies

close to the VB.

7.4 Scanning tunnelling spectroscopy
The sub-band spacing in Sb2Te3, determined by quantum confinement, was pre-

viously shown to give rise to weak oscillations in the DOS, as revealed by STS

[103]. The quantumwell states were shown to varywith the thickness of the slab.

We anticipate that the situation is very different for BST: the bunched nature of

the quantumwell states should give a strong signal in STS, and the peak positions

are mainly given by the energies where the bands are flat. In (Bi0.4Sb0.6)2Te3, this

bunching effect of flat bands turns out to occur, at comparable E – EF, indepen-

dent of the slab thickness, see Fig. 7.4.
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Figure 7.4: Calculated band structures for free-standing thin slabs of 5 to 10 QL

(Bi0.4Sb0.6)2Te3. The calculations show that the energy position of the Dirac point in

the topological surface states (green lines), as well as the position at which the bulk-like

states bunch (blue lines) and the Te surface state dispersion (red lines) are independent

of the slab thickness. This observation allows us to unambiguously compare the ARPES

data with the STS data acquired on 10 and 5 nm films respectively.
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STS data can, in some cases, also provide information on the dispersion of the

energy bands [109], as elucidated in Appendix B. We show that the extracted vF

from the voltage dependence of the inverse decay length in the vicinity of the

DP gives a vF of about 1.5×105 m/s. Note, that this value is significantly lower

than the vF extracted from the ARPES EDM, because the latter vF was extracted

higher up in the cone. This is in excellent agreement with the approximately

2.4×105 m/s found using our TB model by considering the apex to be at -0.15

eV relative to EF, and the tangent at the DP.

We use the Tersoff-Hamann model to simulate the tunnel currents using the

LDOS derived from our TB model [107]. This way we are able to resolve the

contribution of the electronic bands to the total dI/dV of an STS spectrum. The

band structure for a free-standing 6 QL (Bi0.4Sb0.6)2Te3 film is presented in Fig.

7.5(a). The resulting simulation of the corresponding STS spectrum is shown in

Fig. 7.5(b). The k‖-dependent decay length of the states into the vacuum will

cause the STS to be most sensitive to the dispersions close to the Γ-point, and in

particular to the ones giving rise to vanHove singularities. This is clearly observed

in the computed normalised dI/dV curves in Fig. 7.5(b). Our TB calculations re-

veal that the LDOS in the VB is dominated by a Te surface state contribution

whose location and character is unchanged on altering the thickness, as can be

seen in Fig. 7.4, and to variation in the alloy fraction.

The STS measurement of a 5 nm thin (Bi0.4Sb0.6)2Te3 film in Fig. 7.5(c) shows

all the important features that can also be recognised in the TB calculations pre-

sented in Fig. 7.5(a)-(b). In the TB calculation EF is locked to the top of the bulk

VB around M/6. The recorded STS spectrum however reveals that experimen-

tally, EF tends to shift to the bottom of the conduction band. In Appendix A an

additional STS measurement is presented, which was performed on another 5

nm thin (Bi0.4Sb0.6)2Te3 film and shows the same weak oscillations in the DOS

with a similar peak separation, but with the EF at a different position, see Fig. A.1.

This discrepancy of the location of the EF observed when comparing the results

from Fig. A.1 with those presented in the main text is more frequently observed

when comparing individual spectroscopy results from sample to sample, and even

when comparing different terraces on a single sample. This variation can be at-

tributed to either the adsorption process of molecules to the film surface or the

presence of defects in the material, such as Te vacancies. To present an estimate

of the shift of the EF that can be induced in the material by Te vacancies, we first
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make the assumption that EF is located within the bulk band gap and only crosses

the TSS, characterised by a linear dispersion with vF = 4.7 × 10
5
m/s. For this

dispersion, a shift of 100 meV is accompanied by a wave vector change of about

3.2 × 10
8
m
–1
, which corresponds to a 2D carrier density, n2D, of 8.3 × 10

11

cm
–2
. Assuming that every missing Te atom dopes the system with a single elec-

tron, this n2D can already be induced when about 0.15% of the unit cells on the

film surface exhibit a single Te vacancy. Therefore we can argue that the shift of

about 0.15 eV for the comparison in Fig. 7.5 is justified. A complete description

of this calculation is provided in Appendix C.

The (dI(V)/dV)/(I(V)/V) curve, the dashed line in Fig. 7.5(c), shows three distinct

peaks that are closely correlated to DOS oscillations found in the TB STS simu-

lation. Looking at the first peak found in the DOS of the STS measurement, at

approximately -0.30 V, the TB STS simulation reveals that the origin of this local

maximum in DOS originates from the sum of the DOS arising from both the flat

bunching bulk states in the Γ – K direction, and the flat Bi/Sb surface state band

just below the DP. Since these local maxima occur at an energy very close to

ED, it is difficult to point out the exact location of the DP from the signal of the

total DOS alone. The second peak in the normalised dI(V)/dV curve located at

-0.43 V can also be attributed to arise from bunching bulk states, but for these

states the state bunching occurs closer to the K-point along the line Γ – K. The

third, broad peak in the normalised dI(V)/dV curve stems from the Van Hove sin-

gularity of the upper red surface state in the TB calculation in Fig. 7.5(a). These

Te-surface states are nearly degenerate in energy over a large part of the BZ in

the VC. These may combine to form well localised quasiparticle states in the al-

loy, which will spread over a range of energies due to the disorder. The predicted

van Hove singularity in the VC may thus become broadened in the true alloy. A

similar effect will be expected near the minima of the topological surface state

with large weight on Bi/Sb. As the disorder is more pronounced in this layer as

compared to the Te one, we expect a larger broadening effect here as compared

to the Te surface state. Since we found that the location of the sub-bands is

rather invariant upon changing the film thickness, we are also able to state that

the STS measurement matches the results from our ARPES study, presented in

Fig. 7.3(a). Therefore we can state that the combination of our theoretically pre-

dicted electronic structure, using a TB approach, and the spectroscopy experi-

ments provides an adequate and complete picture of the electronic properties of

our material system.
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7.5 Conclusion
In summary, the TB modelling shows that the bunching of bulk sub-bands in the

alloy (Bi0.4Sb0.6)2Te3 is likely caused by a Bi/Sb substitution-induced change in

band order, close to EF near Γ, with the TSS still separated from the VB. The

fact that the DP lies in close proximity to the bunched bulk sub-bands, which are

vulnerable to alloy disorder, makes this material system the perfect platform to

investigate the robustness of the TSS against disorder. The close correlations be-

tween the TB slab calculations and ARPES measurements allow us to elaborate

on the atomic origin of electronic bands near EF, providing a good understanding

of the electronic structure of an alloy of the TI BST. By combining the results

acquired in the spectroscopy experiments and TB calculations we are able to

attribute the oscillatory behaviour of the DOS in the STS measurements, per-

formed on 5 nm (Bi0.4Sb0.6)2Te3 films, to the flat bunching states with a bulk

character and to the Van Hove singularity of the Te surface state in the VB.

This detailed understanding of the material system will allow for future exper-

iments in the direction of even thinner slabs where a hybridisation gap will be

induced in the TSS. The spectroscopy measurements confirmed that the DP is

in close proximity to the bulk VB. Therefore, in order to observe signatures of a

possible QSH state, for example via magneto-transport measurements, the sto-

ichiometry still shows some room for further optimisation. We present Sb2Te3

as another possible candidate to perform future research to the QSH state of

matter.
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Appendix A: Additional scanning tunnelling
spectroscopy measurement
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Figure A.1: STS dI(V)/dV and (dI(V)/dV)/(I/V) measurements recorded on a 5 nm thin

(Bi0.4Sb0.6)2Te3 film (different sample than the measurement from Fig. 7.5). The nor-

malised curve shows peaks at -0.26 V, -0.40 V and -0.57 V. The inset shows a zoom of

the dI(V)/dV curve, visualised by the dotted box, which shows a minimum in the DOS. The

increase in DOS is larger below this minimum than above it due to the presence of the

bunched states originating from the (Bi0.4Sb0.6)2Te3 film.

Fig. A.1 shows an STS measurement recorded on another 5 nm thin

(Bi0.4Sb0.6)2Te3 film than the one presented in Fig. 7.5 in the main text. This

measurement also shows an oscillatory behaviour of the dI(V)/dV signal. We can

distinguish three clear peaks in the DOS at -0.26 V, -0.40 V and -0.57 V. Al-

though the peak energies are shifted by about 0.04 V with respect to the mea-

surement of Fig. 7.5(c), they can still be explained by the TB slab calculation

and STS simulation of Fig. 7.5(a) and (b) respectively. Likewise, the first peak

originates from the bunching of states just below the DP, the second peak from

the Van Hove singularity of the upper red surface state and the broad third peak

from the combined surface states at lower energies. The aforementioned shift

of the energies is most likely due to a tiny amount of adsorbates or Te vacancies,
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which both lead to doping of the thin film. The inset in Fig. A.1 shows a zoom

of the dI(V)/dV curve around the linear slope observed above the top of the VB.

The DOS at -0.13 V is highly reduced with respect to the rest of the bias voltage

range. The correlation of the TB calculations with this STS measurement reveals

that this linear behaviour of dI(V)/dV likely originated from the linearly dispersive

surface states. The steep slope at bias voltages below the DOS minimum can be

ascribed to the presence of the bunched states near the top of the VB.

Appendix B: Dirac velocity determination by scanning
tunnelling spectroscopy
As shown by Jiao et al. [109] scanning tunnelling spectroscopy can also provide

information on the dispersion of the energy bands in momentum space. By mea-

suring inverse decay length κ(V), k‖ can be extracted using equations 7.3 and 7.4

from the main text. Using the relation E – ED = e(V – VD) = h̄vF|k| = h̄vFk‖, where

ED refers to the location of the Dirac point, the Fermi velocity, vF, in the vicinity

of the Dirac point can be determined. We find a vF of about 1.5 ± 0.5×105

m/s, which is substantially smaller than the vF extracted from the ARPES spec-

trum. Bearing in mind that the TB calculations reveal a non-linear dispersion of

the topological surface states in the vicinity of the Dirac point one expects a de-

crease in vF upon decreasing the energy window near the Dirac point. Therefore,

we would like to emphasises that both vF as extracted from the STS as well as

from the ARPES experiments agree very well with the TB calculations.

Appendix C: Te vacancy-induced shift in EF
We argue that the absence of Te atoms, also referred to as Te vacancies, can

induce a shift as large as 100 meV which can explain the variation of EF in differ-

ent spectroscopy results and the discrepancy between the experimental results

with the TB calculations. The reasoning is as follows. Assuming that the EF is

only crossing the linearly dispersive surface states. From the ARPES spectra we

find vF to be 4.7 · 105 m/s. Therefore, a shift of ΔE = 100 meV corresponds to

Δk = 100 meV/h̄vF = 3.2 · 108 m
–1
. The carrier density for a 2D electron gas

is given by nBST = k
2

F
/4π = 8.3 · 1011 cm

–2
. Using the lattice parameter found

in Chapter 4, a = 4.3 Å, the surface area of a single unit cell of BST is given by

Auc = a
2
sin 60° = 16 Å

2
, consists of one single Te atom. So if we assume that we
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SrTiO3

W side view(a) (b)

(c)

Figure D.1: (a) Flag style sample holder and a substrate with a 5 nm W strip sputter

deposited on top by means of a hard mask (b). These flag style holders were designed

to utilise clamps to hold the substrate in place, and allow for a conducting path of the

film, through the W to the holder after BST film deposition (c). Using these holder, we

successfully performed ARPES, XPS and STS measurements, were we did not observe any

charging effects in ARPES and XPS, and were able to realise and measure a tunnel current

on a BST film on an insulating substrate.

dope our material with a single electron for every missing Te atom at the surface

of the unit cell, we have a density of nTe = 6.25 ·1014 cm
–2
. So this means that a

shift of 100 meV can be achieved already if nBST/nTe = 0.0015. So a similar shift

in EF is induced by only having 0.15% of Te vacancies on the film surface.

Appendix D: Sample preparation for grounding pur-
poses
To avoid charging effects during both ARPES and XPS measurements, as well

as to enable a tunnelling current to be established on our (Bi0.4Sb0.6)2Te3 films

deposited on insulating SrTiO3, a 5 nm thick W film is sputter deposited on the

edge of the substrate by means of a hard mask. These strips are connected to

the sample holder by means of clamps, which allows for an electronic connection

of our film to our holder. After deposition of the W strip, the substrates undergo

an additional cleaning step in which they are polished with ethanol and a lens

tissue to regain an clean surface.
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8
Electronic properties of

gate-tunable (Bi0.4Sb0.6)2Te3

ultrathin films

We have investigated the electronic properties of (Bi0.4Sb0.6)2Te3 ultrathin

films deposited on SrTiO3 (111), Al2O3 (001) and InP (111)A using angle-

resolved photoemission spectroscopy andmagneto-transport measurements.

We show that it is challenging to determine the intrinsic Fermi level by either

twomethods, even though spectroscopy shows clearly resolved surface states

and the transport measurements a pronounced gate tunability. This tunabil-

ity allows us to gain insight in the mean free path and dephasing length of

the material. Even though these films are not optimised for the observation

of the hybridisation gap, it is still possible to induce a significant Zeeman gap

by exposing the material to high magnetic fields. To identify signatures of a

Zeeman gap in future experiments, we modify an existing model describing

capacitive coupling between the topological surface states by including ad-

ditional shifts of the Fermi level due to an arising Zeeman or hybridization

gap.



8.1. Electronic structure of binary and ternary chalcogenide topological

insulators

One of the major challenges faced in the field of topological insulators (TIs)

is that the bulk material is often found not to be fully insulating. Although the

deposition of TI thin films does allow us to engineer a TI in the Dirac Point (DP)

lies within the bulk band gap, these films will only be suitable for applications

when the bulk conductivity arising from residual charge carriers is suppressed to

a large enough extent.

In this chapter, we aim to discuss the electronic properties of our TI thin films.

We will first provide a brief introduction into the electronic properties of both

the binary Bi2Te3 and Sb2Te3 as the ternary (Bi1–xSbx)2Te3 three-dimensional

(3D) TI material systems. In relation with our observations regarding the struc-

tural dissimilarities of our (Bi0.4Sb0.6)2Te3 (BST) thin films deposited on SrTiO3

(111), Al2O3 (001) and InP (111)A substrates presented in Chapter 4, we com-

pare their electronic properties in this chapter. In Section 8.3 we present an

angle-resolved photoemission spectroscopy (ARPES) study providing direct evi-

dence of the clearly resolved topological surface states in our BST thin films. Sub-

sequently, Section 8.4 presents magneto-transport measurements performed on

5 nm films to confirm the topological nature of our material and to assess its elec-

tronic quality. By utilising a top gate, we show in Section 8.5 that a charge carrier

transition from n-type to p-type can be realised in all our BST thin films. This al-

lows us to acquire more information regarding the characteristic length scales

that play an important role in the transport properties of our material. At last, in

Section 8.6 we present a model that can aid us in recognising signatures of an

induced Zeeman gap in magneto-transport measurements that could replace the

hybridisation gap. This model is created by adapting an existing model descrip-

tion of the capacitive coupling between the two opposite topological surface

states, by including the Fermi level (EF) dependence on the induced gap.

8.1 Electronic structure of binary and ternary chalco-
genide topological insulators

Even though the presence of the Dirac cone surface states has been confirmed

for all three binary chalcogenide 3D TIs, Bi2Se3 [16], Bi2Te3 and Sb2Te3 [17,18],

bulk conduction often hides the topological properties of the material. This bulk

conduction is induced by impurity and defect doping within the TI material caus-

ing the bulk to be metallic instead of insulating, making it challenging to identify
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the surface states in transport measurements. The most common defects are Se

and Te vacancies. Hor et al. [110] verified the presence of these Se vacancies

on Bi2Se3 single crystals using STM. The occurrence of Se vacancies induces an

effective electron doping in the bulk material [111]. Therefore, it is highly de-

sirable to reduce the density of Se vacancies to suppress bulk conductivity. As

presented in Chapter 4, by making use of molecular beam epitaxy (MBE) to grow

these 3D TI thin films we can minimise the Te vacancy density, and hereby the

n-doping, by maintaining a Te rich environment during the deposition process. In

addition to Te vacancies, Bi2Te3 and Sb2Te3 can also exhibit Bi/Te, or Sb/Te anti-

site defects. These anti-site defects can arise when there is too much Te available

in the material and the Te atoms occupy the Bi or Sb sites. These defects induce

p-doping of the material [112]. The fact that Bi2Te3 has both been reported to

be a n- and p-type material shows how delicate this balance is between Bi, Te,

and the corresponding defect density [98].

To allow for future observations of the quantum spin Hall (QSH) effect in our

ultrathin 3D TI films, we need to impose requirements on our material system.

To be able to access and observe signatures arising from the hybridisation gap (i)

the DP needs to be located within the bulk band gap and (ii) the material needs

to be gate tunable. The latter restriction is based upon the fact that we need to

be able to gate tune EF across the hybridisation gap. In practice, Bi2Te3 is often

found to be a n-type material. As the charge carrier density of the topological

surface states is rather low (n2D ∼ 10
12

cm
–2
), defect-induced n- and p-doping

can easily shift EF away from the charge-neutrality point. As long as the defect

density is low, the material will remain to be gate tunable. The fact that the DP

in Bi2Te3 lies below the valence band (VB) maximum presents a limitation of this

material in light of our goal to access the hybridisation gap, see Fig. 8.1. As we

shift our focus to Sb2Te3, we find that this 3D TI meets our first requirement

as its DP is located near the centre of the bulk band gap. However, Sb2Te3 is

generally observed to exhibit an intrinsic p-type doping. For Sb2Te3 films this

is allocated to the presence of Sb vacancies versus Sb/Te anti-site defects for

films deposited at low temperatures and high temperatures, respectively [103].

To engineer a suitable TI material, we combine the binary Bi2Te3 and Sb2Te3 into

alloyed ternary (Bi1–xSbx)2Te3 (BST) films.

123



8.1. Electronic structure of binary and ternary chalcogenide topological

insulators

EF
BCB

BVBDP
K Γ M
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K Γ M

Bi  Te2       3 Sb  Te2       3

Figure 8.1: Schematic representation of the band structure of Bi2Te3 (n-type) and Sb2Te3

(p-type) [55], depicting the bulk conduction band (BCB), bulk valence band (BVB) and the

linearly dispersing topological surface states.

The accessibility of the DP in BST has been experimentally verified using ARPES

on BST films [55, 113] as well as on BST single crystals [114] for a wide range

of Bi:Sb ratios. By doing so, evidence was found that both the relative position

of EF as well as the DP, with respect to the VB maximum, are dependent on the

Bi:Sb ratio [55,114].

Although the ARPES studies seem to indicate a systematic relation between the

Bi:Sb ratio and the distance between the DP and the VB maximum, Frantzeskakis

et al. [115] show that the location of EF with respect to the DP is not that well

controllable. This discrepancy between the reported energy spacing EF – ED be-

comes clear by comparing existing research performed on BST thin films de-

posited by MBE on a variety of substrates. These studies present different con-

clusions about the optimal Bi:Sb ratio required to engineer an intrinsic TI, depend-

ing on the utilised substrate material. The next section will present the outcome

of a selection of these studies. Here we will refer to an optimal stoichiometry

when a study shows that for that certain stoichiometry EF lies close to the DP,

which is done either by gate tuning the material and revealing the charge carrier

type transition, or by varying its Bi:Sb ratio until this transition is observed.
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8.2 Literature review about engineering an intrinsic
(Bi0.4Sb0.6)2Te3 topological insulator

We start by comparing reported optimal stoichiometries of BST deposited on

SrTiO3 (111), Al2O3 (001) and InP (111), since these are directly of interest for

our research. To emphasise the variations in the reported optimal Bi:Sb ratios,

we also compare these results with research performed using GaAs (111) and Si

(111) substrates.

Based on the extensive research presented by Zhang et al. [55] regarding the re-

lation between the BST stoichiometry and the location of EF, Tian et al. [116] per-

formedmagneto-transport measurements on 10 nm (Bi1–xSbx)2Te3 with x = 0.96

on SrTiO3 (111) substrates. By structuring the BST film into a Hall bar device,

they revealed that their material behaved like a p-type semiconductor, which

could be gate tuned into a n-type semiconductor by applying a large back gate

voltage across the SrTiO3. However, the extracted charge mobility from the BST

film was rather low, < 140 cm
2
/Vs, in combination with a high carrier density

within the full electrostatic gate range, > 2 · 1013 cm
–2
. These results seem to

indicate that although the ARPES study presented by Zhang et al. concluded

that the optimal 3D TI is found for (Bi1–xSbx)2Te3 with x = 0.95 [55], this does

not have to be the optimal Bi:Sb ratio for magneto-transport measurements.

Another optimal stoichiometry was reported by He et al. [64], who performed

electronic transport measurements on 20 nm (Bi1–xSbx)2Te3 films deposited on

SrTiO3 (111). They reported a much smaller sheet carrier density, in the order of

10
12

cm
–2

for x = 0.5±0.1, with carrier mobilities ranging from 100-500 cm
2
/Vs

for various compositions . These results have been enforced by He et al. [21],

who deposited 40 nm (Bi1–xSbx)2Te3 films on Nb-doped SrTiO3 (111) substrates,

varying the x to study the influence of the Bi:Sb ratio on the electronic structure

of the material by low-temperature STM and STS. They also found that a stoi-

chiometry of x = 0.5± 0.1 results in an intrinsic topological insulator where the

DP is located within the bulk energy gap and close to EF.

We compare these results with those found for BST deposited on Al2O3, start-

ing with the aforementioned elaborate ARPES study by Zhang et al. [55], who

also performed additional basic magneto-transport measurements. For 5 nm

(Bi1–xSbx)2Te3 deposited on Al2O3 they concluded that an intrinsic topological
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insulator can be acquired by x = 0.95. Another study, presented by Liu et

al. [57], investigates the effect of an in situ post-anneal on the surface morphol-

ogy, structural and electronic properties of the material. They deposit 30 nm

(Bi1–xSbx)2Te3 on Al2O3, with x = 0.5, and report that the growth and post-

annealing temperature can change the majority carrier type. For their as-grown

films, they find that the majority carriers are of n-type which is in agreement with

Zhang et al. [55]. Additionally, they report that annealing at an elevated temper-

ature results in p-type BiSbTe3. They allocate the observed carrier inversion to

the creation of Te anti-site defects.

Looking at research performed using the non-oxide InP (111)A substrate, Shimizu

et al. [61] reported that gate-tunable 20 nm (Bi1–xSbx)2Te3 films could be achieved

by using x = 0.8. However, they also present gate-dependent magneto-transport

measurements of a second film with supposedly the same stoichiometry, which

revealed a different gate-dependent Hall characteristic. This fact presents evi-

dence about how easy EF can be influenced. Still, Toshimi et al. [117] found a

similar optimal stoichiometry by performing experiments on 8 nm (Bi1–xSbx)2Te3

with x = 0.84 and x = 0.88, deposited on insulating InP (111). Magneto-transport

measurements revealed that for these values of x, the DP was in close proxim-

ity to EF. Similar to Liu et al. [57], they did however employ a post-anneal to

improve the surface morphology, which might explain the small discrepancy be-

tween their final outcome compared to the one from Shimizu et al. [61].

For the thin film deposition on Si also various Bi:Sb ratios have been found to

result in an optimal electronic structure. Kellner et al. [113] show that they ac-

quire an intrinsic TI for (Bi1–xSbx)2Te3 with x = 0.94 on Si (111), close to the sto-

ichiometry presented by Zhang et al. [55] on Al2O3. On the contrary, Weyrich et

al. [62] were able to achieve gate-tunable (Bi1–xSbx)2Te3 films by using x = 0.43.

These results are compared to research performed on BST deposited on GaAs

(111). For 10 nm (Bi1–xSbx)2Te3 deposited on GaAs (111), x = 0.47 resulted in a

DP close to EF [59].

Evidently, these results are difficult to compare to one another due to the vari-

ations in the investigated film thicknesses, in the growth parameters and con-

ditions and the different work functions of the substrate. Based on the tight-

binding results presented in Chapter 7, we can state that the film thickness the-

oretically does not induce any significant change in the intrinsic electronic prop-
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erties of the films once the surface states are fully developed. However, in case

of bulk conducting samples, thicker films can result in deviating results regard-

ing the charge carrier density and mobility. In order to be able to compare the

influence of the substrate on the electronic properties, we deposited 5 and 10

nm (Bi0.4Sb0.6)2Te3 thin films on SrTiO3 (111), Al2O3 (001) and InP (111)A sub-

strates, using the same growth parameters. Magneto-transport measurements

were performed on 5 nm films to limit any contribution from bulk conductivity,

and in situ ARPES measurements were performed on the 10 nm films to ensure

a fully developed Dirac cone.

8.3 Probing the substrate-dependent electronic
structure of (Bi0.4Sb0.6)2Te3 thin film

A suitable way to study the conducting surfaces states and bulk spectrum of

TI materials is by performing ARPES measurements. ARPES is a technique that

allows for the direct observation of the Fermi surface and the underlying elec-

tronic structure. In this section we present ARPES spectra acquired in the Van

der Waals-Zeeman Institute in Amsterdam
1
. All results are obtained on films in

situ transferred to Amsterdam by means of a vacuum suitcase, allowing us to

maintain the samples in an ultrahigh vacuum (UHV) of 1.5×10–10 mbar during

transfer. To avoid charging effects to occur during the measurements, we em-

ployed the same method as previously described in Chapter 7, Appendix D to

ensure a proper grounding of the film to the sample holder. All the presented

ARPES specta are taken at a base temperature of approximately 15 K. We used

two different sources to capture the spectra. First, we used a He discharge lamp,

emitting photons with an energy of 21.2 eV. For these spectra the energy resolu-

tion was 15 meV and the angular resolution better than 0.1°. Secondly, we were

able to perform laser-based ARPES measurements on the BST film on SrTiO3

using a laser from Angewandte Physik & Elektronik (APE), producing 200 nm

photons with a corresponding energy of 6.2 eV, with a resolution of 5 meV.

More details regarding both the technique and the system can be found in the

methods section of Chapter 1.

1
All ARPES measurements took place under guidance of S. Smit and M.S. Golden.
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Figure 8.2: Evidence for topological band structure of (Bi0.4Sb0.6)2Te3 thin films. ARPES

EDMs captured along the K̄ – Γ̄ – K̄ direction of 10 nm (Bi0.4Sb0.6)2Te3 films deposited

on SrTiO3 (a), Al2O3 (b) and InP (c), using a photon energy of hν = 21.2 eV. The top

panels have a different colour scale to highlight the spectra in vicinity of EF. A clearly

resolved Dirac cone dispersion is visible in the spectra measured on SrTiO3. The spectrum

presented in (a) is measured with a small angular mode, limiting the k‖ range but increasing
the resolution, and consists of 12 sweeps (48 min scan). For (b) and (c), the large angular

mode was used to capture the spectra, and they consist of 45 sweeps (3 h scan).

8.3.1 Spectroscopic evidence for non-trivial band structure by
in situ ARPES

Fig. 8.2(a)-(c) depict the electron density maps (EDMs) of 10 nm (Bi0.4Sb0.6)2Te3

on SrTiO3, Al2O3 and InP respectively along the K̄ – Γ̄ – K̄ direction, (k‖), ac-

quired using a photon energy of 21.2 eV. The top panels show a cropped image

of the corresponding EDMs in vicinity of EF, to clarify the surface state disper-

sion. The spectra on the BST film deposited on SrTiO3 is captured employing the

system’s small angular mode, which increases the resolution of the EDM around

the high-symmetry point Γ̄. This EDM shows the clearest resolved surface state

dispersion. By fitting the slope of the surface states near the linear dispersion

around the Dirac point, centred at Γ̄, we estimate the Dirac fermion velocity to be

vF = ΔE/(Δk · h̄) ≈ 4.7 · 105 m/s which is close to the estimated values based on

128



Chapter 8. Electronic properties of gate-tunable (Bi0.4Sb0.6)2Te3 ultrathin films

calculations done on the binary chalcogenide 3D TI compounds [5] and previous

published ARPES research on BST [55].

The EDM of the BST film deposited on Al2O3, Fig. 8.2(b), was captured us-

ing the large angular mode and therefore exhibits a lower momentum resolution.

The overall intensity of this EDM is higher than for the EDM presented in Fig.

8.2(a), because it is a result of a summation of more individual scans. As the in-

tensity of distinct Te surface states is higher than the relatively weak intensity

from the topological surface states, it easily overshadows the topological, Dirac-

like surface state dispersion in Fig. 8.2(b). However, by highlighting the spectrum

close to EF in the top panel, we show that the Dirac cone is, in fact, present. For

the BST film on InP we were not able to observe the topological surface states,

as EF was pinned to the VB maximum.

Next to the EDMs, we also measured Fermi surface (FS) maps to study the con-

stant energy contour of electronic structure of our BST thin films. Fig. 8.3(a)-

(c) and (d)-(f) present Fermi surface maps corresponding to the EDMs of the

(Bi0.4Sb0.6)2Te3 films presented in Fig. 8.2(a)-(c) near E – EF = 0 and -0.2 eV,

respectively. To increase the signal to noise ratio, every FS map depicts data ac-

quired for an energy bandwidth of 30 meV. The FS map of BST on SrTiO3 near

EF, as presented in Fig. 8.3(a) reveals the circular constant energy band contour

of the Dirac cone. For the FS map on Al2O3, see Fig. 8.3(b), EF lies closer to

the bulk VB pockets, and for the FS map acquired on InP, see Fig. 8.3(c), the

hole pockets start to become visible near EF. Taking a closer look near E – EF =

-0.2 eV reveals flower-like hole pockets which correspond to the bulk VB [18].

In correspondence with the tight-binding slab calculations presented in Chapter

7, the VB maximum is found to correspond to a higher binding energy in the

M – Γ – M direction. The circular shape near the centre of the flower presents

the M-shaped bulk bands as observed in the EDMs in Fig. 8.2.

ARPES is a very surface sensitive technique, especially when using a He pho-

ton source. As discussed in Chapter 7, the bands in Fig. 8.2 near -0.5 eV give

rise to a larger photoemission signal because they originate from the Te atoms

from the surface of the material. These surface states are not topological and

buried in the VB. When using photons with a kinetic energy of 21.2 eV, the re-

sulting inelastic mean free path of electrons in a solid is very small. Therefore, we

are only able to probe the top most QL, as presented by the so-called universal
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thin film

Figure 8.3: ARPES spectra of 10 nm (Bi0.4Sb0.6)2Te3 thin films. All FS maps present

the constant energy contours around Γ̄ on BST films deposited on SrTiO3, (a) and (d),

Al2O3, (b) and (e) and InP, (c) and (f), using a photon energy of hν = 21.2 eV. A schematic

presentation of the surface-projected Brillouin zone along with the high-symmetry points

Γ̄, K̄ and M̄ is projected in (e). It does not present the real Brillouin zone, as it would extend

beyond the image. The FS maps of (a)-(c) present data from a range of 30 meV near EF,

E–EF = [-0.02 : 0.01] eV and (d)-(f) FS maps deeper inside the VB, E–EF = [-0.2 :-0.17] eV.

curve [118]. This also explains why this single Te surface state band exhibits a

much higher intensity than the bunched M-shaped bulk states.

8.3.2 Time-dependent upwards band shifts
Even though the ARPES results seem to show quite a clear picture regarding vari-

ations of EF – ED observed on the films deposited on the dissimilar substrates,

the results cannot be used to say something qualitative about whether this elec-

tronic difference is induced by the substrate alone. The reason for this is that

we observed a strong band bending effect upon an extension of the irradiation

time. Fig. 8.4 shows the evolution of EF on the BST film deposited on SrTiO3.
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Figure 8.4: Irradiation-time-dependent evolution of ARPES EDMs captured in the K̄ –

Γ̄ – K̄ direction of 10 nm (Bi0.4Sb0.6)2Te3 film deposited on SrTiO3. For the purpose of

visualising the upwards band bending, only the top part of the EDM is depicted. (a) The

clearest Dirac cone dispersion is visible in the first measured spectra. The irradiation time

interval between the presented spectra is not identical. The purpose of the image is solely

to illustrate the effect of upwards band bending upon a prolonged irradiation. (a) Spectra

combined out of 12 individual sweeps (48 min scan). (b)-(c) Spectra combined out of 10

individual sweeps.

Band bending is a phenomena that occurs wherever there is a mismatch between

two Fermi levels. The reason for the time-dependent band shifts in our ARPES

measurements is not yet well understood, but we can speculate about plausible

causes.

Noh et al. [17] also observed band bending effects in their spectroscopy study on

cleaved Bi2Te3 single crystals. They found their bands to shift downwards upon

a prolonged irradiation of their material. They argue that the electron-like surface

states that arise in their spectra are induced by surface band bending, possibly

due to a change in the inter-layer distance between the quintuple layers at the

surface of the crystals. They argue, that, since the CB minima are anti-bonding

states, a weakening of the bonds would lower the energy of the states, raising

EF, and hereby inducing a downwards band bending. In the research presented

by Hsieh et al. [54] they are able to slow down the band bending by doping the

Bi2Te3 with Mn. Their spectroscopy results on Bi2–xMn2Te3 reveal a delay from

approximately 40 minutes to 9 hours to acquire a similar shift in the electronic

band structure of the material.
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thin film

Figure 8.5: ARPES spectra of (Bi0.4Sb0.6)2Te3 thin film deposited on SrTiO3, using a

photon energy of hν = 6.2 eV. The EDM show the clear Dirac cone surface state disper-

sion in the parallel reciprocal space dimensions, kx (a) and ky (b). (c) The FS maps present

the constant energy contours at binding energies indicated by the dotted lines in the left

EDM (i)-(iv). To enhance the signal to noise ratio, the EDM show the combined signal of a

range of 0.03 (1/Å) in the perpendicular k‖ direction, and the FS maps a range of 30 meV

around E – EF = 0.0, -0.05, -0.1, and -0.15 eV.

Hsieh et al. [53] also observed a downwards shift in energies in Bi2Se3, but they

were able to lower EF by doping the TI with Ca. For Sb2Te3 single crystals,

no time-dependent band bending was observed [54]. Possibly this can be ex-

plained by the fact that for intrinsic Sb2Te3, EF is intrinsically pinned to or even

located within the bulk VB.

With regard to our own observations, depicted in Fig. 8.4, the reasoning be-

hind the band bending presented in the research from Noh et al. [17] seems

unlikely since our films are already exposed to vacuum conditions for a much

longer time, due to the vacuum transfer. Additionally, we observe band shifts in

the upwards direction. Therefore, the adsorption of molecules seems to provide

the most reasonable explanation [108], but further research would need to be

performed to reach a definite conclusion.

By performing laser-ARPES, using a photon energy of hν = 6.2 eV, on the

(Bi0.4Sb0.6)2Te3 thin film deposited on SrTiO3 we were able to clearly resolve the

Dirac cone. Additionally, we found that the film is less sensitive to band bending

effects when employing lower energy photons. The resulting ARPES spectra are

presented in Fig. 8.5. Based on the ‘universal curve’ of the inelastic mean free
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path of electrons in a solid based on the photons kinetic energy [118] we would

expect to be more sensitive to the bulk states. However, due to the relative low

photon energy, the effective k‖ window is significantly reduced upon using the

same small angle mode of the analyser. Therefore, no bulk states are revealed in

EDMs along both the kx (a) and ky (b). Fig. 8.5 (c) shows FS maps (i)-(iv), revealing

our ability to scan throughout the whole Dirac cone from EF to the DP.

To conclude the ARPES measurements, we have observed shifts of EF upon a

prolonged photon irradiation, which complicates the qualitative comparison of

the ARPES spectra. Although we are able to speculate about the origin of this

effect, the exact reason is unclear. A solution to this band shift might be pre-

sented by performing laser-ARPES which showed to be less sensitive to band

shift effects. The measurements do reveal the sensitivity of our material system

to variations in EF.

8.3.3 Signatures of EF variations inmagneto-transportmeasure-
ments

Magneto-transport measurements are commonly used to characterise TI mate-

rials, since the topological nature of the surface states can manifest themselves

in magneto-transport phenomena such as Shubnikov–de Haas (SdH) oscillations

andweak anti-localisation (WAL). SdH oscillations are oscillations in the longitudi-

nal resistance that elucidate the character and trajectory of the charge carriers in

a material in a magnetic field. This is a result of their sensitivity to dimensionality

(probed by the angle dependence of the applied field) and the topological Berry

phase (reversing the maxima and minima in field). From these oscillations the

charge carrier mobility can be extracted, which can be used as a fixed fitting pa-

rameter, for example in multi-band fits on the systems magnetic-field-dependent

conductivity. Additionally, they can be used to study the shape of the Fermi sur-

face of a material, which can provide vital information regarding the electronic

states that contribute to the conduction of the material [119]. However, these

SdH oscillations can only be observed when the condition μB � 1 is fulfilled,

which means that they arise exclusively in high-mobility materials [120]. On the

contrary, the aforementioned WAL is an effect which is also observed for low-

mobility materials. WAL emerges in magneto-transport measurements as a sharp

dip in the longitudinal resistivity at low magnetic fields. The nature of this effect

will be discussed in more detail in Section 8.5.
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thin film

As stressed by Frantzeskakis et al. [115], for these chalcogenide 3D TIs the values

of EF–ED obtained using magneto-transport measurements, determined SdH os-

cillations, cannot always directly be compared with details of the electronic band

structure measured by ARPES. Additionally, when EF only crosses the the Dirac

cone, so when the optimal carrier density concentration, n2D, is in the order of

10
12

cm
–2
, a small number of point defects, such as Te vacancies, can already in-

crease the carrier density concentration by an order of magnitude [121], thereby

inducing a large difference in the basic transport properties of the material. To

account for the fact that growth conditions can change the amount of defects in-

duced in this material system, we performed magneto-transport measurements

on 5 nm BST films deposited on SrTiO3, Al2O3 and InP, using the same growth

parameters.

By means of photolithography, we structured our BST films into Hall bar de-

vices. Details regarding the fabrication process can be found in Appendix A.

Thereafter, we performed transport measurements in an Oxford 7T flow cryo-

stat, with a base temperature of 4.5 K, in which magnetic fields can be reached

up to 7 T. A current is sourced though the outer contacts of our Hall bar de-

vice whilst measuring the longitudinal and transverse voltage across the Hall bar

channel, using Stanford Research SR830 lock-in amplifiers. As we vary the mag-

netic field using an Oxford IPS120-10 magnet controller, we are able to measure

the magnetic field response of the longitudinal resistance, Rxx, and the transverse

Hall resistance, Rxy. On the devices equipped with a gate, gate voltages are ap-

plied using a Keithley 2400 source meter.

As we aim to compare the electronic transport properties of the films deposited

on the dissimilar substrates, Fig. 8.6 presents a direct comparison of the mea-

sured transport characteristics for the different devices. Fig. 8.6(a) depicts the

temperature dependence of the zero-field longitudinal resistivity, ρxx. The BST

films on Al2O2 and InP exhibit a decreasing ρxx upon cooling, which can be at-

tributed to the dominance of the metallic surface states of the TI. In contrast,

ρxx of the BST film on SrTiO3 shows a maximum near 40 K attributed to the

freeze-out of residual thermally excited bulk carriers.
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Figure 8.6: Transport characteristics of 5 nm (Bi0.4Sb0.6)2Te3 films on SrTiO3, Al2O3

and InP, structured in a Hall bar configuration with a channel length and width of 400

and 10 μm respectively. These devices are not equipped with a top gate. (a) Temperature

dependence of the zero-field longitudinal resistivity for the three BST films. The data

presented in (b)-(d) is acquired at 4.5 K. Magneto resistance (MR) (b) and anti-symmetrised

Hall resistivity, ρxy, (c) as function of applied magnetic field in perpendicular configuration.

The MR show the archetypical contribution of the weak anti-localisation to the ρxx signal,

complicating a two-carrier model fit. (d) Carrier density (black filled symbols) and mobility

(blue open symbols) determined by applying a single-carrier model fit to the low field data

(0-2 T). In (c) and (d), the regions corresponding to n- and p-type carriers are marked by

an n and p, respectively.

Fig. 8.6(b) and (c) show the magneto resistance (MR) and Hall resistivity, ρxy, for

an out-of-plane magnetic field, respectively, where MR is defined as

MR =
ρxx(B) – ρxx(B = 0)

ρxx(B = 0)
× 100%.

The large reduction of the MR below 1 T in the data of the BST on Al2O3 and InP

reveals the WAL contribution to the electronic transport of our BST films. We

extracted the charge carrier density and carrier mobility, μ, using a single-carrier
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model and summarised the results in Fig. 8.6(d). We note that the single-band

model that we employ is not sufficient to describe the full complexity of the trans-

port within our films, since multi-band effects and WAL are neglected. However

the single-band model is able to provide us with enough information to be able to

compare the different samples. In this model, the slope of ρxy as a function of the

applied external magnetic field, B, is the Hall coefficient, RH = ρxy/B. Since our

ρxy shows a linear behaviour, we extract RH from the low magnetic field values.

More specifically, for our analysis we use the resistivity data acquired at a mag-

netic field range of 0-2 T. The sheet carrier density is calculated by n2D = 1/(eRH).

We have chosen a Hall bar measurement configuration that results in a positive

(negative) RH for a hole (electron) carrier contribution. The corresponding carrier

mobility is estimated by μ = RH/ρxx(B = 0). The absence of SdH oscillations is

attributed to the low carrier mobility of the (Bi0.4Sb0.6)2Te3 films since it requires

μB� 1, which would require a magnetic field of approximately 25 and 60 T for

the carrier mobility extracted the films on Al2O3 and SrTiO3, respectively. We

argue that the relative low mobility of the BST layer on SrTiO3 might be induced

by the presence of structural defects in the film such as the mosaic twist [122],

which is discussed in Chapter 4.

The deviations that we observe in both the temperature and magnetic-field-

dependent transport properties of our devices proof that the stoichiometry alone

does not determine the basic transport properties of the BST films. However, we

note that an important difference between our devices and those studied by e.g.

Zhang et al., is that their films are capped in situ by an amorphous Te layer. Expo-

sure to atmospheric conditions can induce a tremendous shift in EF in this class of

chalcogenide 3D TIs [108], which we need to take into account in our compara-

tive study. Additionally, discrepancies might be explained by a shift of EF induced

by structural defects induced in the BST film by the dissimilar substrates, leading

to deviations in the Te vacancies or anti-site defect density.

8.4 Ambipolar electronic transport revealed by elec-
tric field gate tunability

To investigate the characteristic topological surface state features in more detail,

we created Hall bar devices that are equipped with a top gate. A schematic

representation of such a device is presented in Fig. 8.7. We found that we were
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Figure 8.7: Schematic representation of a top and 3D view of the fabricated Hall bar de-

vices for the top-gate-dependent measurements. The top view shows a realistic relative

scaling of the individual components. In the 3D view, the layer thicknesses are exagger-

ated to reveal the subsequent stacking of the BST film (blue), Al2O3 dielectric layer (red)

and the Hall bar and gate contacts (gold).

able to gate tune the charge carriers from n- to p-type in our BST films on all

three dissimilar substrates. The results of the corresponding magneto-transport

measurements are presented in Fig. 8.8.

8.4.1 Effect of top gate dielectric on position of EF
A direct comparison of the MR field dependency of the Hall bar devices with,

Fig. 8.8(a), and without a top gate, Fig. 8.6(b), reveals that the devices covered

by the gate dielectric exhibit a MR which is almost twice as high. Their corre-

sponding ρxy indicates n-type carriers for the BST film on Al2O3 and InP, where

the non-linearity for the BST film on SrTiO3 indicates that EF is close to the

charge neutrality point of the TSS. For both the BST film on SrTiO3 and Al2O3,

the presence of the gate dielectric seems to have shifted EF closer to the CB.

Considering all research reported on BST films deposited on Al2O3 and InP sub-

strates in Section 8.2, it is remarkable that all our films can be gate tuned across

the DP, as they all exhibit the same Bi:Sb ratio. This fact that we are actually tun-

ing EF across the surface states is verified by the n- to p-type transition observed

in gate-dependent Hall measurements.
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Figure 8.8: Magnetic field and gate-dependent transport characteristics of 5 nm

(Bi0.4Sb0.6)2Te3 films on SrTiO3, Al2O3 and InP, structured in a Hall bar configuration.

For SrTiO3 and Al2O3 the same Hall bar dimensions were used as for devices measured

in Fig. 8.6. For the film on InP, the Hall bar channel width was 20 μm. All devices are

equipped with a top gate. All data is taken at 4.5 K. MR (a) and anti-symmetrised ρxy (b)

as function of applied magnetic field in perpendicular configuration, without applied elec-

trostatic top gate voltage. These measurements have been performed prior to applying

any gate voltage to the device, in attempt to measure the intrinsic electronic properties

of the material. The zero-field ρxx as function of (c) applied electrostatic top gate voltage

for all films and (d) back gate voltage for the BST film on SrTiO3. The sweep directions are

indicated by the arrows. For all films we were able to gate tune across the DP.

8.4.2 Gate-dependent hysteresis

Fig. 8.8(c)-(d) present two ρxx(V) curves for all devices. The red and blue curves

indicate, respectively, an up- and downwards applied gate voltage sweep. The

observed gate-dependent hysteresis can be explained by charge trapping effects.

In oxide dielectric materials, it is well known that O vacancies can act as trapping

sites. For gating purposes, upon varying the gate voltage, charge carriers are
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Figure 8.9: Back gate voltage dependence of ρxx for a 5 nm (Bi0.4Sb0.6)2Te3 film on

SrTiO3 structured into a Hall bar device with a channel length and width of 400 and 200

μm respectively. This figure illustrates how the interpretation of the ‘intrinsic’ EF, read

EF(V = 0), can change after training the back gate to a higher voltage range. Initially,

both the RH(B) and ρxx(V) indicated that the material was intrinsic n-type doped, whereas

after training to 180 V, the ρxx(V) clearly shows a p-type material. In both graphs, the dot

represents the ρxx(B = 0) valuemeasured before starting the gate training. The subsequent

curves in the left graph differ in training range by 2 V, and in the right graph the training

range is increased by 10 V in every subsequent graph. The central dotted line represents

the ρxx(V = 0) and in the right graph the additional lines show the range of the left graph.

either pushed towards or drawn away from the interface, accumulating charge

carriers with an equal polarity on one side and opposite polarity on the other,

which occurs in a reversible manner, creating an electric field across the gate di-

electric. In both the Al2O3, used as top gate dielectric, and the SrTiO3, trapped

charges can screen the electric field, which will lead to a lower effective permit-

tivity, and therefore a higher gate voltage needs to be used in order to achieve

the same effect. This effect reverses upon reversing the sweep direction since

there is either charge injection into or charge withdrawal from trapped sites, ex-

plaining the hysteresis in the curved from Fig. 8.8.

The fact that increasing the applied gate voltage leads to a lower effective EF

tuning, due to the so called training effect, is illustrated by the results presented

in Fig. 8.9. Here we performed subsequent sweeps of the back gate voltage from

negative to positive polarity across an SrTiO3 substrate while measuring the re-

sponse of a 5 nm BST film. It shows that this effect is notable, since the position

of the DP, the maximum in ρxx(V), with regard to zero applied voltage shifts after

every subsequent sweep as the gate is systematically pushed to higher voltages.
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In Fig. 8.9(a) we increased the maximum potential by 2 V per curve, and in Fig.

8.9(b) the subsequent graphs presents a range increased by 10 V. At zero applied

voltage, so before applying any gate voltage, the (Bi0.4Sb0.6)2Te3 film shows a n-

type behaviour, which was confirmed by RH(B) measurements. For the range -14

to 14 V we find the DP to be at zero applied voltage, and for all subsequent ρxx(V)

measurements the system is p-doped at zero applied voltage.

Now that we have found that both the top gate and the back gate can be trained,

we compare the ρxx curves for various back gate voltages for the BST films on

the SrTiO3 substrates, with and without top gate on the device. The results are

presented in Fig. 8.8(d). The measurements show that there is a clear difference

between the two ρxx back gate voltage dependencies, which might be induced

by the presence of the gate dielectric on top of the TI. In the case when there

is no top gate dielectric deposited on top of the film surface, the ρxx maximum

is observed near zero-gate voltage, whereas the maximum shifts to 35 V for the

top gate device. Therefore, we want to stress that even by employing a gate to

learn more about the intrinsic material properties, our films show that we need

to be cautious with the interpretation of the results.

For a more thorough analysis of the electronic properties of our TI material we

used our Hall bar device, created from our 5 nm BST film on Al2O3, which

showed the highest charge carrier mobility and a pronounced gate tunability.

Fig. 8.10(a) and (b) present evidence that the maximum observed in ρxx(V) in

Fig. 8.8(c) is in fact accompanied by a charge carrier type inversion, based upon

the slope of the anti-symmetrised ρxy(B). As the top gate voltage is increased,

EF moves to higher energies as more electrons occupy the unoccupied states in

the material. When EF crosses the DP we expect the majority charge carriers

to be electrons, verified by the negative value of ρxy(B = 3T) in Fig. 8.10(b).

We will use the magneto-transport measurements performed on this device to

determine characteristic transport lengths.

8.5 Characteristic length scales
The elastic mean free path, le, of the charge carriers is defined as an average dis-

tance across which a carrier can propagate without changing its momentum by a

collision. These collisions originate from the fact that crystals are not perfect, but

contain impurities which can act as scatter sites. τe is the associated momentum
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Figure 8.10: Magneto-transport measurements of 5 nm (Bi0.4Sb0.6)2Te3 film deposited

on Al2O3. Measurements are performed on same device as used to collect the data pre-

sented in Fig. 8.8. Top gate voltage dependence of the (a)-(b) anti-symmetrised ρxy and

(c)-(d) MR at 4.5 K. (a) The slope of ρxy reveals the materials gate tunability from p-type

(negative voltages) to n-type carriers (positive voltages). (b) Plotting the ρxy(B = 3T) values

as function of applied top gate voltage reveals a clear transition around -1 V. (c) For pos-

itive gate voltages (electronic states above the DP), the MR near zero field reveals a large

WAL resistivity correction. (d) Decreasing the gate voltage diminishes this correction as

EF approaches the bulk VB.

relaxation time, given by τe = le/vF. Not only the momentum of an electron is

susceptible to changes upon experiencing scatter events, but also its phase and

energy can change due to various inelastic interactions. If τφ presents the phase

coherence time, the resulting phase coherence length is defined as lφ = vFτφ. Im-

portant sources of inelastic scattering are magnetic impurities, electron-electron

collisions and phonons [120].
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As previously mentioned, an architypical, although not unique, signature of a TI

in magneto-transport measurements is weak anti-localisation (WAL). Its observa-

tion is often regarded as evidence for the characteristic spin-momentum locking

of the topological surface states [123–125]. It can be described as a quantum

interference correction to the Drude conductivity. For disordered electronic sys-

tems, there is a finite probability that an electron that scatters along a path ends

up at its initial position. When it does, you could say that the electron effectively

did not transfer any charge. As long as its path is shorter than lφ, the phase of

the electron remains unchanged. As a consequence, constructive interference

occurs at the initial position of the electron, which results in a slight suppression

of the conductivity. For a TI however, due to the spin-momentum locking, an

electron scattering along a closed path gains an additional Berry phase of π. As

a result, the quantum mechanical wave function that describes the electron, will

acquire a sign change. Therefore, an electron travelling the same path in a TI will

experience a destructive self interference, resulting in a slight enhancement of

the conductivity. As previously mentioned, in magneto-transport measurements

the WAL emerges as a sharp dip in the longitudinal resistivity at low magnetic

fields. For systems where lφ is found to be larger than le, we can expect this quan-

tum interference correction to the resistance to arise in the magneto-transport

measurements.

Fig. 8.10(c) and (d) show the pronounced WAL of the topological surface states

near the DP. Our ARPES results revealed that in our material the DP lies close to

the VB. Therefore, it is not surprising that theWAL is more pronounced upon ap-

plying positive gate voltages, moving EF through the surface states, Fig. 8.10(c),

and that the WAL is suppressed for negative gate voltages, Fig. 8.10(d). In this

section wewill evaluate both le and lφ, derived from our transport measurements.

We do this by (i) using the Drude model description the charge carrier mobility

as function of le, and (ii) by determining the lφ by fitting the WAL contribution to

the conductivity.
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8.5.1 Carrier-density-dependent effective mass

If we consider wave-particle duality, we can associate the momentum of an elec-

tron with the momentum p = h̄k and its velocity with the group velocity of the

associated wave-packet:

vp =
dE

dp
.

Now, using the semi-classical expression vp = p/m
∗
, one can redefine the ex-

pression for the effective mass [126] in our system as:

m
∗
= h̄

2
k

(
6E

6k

)
–1

. (8.1)

For a gapped Dirac-like dispersion, we know that E =

√
M2 + (̄hvF)

2k2, so we can

deduce an expression for the effective mass, which is given by:

m
∗
=
h̄k

vp
=

√
M2 + (̄hvF)

2k2

v
2

F

.

So this means that at k = 0, the mass term is given by m
∗
= M/v

2

F
. For a gapless

linear dispersion, M = 0, so E = h̄vFk. Therefore:

vp =
1

h̄

dE

dk
= vF,

m
∗
=
h̄k

vp
=
h̄k

vF

.

Nowwe find that for k = 0,m
∗
= 0, implying that only at k = 0we have a massless

Dirac fermion, as had been previously derived for graphene [126]. The combi-

nation of this definition of effective mass with the mobility definition derived by

the Drude model, μ = eτe/m
∗
with τe = le/vp, results in

μ = ele/h̄|k|, (8.2)

regardless of the dispersion. Using the fact that we know that μ is inversely

dependent on k and that we can write the 2D carrier density of the topological

surface states as k =

√
4πn, we can plot μ as function of 1/|k| = 1/

√
4πn and

we should get a linear fit through the origin where the slope is given by ele/h̄.
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Figure 8.11: (a) The squares present the sheet carrier density, n2D and carrier mobility,

μ, as function of applied gate voltage on a 5 nm (Bi0.4Sb0.6)2Te3 film deposited on Al2O3.

n2D and μ have been determined by fitting the single charge carrier model at low magnetic

field. The dotted lines are solely plotted to guide the eye. (b) Linear fit of μ as function of

1/|k| = 1/

√
4πn for positive (red) and negative (blue) gate voltages. The squares represent

experimental data, and the lines the linear fit μ = a

√
4πn with a = ele/h̄.

Fig. 8.11(a) presents the top-gate-dependent values of the charge carrier density

and mobility, extracted from our transport data acquired on BST on Al2O3 using

the single-band model. Extracting the slopes of μ as function of 1/|k| = 1/

√
4πn,

above and below the DP, red and blue curve in Fig. 8.11(a), we find respectively

that le ≈ 18 and le ≈ 9 nm. These values are close to previously reported values

for the mean free path for Bi2Te3 and Bi2Te3–xSex, calculated from momentum

distribution curves acquired using ARPES [127]. We speculate that the reason

behind the lower value of le for negative gate voltages can be found by looking

at the acquired ARPES data. This data shows us that the DP lies close to the VB

maximum, and hence upon applying negative gate voltages we approach states

close to the bulk bands, increasing the probability of scattering.

8.5.2 Top gate dependence of the phase coherence length

Now that we found an estimate for le, describing the semi-classical conduction

of our material system, we will use the quantum mechanical interference effect

of the WAL to acquire an estimate for lϕ.

We can describe the WAL behaviour more quantitatively using the simplified
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Figure 8.12: Top gate dependence of the WAL in (Bi0.4Sb0.6)2Te3 film on Al2O3. (a)

Top gate voltage dependence of the low field magneto conductivity Δσxx(B). The open

symbols present the experimental data and the semi-transparent lines the corresponding

HLN fits. The data reveals a parabolic contribution upon decreasing the gate voltage. (b)

α and lϕ derived using the HLN fits presented in (a).

Hikami-Larkin-Nagaoka (HLN) formula [128], given by:

Δσ = σ(B) – σ(0) = –α
e
2

2π2h̄

[
ln

Bϕ

B
– ψ

(
1

2
+
Bϕ

B

)]
,

where Bϕ = h̄/4el
2
ϕ presents the phase coherence magnetic field, and ψ the

digamma function. The sign and magnitude of α provide information about the

type of localisation in the material system (WL versus WAL for α > 0 and α < 0,

respectively), and the amount of parallel channels that contribute to the conduc-

tion of the material (α = –0.5 for a single topological conduction channel) [129].

To see whether the topological surface states are decoupled and therefore both

contribute as an individual conduction channel to the conductivity, the value of

α is correlated with other transport properties [123–125]. Fig. 8.12(a) shows the

Δσ(B), corresponding to the measurements performed on our 5 nm BST film on

Al2O3 presented in Fig. 8.10. The symbols present the experimental data, and

the semi-transparent lines their corresponding HLN fits. As previously noted,

decreasing the top gate voltage below 0 V results in an enhancement of the

parabolic background of the conductivity. The suppression of the WAL can be

attributed to the enhanced bulk conductivity. This observation is corroborated

by the fact that we found that the ρxx maximum and the charge carrier type

transition can be found near -1 V for this device, in combination with the ob-

servation that the DP lies close to the top of the valence band in our BST films.
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Both the values for α as well as lϕ, deduced using the HLN fits, are plotted in

Fig. 8.12(b) for their corresponding top gate voltage. First of all, of course we

find lϕ > le [120]. Secondly, we see a strong reduction in lϕ when gate tuning

to negative gate voltages opens additional bulk conduction channels, introduc-

ing surface to bulk scattering. The nature of α, transitioning from -0.5 to -1.5,

suggests that perhaps the ultrathin film acts as a single channel at positive gate

voltages, and that the bulk cannot simply be seen as a channel with α = +1.

8.6 Capacitive coupling between opposite topologi-
cal surface states

8.6.1 Dual gating of ultrathin topological insulator films
In order to gain full control over the electronic properties of a TI, it is important to,

to some extent, be able to control EF from the top and bottom surfaces individu-

ally. As our films are only a few nm thick, applying a gate voltage on one surface

to control its EF will also have an inevitable effect on EF of the other surface

due to the inter-layer coupling. To gain insight in the strength of this inter-layer

coupling, we mapped the coupling between the two surfaces by performing a

dual gate experiment on our 5 nm BST film deposited on SrTiO3, as is shown

in Fig. 8.13(a). Based on reported magneto-transport data acquired on devices

created using exfoliated BiSbTeSe2 single crystals flakes, which revealed indepen-

dent gate control of a decoupled top and bottom surface state [130–132], we

can argue that the maximum in ρxx in our map is elongated in the diagonal direc-

tion as a result of the strong coupling. This coupling between the two surface

states, revealed upon applying a both a top and back gate voltage, can theoret-

ically be described as a capacitive coupling [133]. This entails that it is possible

to induce a charge on one surface by applying a gate voltage on the opposite

surface.

Fatemi et al. [134] developed a model which describes this inter-layer coupling by

means of an inter-surface capacitance CTI and applied it to electronic transport

measurements of exfoliated Bi1.5Sb0.5Te1.7Se1.3 nano devices equipped with

both a top and bottom gate. In this section, we will discuss this model in re-

lation to our own dual gate experiment.
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Figure 8.13: (a) 2D gate map of ρxx as a function of the top and back gate voltages at zero

magnetic field, for a 5 nm (Bi0.4Sb0.6)2Te3 film deposited on SrTiO3. The elongated shape

of the ρxx maximum, reveals the inter-layer coupling of the opposite surface states [135].

(b) Schematic image of the charging model, showing all the relevant parameters in the

model, adapted from [69,134].

A schematic image of the charging model derived and used by Fatemi et al. [134]

and Yang et al. [69] is depicted in Fig. 8.13(b). We also include the parameters

μt0 and μb0 which present the chemical potential of the top and bottom states,

respectively, of the parts of the (Bi1–xSbx)2Te3 film which are not covered by ei-

ther one of the gates. By employing Faraday’s law which states that the sum of

voltage drops around a close loop has to be zero, we can derive a set of equa-

tions describing the system, using the definition of the geometrical capacitance

CT,TI,B = qn/Δμ and the quantum capacitance. For both the top and bottom

surface, we set up the system of equations

(
μgate

e
–
μi

e

)
+

(
μi

e
–
μi0

e

)
= Vgate,(

μgate

e
–
μi

e

)
=
engate

Ci

,

ni =
μ
2

i
sgn(μi)

4π(̄hvF)
2

at zero field.

(8.3)

This results in two sets of equations for gate = TG,BG and respectively i = t, b,

where due to conservation of charge carriers we have ni – ni0 = nTG + nTI. For

the inter layer we derive
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(
μt

e
–
μt0

e

)
+

(
μb0

e
–
μb

e

)
+

(
μb

e
–
μt

e

)
= 0,(

μb

e
–
μt

e

)
=
enTI

CTI

.

(8.4)

By combining the set of equations for both the top and bottom surfaces, (8.3) and

the coupling of the surfaces though the inter layer, (8.4), we arrive at two second

order polynomials, similar to those presented by Fatemi et al. [134], describing

the net charge on the two surfaces. We can solve these second order polyno-

mials analytically. By subsequently solving the gate-dependent values for μt and

μb iteratively, we can calculate Rxx and Rxy employing a two-band carrier model.

Doing so we need to make an assumption for the initial value of the chemical

potential, μ, the mobility, vF, and the geometric capacitance values CT,B,TI. We

find that we can reproduce a diagonally elongated gate map, that reveals similar-

ities to the gate map presented in Fig. 8.14(a), by imposing a strong capacitive

coupling, CTI > CB,CT .

8.6.2 Influence of a Zeeman gap
Even thoughwe know from our dual gate experiment that there is a strong capac-

itive coupling between opposite topological surface states, we did not observe

electronic signatures of an arising hybridisation gap in our material. In this sec-

tion, we present the concept to induce a Zeeman gap to essentially replace the

hybridisation gap. We will use the aforementioned charging model and modify it

by including the fact that the chemical potential changes upon applying a mag-

netic field due to the occurrence of the Zeeman gap. As a strong magnetic field

introduces a Zeeman gap in the intrinsically gapless topological surface state dis-

persion, the edge states are preserved.

In order to simulate our material system upon introducing a strong magnetic field,

we incorporate a Zeeman gap term: Δz = gμBB, where μB is the Bohr magneton,

and g the Landé g-factor, which we include in the charging model by considering

E = μ =

√
(̄hvFk) + Δ

2
z . This results in a correction on ni in (8.3):

ni =
μ
2

i

4π(̄hvF)
2
–

Δ
2
z

4π(̄hvF)
2
at non-zero field,

which introduces two additional field-dependent terms in the final model
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Figure 8.14: Influence of strong inter-layer coupling and Zeeman gap on sheet carrier

density, n2D of the top and bottom surface. n2D as function of back gate voltage, for (a)

no Zeeman gap, (b) a ∼ 40 meV Zeeman gap. The initial μt and μb are chosen to be 35

and 40 meV and CTI and CB are set to 0.01 and 0.001 F/m
2
, respectively. Calculations

based on the model from [69,134].

description from Fatemi et al. [134]. By this modification we are able to simulate

the signatures of a Zeeman gap in our material system, allowing us to predict

features that might arise in magneto-transport measurements.

In Fig. 8.14(a) we present a simulation, performed using our adapted model, of

the n2D for the top and bottom surfaces upon applying a back gate voltage, with-

out exposing the system to a magnetic field. The initial EF for both the bottom

and top surface are chosen to lie close to their DP (charge neutrality point) for

illustrative purposes. The initial values for μt and μb are 35 meV and 40 meV,

respectively. As we simulate our system at zero top gate voltage, we can neglect

CT . The values of CTI and CB are set to 0.01 F/m
2
and 0.001 F/m

2
, to impose a

strong inter-layer coupling CTI > CB.

As we decrease the back gate voltage in Fig. 8.14(a), we reduce the (electron)

charge carrier density. As we are tuning the back gate voltage, there is a direct

pull on EF from the bottom surface, hence nB adapts fast. The inter-layer ca-

pacitance causes the nT to follow nB. Once EF from the bottom surface crosses

its DP, where nB is really small, EF of the top surface is more effectively tuned.

This results in a local increase in the slope of nT (V). Once EF from the bottom

surface shifts further to the VB, the initial situation is restored. The stronger the

inter-layer coupling, the faster nT follows nB.
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8.6. Capacitive coupling between opposite topological surface states

Upon introducing a magnetic field, a Zeeman gap arises in both surface states.

Due to the presence of the Zeeman gap, there is a larger voltage range across

which nB does not change, and hence nT changes faster. For the situation as pre-

sented in Fig. 8.14(b), there is a small voltage range in which EF on both surfaces

lies within the Zeeman gap. In this voltage range, we expect the resistance of the

material to show a vast increase, leaving only the edge conduction. Presenting

the Zeeman gap as a replacement of the hybridization gap, allows one to explore

new methods to detect one dimensional edge state conduction. The ability to

model the influence of large magnetic fields on the electronic properties of our

ultrathin TI films brings future research one step closer to extracting signatures

from gapped surface states from magneto-transport measurements.
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Appendix A: Device fabrication

Photolithography process

In order to perform magneto-transport measurements, 5 nm (Bi0.4Sb0.6)2Te3

films deposited on InP, Al2O3 and SrTiO3, are structured into micro-Hall bars by

means of conventional UV-lithography. For all fabrication steps, positive OLIN

907-12 photoresist is spin coated on top of the BST films at 4000 rpm for 60 s,

and subsequently baked on a hotplate for 1min at 100°C. For the UV-lithography

process we employed a Suss MA56 mask aligner to align the photolithography

mask, with (previously patterned layers on) the sample. Subsequently, we expose

the photoresist by a Hg lamp, irradiating light with a wavelength of 365 nm at a

power of 10 mW/cm
2
. By development in water diluted AZ 351 developer, with

a ratio of 1:5 for 45 s [135], the exposed photoresist features are dissolved. We

perform two additional DI water immersions for 30 s to stop the development

process.

Wet chemical etching of (Bi0.4Sb0.6)2Te3
For the set of devices characterised in this chapter, we etched the BST films using

a wet etchant solution with a volume ratio of 1 HCl: 0.8 H2O2: 8 CH3COOH:

16 H2O, and for the acids a mass concentration of 36%, 33% and 99.7%, respec-

tively [58]. We mix 80 ml DI H2O with 40 ml CH3COOH. Subsequently 5 ml of

HCl is added to the solution, triggering an exothermic reaction. The 4 ml H2O2

can be added when the solution temperature is below approximately 40°C. Af-

ter waiting for 2 min, the reactivity of the solution should become visible by the

creation of O2 bubbles. Using plastic tweezers, the film covered by photoresist

is submerged in the solution. To stop the process we perform two additional DI

water immersions for 30 s.

This selective etch procedure allows us to fabricate devices on SrTiO3 without

the creation of O vacancies, which are easily imposed by dry etching methods

such as Ar ion milling [80], which makes the SrTiO3 locally conducting [86]. A

downside of the wet etching process is, that, since etching a 10 nm film typi-

cally takes 90 s, the etchant is able to creep underneath the photoresist layer,

creating a gradient in the film edges which can extend to approximately 500 nm,

see Fig. 1. Therefore, we note that for future nano-scale devices, a dry etching
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Figure 1: AFM image of a 10 nm BST film, etched by the chemical etchant: 1 HCl: 0.8

H2O2: 8 CH3COOH: 16 H2O, along an edge partially covered by photoresist.

method would be more suitable for the fabrication process, in order to prevent

the occurrence of these blunt device edges.

Final processing steps
A 30 nm Al2O3 layer is deposited using atomic layer deposition to act as a gate

dielectric. The deposited Al2O3 layer covers the whole sample. For the set of

devices presented in this chapter we repeated the lithography process to etch

the Al2O3 layer locally. For this etching process, we use the same 1:5 diluted

AZ 351 in which we submerge the sample for 7.5 min. This time is sufficient for

the 30 nm to be removed, without over etching the Al2O3 and the BST film [135].

After stripping the photoresist layer using acetone, an additional photoresist layer

is spincoated to fabricate the metal contacts. These act as equipotential surfaces

to impose the current though the current lead, pick up the longitudinal and Hall

voltage using the voltage probes, and to induce an electric field across the whole

gate dielectric. Since both the BST film as well as the Al2O3 dielectric are rather

fragile, we employ low power sputter deposition for the first 6-8 nm of Au. For

this, we maximise the Ar flow in the deposition chamber and the table spacing

between the target and the sample prior to depositing the Au using a target bias

of 200 V. Subsequently, we deposit an additional 75 nm of Au, using a standard

Ar flow of about 20 ml/min and applying a target bias of 600 V, resulting in a

forward power of about 600 V. Finally, the last photoresist layer is stripped, prior

to bonding the Hall bars with Au wires to the Oxford 7T pucks using Ag epoxy.
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9
Closing thoughts: Outlook

towards 1D

In this thesis we presented our objective: pushing a ternary chalcogenide

three-dimensional (3D) topological insulator (TI) to its two-dimensional limit,

to allow future experiments to look for signatures of the quantum spin Hall

effect. We have optimised our growth procedure to acquire high-quality ul-

trathin 3D TI films and performed various experiments to characterise our

material towards the hybridised/coupled surface states limit. We will present

some final thoughts and ideas for future studies to search for the quantum

spin Hall state of matter.



Chapter 9. Closing thoughts: Outlook towards 1D

In this thesis we presented studies, aimed to push the ternary chalcogenide

three-dimensional (3D) topological insulator (TI) (Bi0.4Sb0.6)2Te3 (BST) to its two-

dimensional (2D) limit. We have created ultrathin BST films using molecular beam

epitaxy and characterised their structural and electronic properties using various

techniques. To be able to realise the edge states experimentally, it is important to

minimize the occurrence of domain boundaries and thickness variations, because

of the oscillatory nature of the hybridization gap in chalcogenide 2D TIs. We re-

port the significant influence of the substrate choice on the structural properties

of thin BST films. By using vicinal Al2O3 substrates and employing a post-anneal

treatment on the TI films, we were able to achieve nearly single-domain films

with a homogeneous thickness distribution. By doing do we are one step closer

to the detection of topological edge states in our material system. By correlating

ab initio tight-binding calculations with spectroscopy measurements we are able

to contribute to the understanding of the atomic origin of electronic bands near

the Fermi level. Finally, we show that magneto-transport measurements of our

ultrathin BST films without post-treatment form a good start for future experi-

ments with our optimized films. We will use this chapter to verbalise remaining

ideas that either might improve our material or could aid future research aimed

to detect signatures of the quantum spin Hall (QSH) phase in 3D TI materials.

First of all, we would like to stress that it is of vital importance to protect fu-

ture films from degradation. Throughout our electronic characterisation process,

we found that the Fermi level is very susceptible to external factors. Photon irra-

diation and surface chemistry present challenges to spectroscopic experiments

and surface degradation/oxidation and gate-induced shifts do so in magneto-

transport measurements. As we know how sensitive the electronic properties of

this material system are to oxidation, we advice to protect the TI films that are

intended to be used for magneto-transport by means of an in situ capping layer,

if they are not yet protected by a gate dielectric. The ultrathin TI films acquired in

our post-anneal study could potentially present the perfect platform to perform

research on the QSH state of matter.

Material suggestions for future experiments
Both angle-resolved photo emission spectroscopy (ARPES) and scanning tun-

nelling spectroscopy (STS) revealed that the Dirac point in our material system is

located close to the valence band maximum. We suggest to raise the Sb concen-
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Figure 9.1: AFM images revealing the surface morphology of (a) 5 nm and (b) 9 nm

Sb2Te3 thin films deposited on SrTiO3 (111) substrates.

tration in our BST films to lift the Dirac point energy, ED, towards the centre of

the bulk band gap, as this is of vital importance to be able to observe signatures

of the hybridisation gap in BST films in the 2D limit. To pursue this study, we

recommend to start with pure Sb2Te3 thin films, for which more unambiguous

predictions can be formulated, as there is no alloy disorder, and ED is lifted to its

maximum energy. First steps have been made towards the optimisation of the

deposition of Sb2Te3 thin films on SrTiO3. Atomic force microscopy (AFM) im-

ages revealing the surface morphology of these Sb2Te3 thin films are presented

in Fig. 9.1. As this initial stage of the study doest not require any back gate tun-

ability, we propose to investigate Sb2Te3 thin films deposited on Al2O3 to reduce

the amount of structural defects present in the material.

The optimisation of our ultrathin films, presented in Chapter 6, is a first step to-

wards the observation of the helical edge states in a 2D TI. A next step would

involve the fabrication of devices designed to verify the quantised conduction

arising from the one-dimensional (1D) edge states in the QSH phase [11, 13].

Prior to pursuing these experiments it is important to realise that due to the oscil-

latory behaviour of the hybridisation gap, not all TI films exhibit the desired QSH

phase in their 2D limit. As our current material system is an alloy, it is instructive

to consider the two limiting cases of the pure binary TIs Sb2Te3 and Bi2Te3 for

which we presented estimated phase diagrams in Chapter 2. As these describe

the possible phases in these material systems upon varying the film thickness,

we can project these phases on the surface morphology of our films. The films

that we used in Chapter 8 still showed many height variations, as revealed by the

AFM image in Fig. 9.2(a), but more recently we realised the optimised films from
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Figure 9.2: AFM images revealing the significant improvement of surface morphology

from the BST films deposited on Al2O3. Films similar to (a) were used for electronic char-

acterisation in Chapter 8. We propose to proceed with our experiments on the films as in

(b), acquired using our optimised post-anneal treatment as discussed in Chapter 6.

Chapter 6. So, to illustrate our thoughts, we will use one of the latter optimised

ultrathin films, which is presented in Fig. 9.2(b). We start by assuming that our

film has a specific nominal thickness of 4 nm, as illustrated in Fig. 9.3(b). Since an

edge state arises near an interface with a trivial/non-trivial band gap transition,

we can reason whether the edge state is going to be helical or chiral for all pos-

sible interfaces, as schematically depicted in Fig. 9.3(a). Near an interface of two

equal phases no edge states are expected to appear as no electronic state expe-

riences a transition at the phase boundary. Near the interface of a QSH insulator

(two non-trivial states) and the NI (only trivial states), the characteristic helical

edge states arise. The interface of a QAH insulator (single non-trivial state) and a

NI (only trivial states) will result in a single, chiral edge state. If we now consider

the QSH/QAH interface we find that a single, chiral edge state appears as there

is a single electronic state which undergoes a trivial/non-trivial transition.

Combining our phase diagrams from Chapter 2 with our AFM image from Fig.

9.3(b), results in schematic real space phase images, see Fig. 9.3(c), where we

consider the space surrounding the images to be a vacuum and we imagine that

electrodes are present on the left and right side of the AFM images. We present

the outcome for both Sb2Te3 and Bi2Te3, with and without a magnetisation gap

Δ. Here we note again that the exact shape of the phase diagrams presented in

Chapter 2 is simplified, and that it might change upon introducing magnetisation

in the material. However, we can still use it to illustrate our line of thought.
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Figure 9.3: Phase diagrams extended to real film surface morphology. (a) Schematic

presentation of edge states arising at the interfaces of the different material phases. (b)

Surface morphology of our BST film, with a chosen scenario regarding the nominal film

thickness. (c) Presentations of estimated phases in pure Sb2Te3 and Bi2Te3, with and

without magnetisation gap Δ, created based on the phase diagrams presented in Chapter

2 and based on the assumption that the cyan area in (b) presents a 4 nmmaterial thickness.
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Fig. 9.3(c) shows that for a film with a nominal thickness of 4 nm, the the QSH

and NI state will be dominant in the Sb2Te3 and Bi2Te3 thin films respectively in

absence of an additional magnetisation gap. Using Fig. 9.3(a) we argue that only

the Sb2Te3 film would allow for the helical 1D edge states to arise, as there is

a path to be found along edges of the sample and the NI phases from the left

side of the image to the right, connecting the ‘electrodes’. For Bi2Te3 there are

only islands present which show the QSH state. As no edge states appear on

the interface of the NI phase with vacuum, no conduction is expected. Intro-

ducing a small magnetisation gap of Δ = 15 meV allows us to reveal its impact

on the presence of edge states in the material. For the Bi2Te3 thin film, nothing

changes as the phase of the nominal film thickness remains a NI. In the Sb2Te3

thin film the nominal QSH state also remains, even with the islands exhibiting

the QAH phase. For the case of the film having a nominal thickness of 5 nm,

the QAH phase would arise in the Sb2Te3 thin as this phase would then cover

the cyan area from Fig. 9.3(b). These results show that the hybridisation gap in

these chalcogenide 3D TI systems pushed to their 2D limit, can lead to multiple

experimental outcomes and that a more thorough understanding of these mate-

rial system is vital for their implementation in future applications.

This explains also why the QSH did not reveal itself in transport measurements

performed on films such as presented in Fig. 9.2(a), since the constant height

domains were too small to allow an edge state to propagate from one electrode

to the other.

Suggestions for detecting signatures of 1D edge states
As we make the transition from measuring characteristic features of 2D surface

states to probing signatures of the QSH edge states in our TI thin films, we need

to revisit the capabilities from previously employed techniques. Although ARPES

is a powerful tool to detect the 2D surface states of a TI, it generally reveals

information about relatively large areas, due to the finite spot size of the pho-

ton source. We argue that it would not be sensitive enough to observe an edge

state dispersion. Therefore, we propose to employ STS instead, since a convinc-

ing observation would be to find an elevated density of states near step edges

of the TI film, such as previously observed in bismuthene [136]. Due to the pre-

dicted trivial/non-trivial oscillatory behaviour of the hybridisation gap as function

of thickness, some edges would exhibit edge states and others would not as the
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gap only closes near a trivial/non-trivial insulator interface. As the size of the

hybridisation gap also varies upon changing the material thickness, we might be

able to observe thickness-dependent variations in the electron density, with the

notion that we need to operate at low enough temperatures to suppress the

thermal broadening of the spectrum.

It is known that Dirac-plasmons can be detected by electron energy-loss spec-

troscopy (EELS) using energies below 1 eV, due to the excitations that arise at

the 2D electron gas at their surfaces [137, 138]. An interesting question would

be if a similar optical response would arise from the topological edge states in

the low-dimensional limit of a TI, and whether they can be detected by low-loss

EELS or by other scanning probe techniques such as scattering-type scanning

nearfield optical microscopy (s-SNOM) [139,140].

A final convincing signature that would provide irrevocable evidence of the pres-

ence of edge states would be the observation of a quantised conductance in

magneto-transport measurements that can be described by the Landauer-Büttiker

formalism [12]. By additionally growing our TI materials on substrates such as

SrTiO3, that enable us to vary EF, would even allow us to perform in situ four-

probe STS experiments. This would create the perfect opportunity for electronic

characterisation as it permits us to perform electronic transport measurements

without breaking the vacuum.
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In the field of condensed matter physics, there is a never-ending interest to find

new materials that host unique properties. The implementation of these newly

found materials in the field of quantum computing might present a solution to

the current challenges that the semiconductor industry is facing regarding the

increasing demand for computational power. By incorporating topological in-

sulators in this field, one would be able to utilise their topologically protected

surface states, where the electron’s propagation direction and spin are coupled

by spin-momentum locking. Limiting the distance between opposite topological

surfaces causes their wave functions to overlap and hybridise, giving rise to one-

dimensional edge states. Only in this limit the forbidden backscattering imposed

by the spin-momentum locking results in quantised, dissipationless transport. In

light of our final goal, to push our material towards this low-dimensional limit, we

aim to optimise the deposition of thin layers of the ternary chalcogenide three-

dimensional topological insulator (Bi0.4Sb0.6)2Te3. On the one hand, this thesis

aims to create the perfect platform to look for signatures of the quantum spin

Hall effect. On the other hand, it explores experimental methods to verify its

topological properties in the ultrathin limit.

In Chapter 2 we established our theoretical framework regarding the binary

three-dimensional topological insulator materials. We start by introducing the

well-known Bernevig, Hughes and Zhang model describing the two-dimensional

CdTe/HgTe/CdTe topological insulator system, demonstrating the mechanism of

a strong spin-orbit coupling induced band inversion. We transition to the exten-

sive effective Hamiltonian for bulk chalcogenide three-dimensional topological

insulators. We find that these models relate to a more intuitive model Hamilto-

nian, derived by solely considering the properties and interactions of the topo-

logical surface states. This model enables us to illustrate the different phases of

matter that arise upon varying the hybridisation gap and to introduce a magneti-

sation gap in our topological surface states. The effective Hamiltonian allows for

a description of both (i) the oscillatory behaviour of the hybridisation gap, lead-

ing to a trivial and non-trivial state upon reducing the material thickness and (ii)

a theoretical description of the edge state decay length. We combine these de-

scriptions in existing phase diagrams to create material specific phase diagrams.
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By doing so, we are able to formulate a clear goal regarding the desired level of

homogeneity that we need to achieve in our two-dimensional topological insu-

lator films.

All research presented in this thesis is based and performed on thin films of

the ternary topological insulator (Bi0.4Sb0.6)2Te3, deposited by molecular beam

epitaxy. Chapter 3 and Chapter 4 introduce this deposition technique, as well as

establish a foundation of knowledge regarding the material’s structural proper-

ties. With this knowledge at hand, we present a study in which we examine the

influence of InP (111)A, Al2O3 (001) and SrTiO3 (111) substrates on the mor-

phological and structural properties of the (Bi0.4Sb0.6)2Te3 films. We find that

the substrate has a substantial influence on the film nucleation, and that a good

lattice match is crucial in limiting the amount of structural defects. This leads

to the conclusion that even though (Bi0.4Sb0.6)2Te3 is a Van der Waals type of

material, its growth cannot be solely described by Van der Waals epitaxy.

In the process of pushing our material system to its lower-dimensional limit,

we aim to acquire crystalline ultrathin films with a homogeneous height distribu-

tion and a large surface coverage. We find that an improvement of the film nu-

cleation density presents a key to meet these requirements. Chapter 5 presents

a study in which we investigate how the irradiation of oxide substrates by highly

energetic electrons in an ultrahigh vacuum environment can lead to the improve-

ment of the nucleation density of (Bi0.4Sb0.6)2Te3. We present possible hypothe-

ses regarding the origin of this effect and find that with the acquired results,

surface reduction, i.e. the oxygen extraction from the substrate surface, presents

the most plausible cause for the observed effect.

As we optimised our deposition process and established high-quality

(Bi0.4Sb0.6)2Te3 films, we want to further reduce the film thickness to reach their

low-dimensional limit. For this purpose we undertook a post-annealing study.

Chapter 6 presents the results of this study and shows that the combination

of vicinal Al2O3 (001) substrates and a post-anneal treatment results in high-

crystalline, single domain films with a homogeneous height distribution. X-ray

photoelectron spectroscopy results present only slight variations in the film sto-

ichiometry induced by this procedure. The optimised ultrathin films achieved in

this study present the perfect platform for future research to the low-dimensional

topological insulator limit.

Since our material system is prone to oxidation, we employ in situ angle-

resolved photoemission spectroscopy and in situ scanning tunnelling spectroscopy
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to probe the electronic band structure, and hereby prove the existence of the

topologically protected surface states in our material system. In Chapter 7 we

are able to reveal the close correspondence between spectroscopic measure-

ments and ab initio tight-binding calculations of thin slabs of the (Bi0.4Sb0.6)2Te3

alloy. The oscillatory behaviour of the density of states, as revealed by scanning

tunnelling spectroscopy, can hereby be assigned to the bunched nature of the

bulk states as well as to a non-topological surface state arising from the outer-

most Te atomic layer. Additionally, we find that the Dirac point lies too close to

the valence band maximum to detect signatures of a hybridisation gap in scan-

ning tunnelling spectroscopy measurements. The electronic structure does how-

ever present an ideal platform to investigate the influence of alloy disorder on

the topologically protected surface states, due to the bunched nature of bulk

states in proximity to the Dirac point of the topological surface state at the high-

symmetry point Γ.

In Chapter 8, we study the electronic properties of (Bi0.4Sb0.6)2Te3 ultra-

thin films deposited on the dissimilar InP (111)A, Al2O3 (001) and SrTiO3 (111)

substrates. We stress that our material is vulnerable to electron doping effects.

This imposes challenges on the intrinsic electronic characterisation of this ma-

terial system by both spectroscopic and magneto-transport measurements. In

our angle-resolved photoemission spectroscopy measurements we observe an

exposure dependent upwards band shift that complicates the observation of the

topological surface states. Therefore, we state that these measurements are

unfit to investigate the influence of the dissimilar InP, Al2O3 and SrTiO3 sub-

strates on (Bi0.4Sb0.6)2Te3 film’s intrinsic Fermi level. This observation is en-

forced by magneto-transport measurements. Even though a brief literature re-

view shows that the accessibility of the Dirac point in transport measurements

is dependent on substrate specific (Bi1–xSbx)2Te3 stoichiometries, we show that

our (Bi0.4Sb0.6)2Te3 ultrathin films are gate tunable on all dissimilar substrates.

Our results acquired from different devices reveal that the deposition of a di-

electric material for top gate purposes induces shifts of the Fermi level in

(Bi0.4Sb0.6)2Te3, therefore changing the intrinsic electronic properties of the film.

As we find that the device, fabricated from the (Bi0.4Sb0.6)2Te3 thin film de-

posited on Al2O3 presents the best transport properties, we use its results to

present a cohesive description of the characteristic length scales of our mate-

rial system. Using the relation between the charge carrier mobility and charge

carrier density in a topological insulator, we are able to provide an estimate of

the material’s characteristic elastic mean free path. The Hikami-Larkin-Nagaoka
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formula allows us to determine the Fermi level dependent phase coherence

length. The values of these characteristic length scales provide information re-

garding the electronic quality of our films. At last we describe how the interaction

of the two surface states in our thin films can be modelled by an inter-layer cou-

pling. We show that in the limit of strong inter-layer coupling, the results obtained

from our dual gate map can be explained. By including the influence of an arising

Zeeman gap, by incorporating the change in chemical potential upon applying a

magnetic field, we present the concept of inducing a Zeeman gap to essentially

replace the hybridisation gap in our material system. The ability to model the

influence of large magnetic fields on the electronic properties of our ultrathin TI

films brings future research one step closer to extracting signatures from gapped

surface states from magneto-transport measurements.

At last we present some final thoughts on our results and ideas for future

studies in Chapter 9. These could aid future research that aims to find signatures

of the quantum spin Hall state of matter in these low-dimensional topological in-

sulator material systems.
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In het vakgebied van de fysica van de gecondenseerde materie wordt er voort-

durend onderzoek gedaan naar nieuwe materialen met unieke eigenschappen.

De implementatie van deze materialen in een nieuw type computer, een kwan-

tumcomputer, zou een oplossing kunnen bieden voor de hedendaagse, toe-

nemende vraag naar rekenkracht waarmee de halfgeleiderindustrie wordt gecon-

fronteerd. Een voorbeeld van een dergelijk materiaal is een topologische isolator.

Dit materiaal bevat topologisch beschermde oppervlaktetoestanden, waarin de

voortplantingsrichting van een elektron en zijn spin gekoppeld zijn door middel

van spin-impulsvergrendeling. Door de laagdikte van dit materiaal te limiteren,

en daarmee de afstand tussen de tegenover elkaar liggende topologische opper-

vlakken te beperken, kunnen de golffuncties van deze oppervlaktetoestanden

overlappen en hybridiseren. Hierdoor ontstaan er ééndimensionale randtoe-

standen waarin, door de spin-impulsvergrendeling, verstrooiing van het elektron

in zijn tegenovergestelde richting niet mogelijk is. Deze eigenschap leidt tot een

gekwantiseerd en dissipatieloos transport, zoals bestaat in een kwantum spin

Hall isolator. In dit proefschrift streven we ernaar om een topologische isola-

tor naar zijn laagdimensionale limiet te brengen waarin dissipatieloze transport

kan plaatsvinden. Hiervoor optimaliseren we het groeiproces van dunne lagen,

de zogeheten films, van de ternaire chalcogenide driedimensionale topologische

isolator (Bi0.4Sb0.6)2Te3. Aan de ene kant heeft dit proefschrift het doel om het

ideale platform te creëren om te zoeken naar indicaties van het kwantum spin

Hall-effect, aan de andere kant onderzoekt het experimentele methoden om de

eigenschappen van de topologische isolator in zijn ultradunne limiet te verifiëren.

In Hoofdstuk 2 is een theoretisch kader opgesteld, met betrekking tot bi-

naire, driedimensionale topologische isolatoren. Hiervoor beginnen we met het

introduceren van het Bernevig-, Hughes- en Zhang-model dat het tweedimen-

sionale CdTe/HgTe/CdTe-topologische isolatorsysteem beschrijft en het mech-

anisme demonstreert waarbij een sterke spin-baankoppeling een bandinversie

induceert, wat de topologische toestand van het materiaal mogelijk maakt. Vanuit

dit model, makenwe de transitie naar de effectieve Hamiltoniaan voor driedimen-

sionale chalcogenide topologische isolatoren, die naast de topologische opper-

vlaktetoestanden ook de fysica van het inwendige materiaal, de bulk, beschrijft.
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We zien dat beide modellen gerelateerd kunnen worden aan een meer intuïtief

model, wat afgeleid is door uitsluitend de eigenschappen en interacties van de

topologische oppervlaktetoestanden mee te nemen. Dit model stelt ons in staat

om de verschillende fases van de topologische isolatoren te illustreren waarbij

we de grootte van de hybridisatiekloof in de topologische oppervlaktetoestanden

variëren en een magnetisatiekloof introduceren. De effectieve bulk Hamiltoniaan

maakt het mogelijk om zowel (i) het oscillerende gedrag van de hybridisatiekloof

te beschrijven, wat leidt tot een triviale en niet-triviale toestanden bij een vari-

atie van de materiaaldikte, als ook (ii) de vervallengte van de randtoestand. Door

deze beschrijvingen te combineren met bestaande fasediagrammen zijn we in

staat materiaalspecifieke fasediagrammen te creëren. Hierdoor zijn we in staat

om een doel te formuleren met betrekking tot de gewenste homogeniteit van de

films die wemoeten realiseren voor een tweedimensionale topologische isolator.

Al het onderzoek dat uiteengezet is in dit proefschrift is gebaseerd en uit-

gevoerd op films van de ternaire topologische isolator (Bi0.4Sb0.6)2Te3. Deze

films worden epitaxiaal opgedampt met behulp van moleculaire bundels. Hoofd-
stuk 3 en Hoofdstuk 4 introduceren deze depositietechniek samen met een

basis omtrent de structurele eigenschappen van het materiaal. Met deze kennis

ter beschikking presenteren we een studie waarin we de invloed van InP (111)A,

Al2O3 (001) en SrTiO3 (111) als dragermateriaal, het zogeheten substraat, op de

morfologische en structurele eigenschappen van de (Bi0.4Sb0.6)2Te3 films onder-

zoeken. We zien dat het substraat een substantiële invloed heeft op de nucleatie

van de films. Om het aantal structurele defecten in de films te beperken is een

goede overeenkomst tussen de kristalroosters van (Bi0.4Sb0.6)2Te3 en het sub-

straat cruciaal. Dit leidt tot de conclusie dat, hoewel (Bi0.4Sb0.6)2Te3 een Van der

Waals materiaal is, de groei niet alleen door Van der Waal epitaxie kan worden

beschreven.

Terwijl we ernaar streven om een topologische isolator naar zijn laagdimen-

sionale limiet te brengen, streven we ernaar om kristallijne, ultradunne films met

een homogene hoogteverdeling en een grote oppervlaktedekking te verkrijgen.

Onze bevinding is dat een verbetering van de nucleatie van de films uitzicht biedt

om aan deze vereisten te voldoen. Hoofdstuk 5 presenteert een studie waarin

we onderzoeken hoe de bestraling van oxide substraten door hoogenergetische

elektronen in een ultrahoog vacuüm kan leiden tot een verbetering van de nucle-

atiedichtheid van (Bi0.4Sb0.6)2Te3. We presenteren een aantal mogelijke hypo-

theses over de oorsprong van dit effect en vinden dat met de huidige resultaten
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een oppervlaktereductieproces, d.w.z. zuurstofextractie van het substraat opper-

vlak, de meest plausibele oorzaak is voor het waargenomen effect.

Nadat we ons depositieproces hebben geoptimaliseerd en hoogwaardige

(Bi0.4Sb0.6)2Te3 films hebben gecreërd, willen we de laagdikte verder vermin-

deren om de ultradunne limiet van ons materiaal te bereiken. Hiervoor hebben

we een studie uitgevoerd die het effect van een temperatuurbehandeling na de

groei onderzoekt. Hoofdstuk 6 presenteert de resultaten van deze studie en laat

zien dat de combinatie van een terrasrijk Al2O3 (001) substraat met een ther-

mische nabehandeling van de film resulteert in hoogkristallijne films met een ho-

mogene laagdikte en enkelvoudige domeinen. Uit in situ röntgen-foto-elektron-

spectroscopie blijkt dat deze nabehandeling slechts kleine variaties in de stoi-

chiometrie induceert. De geoptimaliseerde ultradunne films die in dit onderzoek

zijn gefabriceerd, zijn een goede basis voor toekomstig onderzoek naar de laagdi-

mensionale topologische isolator materialen.

Om het bestaan van de topologisch beschermde oppervlaktetoestanden in

ons materiaalsysteem te verifiëren gebruiken we in situ hoekafhankelijke foto-

emissie spectroscopie en in situ rastertunnelspectroscopie om de elektronische

bandenstructuur van onze films te onderzoeken. Dit doen we in situ omdat ons

materiaalsysteem gevoelig is voor oxidatieprocessen. Hoofdstuk 7 toont de

overeenkomst tussen de experimentele spectroscopische resultaten en de

theoretisch gemodelleerde interactie van sterk gebonden elektronen van

(Bi0.4Sb0.6)2Te3 films. De rastertunnelspectroscopie toont een oscillerend gedrag

van de toestandsdichtheid. Dit gedrag kan met behulp van de theoretische

berekeningen worden toegeschreven aan de gebundelde aard van de bulktoe-

standen en aan een niet-topologische oppervlaktetoestand die voortkomt uit de

buitenste Te-atoomlaag van de dunne (Bi0.4Sb0.6)2Te3 film. Bovendien vinden

we dat het Dirac-punt, wat zich op het hoog-symmetrie punt Γ bevindt, te dicht

bij het maximum van de valentieband ligt om indicaties van een hybridisatiekloof

te detecteren met behulp van rastertunnelspectroscopie. Echter, de elektro-

nische bandenstructuur biedt door de gebundelde aard van bulktoestanden in de

buurt van het Dirac-punt een ideaal platform om de invloed van Bi en Sbwanorde

op de topologisch beschermde oppervlaktetoestanden te onderzoeken.

In Hoofdstuk 8 bestuderen we de elektronische eigenschappen van ultra-

dunne (Bi0.4Sb0.6)2Te3 films gegroeit op InP (111)A, Al2O3 (001) en SrTiO3 (111).

In deze studie benadrukken we dat ons materiaal erg gevoelig is voor elektronen-

dotering-effecten. Dit maakt de karakterisering van de intrinsieke elektronische
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eigenschappen van dit materiaalsysteem met behulp van zowel spectroscopi-

sche als magnetotransportmetingen uitdagend. In onze in situ hoekafhankelijke

foto-emissie spectroscopie resultaten zien wij een opwaartse bandverschuiving

als gevolg van de blootstelling van de film aan de fotonen. Deze verschuiving

bemoeilijkt de observatie van de topologische oppervlaktetoestanden, dus con-

cluderen wij dat deze methode niet geschikt is om de invloed van het substraat

op het intrinsieke Fermi-niveau van de (Bi0.4Sb0.6)2Te3 dunne films te onder-

zoeken. Deze waarneming wordt ondersteund door magnetotransportmeting-

en. Een literatuuronderzoek toont aan dat de toegankelijkheid van het Dirac-

punt bij transportmetingen afhankelijk is van substraatspecifieke stoichiometrie

van de (Bi1–xSbx)2Te3 films. Onze resultaten laten daarentegen zien dat we

op alle substraten het Fermi-niveau van onze ultradunne (Bi0.4Sb0.6)2Te3 films

het Dirac-punt kunnen laten doorkruizen, waarmee we een transitie van elek-

tron naar gaten dominante geleiding kunnen verwezenlijken. Verder zien we

dat het deponeren van een diëlektrisch materiaal, om het Fermi-niveau te beïn-

vloeden, variaties induceert in de intrinsieke elektronische eigenschappen van

de (Bi0.4Sb0.6)2Te3 films. De (Bi0.4Sb0.6)2Te3 films op Al2O3 vertonen de beste

transporteigenschappen. Deze worden daarom gebruikt om een gedetailleerde

analyse uit te voerenwaarmeewe de karakteristieke lengteschalen van onsmate-

riaalsysteem bepalen. Door gebruik te maken van de relatie tussen de mobiliteit

en dichtheid van de ladingsdragers in een topologische isolator, kunnen we een

inschatting maken van de karakteristieke (i) elastische gemiddelde vrije pad lengte

van de ladingsdragers in het materiaal. De Hikami-Larkin-Nagaoka-formule stelt

ons in staat om de Fermi-niveauafhankelijke (ii) fasecoherentielengte te bepalen.

De waarden van deze karakteristieke lengteschalen geven informatie over de

kwaliteit van de (Bi0.4Sb0.6)2Te3 films met betrekking tot de elektronische eigen-

schappen. Ten slotte beschrijven we hoe de interactie van de twee oppervlakte-

toestanden in onze films kan worden gemodelleerd als een capacitieve koppeling

tussen deze toestanden. We laten zien dat we in de limiet van sterke koppel-

ing tussen de oppervlakten onze magnetotransport resultaten kunnen verklaren.

We verwerken de invloed van een Zeeman-effect als functie van extern mag-

neetveld in een bestaand model door de verandering in chemische potentiaal bij

het aanleggen van een magnetisch veld op te nemen. Hiermee kunnen we de

hybridisatiekloof in ons materiaal systeem in wezen vervangen met een Zeeman-

kloof. Dit vermogen, om de invloed van grote magnetische velden op de elektro-

nische eigenschappen van onze ultradunne topologische isolator lagen te model-

leren, brengt toekomstig onderzoek een stap dichter bij het vinden van indicaties
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van een kloof in de oppervlaktetoestanden.

Tenslotte bediscussiëren we in Hoofdstuk 9 de vergaarde resultaten en pre-

senteren we suggesties voor toekomstig onderzoek. Deze suggesties kunnen

bijdragen aan onderzoek dat gericht is op het vinden van indicaties van de kwan-

tum spin Hall-toestand in deze laagdimensionale topologische isolator materiaal-

systemen.
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Dankwoord

En dan is het nu tijd voor één van de voor mij meest belangrijke, en misschien

wel één van de meest gelezen, onderdelen van mijn proefschrift. Onderzoek doe

je niet alleen. Ik vind het daarom erg belangrijk dat we met zijn allen samenwerk-

ing in de wetenschap blijven stimuleren. Niet alleen houd je er publicaties en

wetenschappelijk of maatschappelijk belangrijke bevindingen aan over en open

je deuren die eerder gesloten waren. Samen bereik, leer en ontdek je meer. Voor

mij is dat waar de wetenschappelijke community om draait. Dit proefschrift is

niet het resultaat van mijn werk alleen. De afgelopen 4 jaar ben ik met veel

plezier onderdeel geweest van de ICE/QTM vakgroep. Ik ben dankbaar voor de

stimulerende en leerzame omgeving die de vakgroep mij bood, maar ook voor de

gezelligheid tijdens de vele activiteiten. Er was altijd iets om naar uit te kijken,

of we nou meededen aan de sportdag, gingen skieën, zeilen, karten, klimmen

of mountainbiken, of samen kwamen voor fruit, een koffietje of om met stiktof

ijs te maken. Daarnaast is mijn promotietraject ook een tijd geweest waarin ik

mijzelf heb kunnen ontwikkelen. Niet alleen op wetenschappelijk gebied, maar

ook op persoonlijk vlak. En zonder de mensen om mij heen was dit niet mogelijk

geweest. Graag wil ik hierom een aantal mensen bedanken.

Allereerst Alexander, bedankt voor alle hulp en al jouw vertrouwen in mij en mijn

onderzoek. Niet alleen in de laatste paar maanden, waarbij je me geholpen hebt

om mijn proefschrift af te ronden, maar ook gedurende mijn Bachelor, Master en

de rest van mijn PhD onderzoek stond jouw deur open. Wanneer het onderzoek

even tegenzat, hield jij het volste vertrouwen, en na een kort gesprek kon ik er

weer tegenaan. Ik bewonder je voor jouw kennis, inzicht, enthousiasme enweten-

schappelijke bijdrage aan ieders onderzoek, maar ook het feit dat je benadrukt

dat leven meer is dan alleen werk. Ik waardeer jouw oprechte interesse in ieders

verhalen en passies, en heb ontzettend genoten van jouw klim- en zeilinstructies.

Chuan, it is inspiring to see how much you achieved since I met you. I really

enjoyed going to the High Field Magnet Laboratory in Nijmegen, with you, in

your Mini Cooper. Your cheerfulness, enthusiasm for science and sincere inter-

est in everyone’s project makes that you are very successful in motivating and

encouraging people.
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Luca en Daan, we zijn in hetzelfde jaar aan de studie Technische Natuurkunde

begonnen. Daan, als mede In De Kan’er leerde ik jou kennen vanaf dag één van

de kick-in, waarbij jouw sportiviteit al goed van pas kwam bij de bestorming van

de Bastille. Pas tijdens onze PhD zijn we meer gaan samenwerken. Waar dit in

het begin soms wat stroef liep, zijn we daar ontzettend in gegroeid. Ik bewon-

der je enorm voor jouw enthousiasme, leergierigheid en autodidactisch vermo-

gen. Zo heb jij niet alleen jezelf Python aangeleerd, maar hier ook samen met

de opleiding een lesmodule voor gemaakt en de meetsoftware van de vakgroep

herschreven. Jij bent diegene die na een instructie meteen alle ins en outs weet

over de apparaten in het lab en altijd bereid bent om jouw collega’s uit de brand

te helpen. Ondanks dat we niet de kans gehad hebben om samen naar een

conferentie af te reizen heb ik genoten van alle zes dagen waarop we om 06:15

afspraken op station Hengelo om af te reizen naar Delft. Ik wil je daarnaast

bijzonder bedanken voor je luisterend oor en support in de afgelopen maanden.

Ik kom graag nog een keer bij je langs voor een revancheMario Kart. Luca, tijdens

ons Master onderzoek heb ik het genoegen gehad een kantoor met jou te delen,

waar hard gewerkt werd maar ook hard gelachen. Ik leerde jou steeds beter

kennen. Ik vond het dan ook geweldig om mijn PhD te beginnen door samen

met jou naar een summer school in San Sebastian te gaan, waar in het drukke

tijdschema ruimte was om cider te kunnen drinken direct uit het vat en te leren

golfsurfen in de zee. Onder het motto samen uit, samen thuis, voelde voor mij

als een cadeautje dat ik in mijn laatste jaar deel kon nemen aan één van jouw vele

field trips: samen door de sneeuw naar Amsterdam voor ARPES metingen. Jouw

energie, vrolijkheid en betrokkenheid maakten alle groepsactiviteiten, Physics at

Veldhoven bezoeken, maar ook lab sessies tot een groot succes. Ik waardeer je

enorm voor het veilige haventje dat je voor mij hebt gecreëerd en bewonder je

enorm voor jouw gedrevenheid en ondernemendheid, voor jouw openheid en

eerlijkheid, voor jouw zorgzaamheid voor de mensen om je heen, maar bovenal

ook voor jouw vriendschap.

Twee mannen, of eigenlijk het voor mij dynamische duo, die ik erg dankbaar

ben voor hun eindeloze inzet (en geduld) zijn Frank en Dick. Net als de gelijk-

namige uitvinders van deOpstaande BestratingOverwinnende Sneeuwschep is jullie

handigheid en vindingrijkheid, maar ook behulpzaamheid en humor onmisbaar

voor de vakgroep. Dat, en natuurlijk jullie toegewijdheid aan de koffiepauzes.

Frank, ik heb het genoegen gehad om jou in mijn Bachelor als begeleider te

mogen hebben. Niemand kon mij zo goed uitleggen hoe een vacuümsysteem

is opgebouwd of hoe de verschillende onderdelen van de machines leiden tot
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het gewenste eindresultaat. Ik vond het leuk om met jou in het lab bezig te zijn,

zowel als je ons hielp met MBE onderhoud of met één van de vele vacuümkoffer-

transfers, als wanneer ik jou kon helpen met molybdeen etsen in verwarmd

salpeterzuur of door de waardes van schuifmaten of van zekeringen voor de

Perkin Elmer af te lezen. Dick, bedankt voor al jouw hulp en geduld bij het uit-

leggen van de werking van onze meetopstellingen. Wanneer ik of menig ander

student hulp nodig had, of het nou was met vragen over helium, sensoren of

meetelektronica, of bij het redden van een sample die in de roughing loadlock

valve van het PLD combi systeem gevallen was, je was altijd bereid tijd vrij te

maken om te helpen.

Pim, Joris, Jorrit, Sander, Bob en Martijn. Al als Master student leerde ik jullie

kennen. Jullie humor en betrokkenheid maakte dat niet alleen ik, maar iedereen

die bij de vakgroep kwam zich welkom voelde. Pim, mede festival- en luchtacro-

batiekfanaat, dankjewel dat ik altijd welkom was, ook bij jou thuis, voor een goed

gesprek of een dikke knuffel. Het was een eer voor mij dat ik jou bij mocht staan

als paranimf bij jouw promotie. Jouw contributie aan de vak groep in de vorm van

blokdiagrammen, inzet voor de ICE sinterklaas vieringen en voetbalpoules waren

onmisbaar. Daarnaast zorgde jouw zorgzaamheid ervoor dat niemand er alleen

voor stond. Joris, als mijn Master begeleider heb jij mij een aantal van de fijne

kneepjes geleerd die nodig zijn in het lab, zoals wirebonden, e-beamlithografie,

grafeen vissen uit een oplossing van kopersulfaat en zoutzuur en vele andere

dingen. Waar jouw geduld in het lab niet altijd oneindig was, hoewel ik moet

toegeven dat een e-beamlithografie sessie daadwerkelijk erg lang kan duren als

ergens een nulletje teveel is invuld, was jouw geduld met mij dat wel. Je was altijd

bereidmij te helpen, wat ik enormwaardeer. Jorrit, met een overvloed aan flauwe

humor wist je altijd een goede sfeer te creëren. Met jou als gangmaker, maar ook

warm hartje van de groepwas het een eer om jouw grappen temogen incasseren.

Ondanks dat onze projecten niet veel overlap hadden, heb ik het genoegen gehad

om aan het einde van jouw contract met jou te mogen samenwerken. Jouw drive

om alles tot in de details te begrijpen en jouw openheid voor discussies waren

en zijn inspirerend. Sander, wanneer jij praatte over jouw onderzoek was ik al-

tijd onder de indruk van jouw gedrevenheid en ongeëvenaarde passie voor de

wetenschap. Elke presentatie, van groupmeetings en van colloquia, wist jij af te

sluiten met de bekende: “Ik heb twee vragen”, waardoor jouw oprechte belang-

stelling voor ieders onderzoek duidelijk was. Ik heb ervan genoten om een kan-

toor met jou te delen, ook met de vele vrijdagmiddag escalatie-mixjes. Bob, als

sportfanaat was jij een onmisbare speler bij de Arago sportdag. Bedankt voor alle
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volleybal-, basketbal- en frisbeeinstructies. Daarnaast bedankt voor de keren dat

je mij uit de brand hebt geholpen met jouw e-beamlithografie- en wirebondskills.

Omar, as Postdoc in our group and former office neighbour, you stood by me

throughout a large part of my PhD project. It was truly great to work with you, I

knew that I could always count on you. I am very grateful that you kept pushing

me to write down my results, even when some details were still missing, to let

go of any lab frustrations and to actually see the fun of it. Thank you.

Daniel and Sofie, I would like to thank both of you for your help and fun on

our fabrication Thursday. I really enjoyed all the fruitful discussions and loved

working with you during the lab days (which often had quite an optimistic time

schedule). You made me feel like I was part of a team, which I really appreciate.

Daarnaast Sofie, bedankt voor de super leuke bouldertripjes, maar ook voor de

ontzettend gezellige tijd samen op kantoor.

Thies, ik wil je graag bedanken voor de lading droge, zeer gevatte humorwaarmee

je altijd een goede sfeer wist te creëren in de vakgroep. Naast dat je erg scherp en

intelligent bent, ben je voor mij iemand die mensen ontzettend snel door heeft.

Bedankt dat je voor mij ogende problemen altijd met behulp van jouw humor

wist te relativeren.

Ellen, wat heb ik met jou kunnen lachen in het lab. Ik bewonder jou voor hoe je

als ware perfectionist secuur en zelfstandig werkt, ontzettend inventief bent en

daarnaast ook altijd paraat stond om mij te helpen. Onder het genot van jouw

soms licht sarcastische humor hebben we heel wat uurtjes op de universiteit

samen doorgebracht. Ik vond het geweldig om met jou te kunnen samenwerken.

Als PhD student behoort het ook tot je functie om studenten te begeleiden tij-

dens hun afstudeerprojecten. Stan, Hanne, Fenna en Jaric, bedankt voor al jullie
vertrouwen in mij als begeleider, maar bovenal ook voor hulp, inzet en enthou-

siasme tijdens jullie onderzoek.

Additionally, I would like to express my gratitude to: Jaime and Julia, for the
fun in the preparation of the samples and the actual measurements in Nijmegen.

Xing and Zhen, for all the cheerfulness that you brought in the group. Carlos,
thank you for always being so supportive and super friendly. Joost, voor jouw
proefschrift schrijf en editing tips. Maarten en Femke, voor jullie geweldige zeil-
instructieskills. Ans, voor het feit dat je altijd voor iedereen klaar stond, altijd

hulp aanbood om vervoer en verblijf te regelen, benadrukte dat een koffietje on-

derweg toch ontzettend belangrijk is, maar ook dat jouw deur altijd open stond
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om even rustig bij te praten. Simone, voor de hulp die je mij nu al hebt gebo-

den betreffende mijn verdediging. And of course also Hans, Sascha, Jaap, Inanc
and all (former) Bachelor and Master students, for the supportive and gezellige

atmosphere in the group.

Dan Carolien, bedankt voor al jouw inzet, samenwerking en de leuke tijd in

het lab. Jouw ervaring en secure werkwijze hebben ertoe geleid dat we mooie

STM resultaten hebben verkregen die voor ons beide voor een mooi hoofdstuk

hebben gezorgd. Kai, ookal hebben we niet veel samen kunnen werken, jouw

ongeëvenaarde vrolijkheid in het lab en op de gang heeft wel geleid tot vele

leuke gesprekken. Je noemde vaak dat ik altijd een lach op mijn gezicht heb, wat

zeker waar is wanneer jij in de buurt bent. Dankjewel voor alle positiviteit. Hans,
bedankt voor alle tijd die je hebt besteed aan het aanpassen van de LT-STM om

deze compatibel te maken met vacuümkoffers, waardoor ons project mogelijk

was. En Harold, bedankt voor je toeziend oog, ongelimiteerde interesse in alle

projecten en de achterliggende fysica. En samen met Paul, bedankt voor al jullie
hulp bij het schrijven van ons artikel en het niet een blad voor de mond nemen

bij de discussies die we hebben gehad. Met jullie oprechtheid en inzicht hebben

we het onderzoek tot een goed eind gebracht. En Paul, jouw berekeningen en

toewijding om alles uit de resultaten te halen waren hierbij onmisbaar.

Yorick, ontzettend bedankt voor alle uurtjes die we samen hebben doorgebracht

bij de XRD. Met jouw hulp heb ik de XRD techniek eigen kunnen maken en

hebben we mooie resultaten behaald. Je was altijd beschikbaar voor een dis-

cussie of een kopje koffie met een stukje van jouw overheerlijke courgettetaart.

Bedankt voor jouw volharding bij het meehelpen van het zoeken naar de achter-

liggende fysica van dubbele en verdwenen diffractie spots, maar natuurlijk ook

voor alle gezelligheid. Gertjan, bedankt voor jouw enthousiasme tijdens dis-

cussies die er toe hebben geleid hebben dat een jonge PhD student een tijdelijk

verloren enthousiasme voor haar onderzoek weer heeft herontdekt. EnDominic,
ik zou je graag willen bedanken voor al jouw inzet en hulp met het COMAT sys-

teem en de bijbehorende vacuümtransfers. Met jouw hulp hebbenwe helemooie

in situ resultaten kunnen behalen. Daarnaast ook natuurlijk bedankt voor het bij-

springen op elk moment dat we je nodig hadden.

Mark, bedankt voor de vele SEM analyses en ook voor jouw enthousiasme. Ik

heb genoten van de keren dat we over jouw schouder mochten meekijken. Henk
en Rico, bedankt voor al jullie hulp bij het maken van de TEM lamellen en het

uitvoeren van TEM analyses. Ondanks dat het materiaal niet altijd mee wilde
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werken gingen jullie door tot er een goed resultaat behaald was. Daarnaast,

ben ik jullie erg dankbaar dat jullie ons de kans hebben gegeven om onze sam-

ples te laten analyseren in Eindhoven (Thermo Fisher Scientific) en Japan (JEOL

en Hitachi). Rico, ook bedankt voor alle duidelijke en uitgebreide communicatie

met Eindhoven en Japan en natuurlijk voor het beantwoorden van vele vragen.

For the high-end TEM analysis performed on our samples, and all preparatory

actions, I would like to express my gratitude to Dr. Guillaume Amiard (DB-FIB),

Dr. Ricardo Egoavil (STEM) and Dr. Anna Carlsson (STEM) from Thermo Fisher

Scientific, Akira Yasuhara from JEOL and to Hitachi High-Tech.

Mark en Steef, bedankt voor al jullie hulp bij de ARPES metingen, voor het en-

thousiasme over, en het daarna uitproberen van jullie nieuwe laser set-up, wat

heeft geleid tot hele mooie resultaten. En natuurlijk ook voor de fijne samen-

werking en alle feedback. Steef, jouw hulp bij alle metingen en bij het analyseren

van de data zijn onmisbaar geweest. Mark, dit geldt ook voor jouw oog voor

detail en betrokkenheid tijdens de metingen en in de afrondende fase van het

onderzoek.

I also appreciate all the staff members that helped us during our visit to the High

Field Magnet Laboratory in Nijmegen. In het bijzonder Claudius, bedankt dat jij
je twee volle weken voor ons hebt ingezet en bij ons bent geweest om ons te

helpen met de experimenten.

Zoals collega’s, vrienden en familie van mij weten bestaat mijn leven voor een

groot deel ook uit het bedrijven van een andere passie, namelijk aerial silk.

Judith, aan het einde van mijn Master onderzoek heb ik de kans gekregen om

samen met jou ons eigen bedrijf te beginnen. Mede daardoor is onze vriend-

schap ontzettend gegroeid. Dit komt niet alleen door onze gedeelde passies

voor de wetenschap en onze favoriete sport, maar ook omdat ik alles met jou

kan en mag delen. Bedankt voor jouw lieve berichten, voor alle persoonlijke

momenten onder het genot van de beste zaterdagochtendkoffie en voor jouw

steun, ook gedurende het schrijven van mijn proefschrift. Leonie, naast een
gepassioneerde energieke aerial silk instructrice ben je ook een ontzettend lieve

en trouwe vriendin. Bedankt voor al jouw wijze raad en fijne gesprekken, ook

gedurende de lock-down.

Bob, hoewel ons contact minder is geworden sinds je naar Nijmegen verhuisd

bent, voelt elke keer wanneer we weer samen komen als vanouds. Bedankt

hiervoor en voor het feit dat je er voor mij bent wanneer ik een goed gesprek of

flinke lach kan gebruiken.
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Henk, bedankt dat er altijd een plekje voor mij is bij jou thuis, dat je mij jouwwijze

woorden meegeeft of een opbeurend berichtje stuurt wanneer nodig, maar ook

een minimale draai om de oren geeft wanneer dit verdiend is.

Martina, jouw Nederlands is inmiddels zo goed geworden, dus schrijf ik dit graag

in het Nederlands. Het zijn van je eigen grootste criticus heeft ertoe geleid dat

wij elkaar gedurende onze Master hebben gevonden. Samen verdiepten wij ons

in de fysica, bereidden we samen de tentamens voor, maar bovenal was en ben

je een super goede vriendin van me. Ik waardeer jouw mening enorm, en vind

het daarom ook geweldig dat jij mij als paranimf bijstaat bij mijn verdediging.

LieveWilleke, lieve zus. Wij zijn het levende bewijs dat je als tweeling tegelijker-

tijd zo verschillend en hetzelfde kan zijn. Ik heb je altijd bewonderd voor jouw

onuitputtelijke energie, doorzettingsvermogen en sociale vaardigheden, en keek

daardoor vaak tegenmijn grote zus op. Hoewel onze relatie altijd goed is geweest

ben ik heel dankbaar voor hoe wij de afgelopen jaren nog meer naar elkaar toe

zijn gegroeid. Ik blijf het bijzonder vinden hoe wij, als we onszelf beter leren

kennen, elkaar beter begrijpen. Je voelt mij aan, staat altijd voor mij klaar en

schuift bovendien alles aan de kant wanneer ik van de grotezushotline gebruik wil

maken. Ik voel mij vereerd dat je mij als paranimf bijstaat bij mijn verdediging.

Bedankt voor al je hulp de afgelopen maanden. Zowel voor het nemen van de

tijd om mijn teksten te lezen als voor de lieve woorden wanneer ik mezelf even

terug moest vinden. Ik ben ontzettend trots om jouw zus te zijn. En natuurlijk

ook mam en pap, bedankt dat jullie altijd duidelijk hebben gemaakt dat jullie in

mij geloven. Dat onafhankelijk van wat ik besluit te doen met mijn leven, jullie

erop vertrouwen dat ik de juiste keuzes maak, dat jullie mij steunen en altijd trots

op mij zullen zijn.

En dan, Martijn. Zelf ben je niet van veel woorden, maar toch wil ik graag deze

mogelijkheid gebruiken om mijn zegje te doen. We zijn inmiddels al een tijdje bij

elkaar en hebben al veel samen meegemaakt. Waar we ook woonden, met jou

voelt het altijd als thuis komen. Ik ben je ontzettend dankbaar voor al jouw steun

gedurende mijn gehele opleiding en promotietraject, maar ook voor het feit dat

je altijd voor me klaar staat om mij te helpen om hindernissen te overkomen,

hoe ogenschijnlijk makkelijk deze ook kunnen overkomen. Daarnaast natuurlijk

ontzettend bedankt voor alle hulp de afgelopen maanden bij het afronden van

mijn proefschrift. Je haalt het beste in mij naar boven, pusht of remt me juist

af waar nodig en kent mij als geen ander. Ik ga met niemand liever een nieuw

avontuur tegemoet in deze nieuwe fase in mijn leven.
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