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Introduction and motivation

1
Two of the most fundamental concepts in condensed matter physics are the band theory of
crystalline solids and Landau’s classification of phases of matter. The former, among other
aspects, allows the understanding of the electronic properties of insulators, conductors,
and semiconductors [1] and hence lies at the heart of the vast progress of solid state
theory and technological breakthroughs of the last century. The latter, based on the
seminal work of Lev Landau, provides a universal theoretical framework to describe most
phase transitions of matter by means of spontaneous breaking of symmetries specified
by an order parameter [2, 3]. For example, in magnetic materials, the net magnetization
serves as the order parameter distinguishing the low-symmetry ferromagnetic from
the high-symmetry paramagnetic state, being non-zero (ferromagnetic) below and zero
(paramagnetic) above the critical Curie temperature TC [4]. The discovery of the integer
quantum Hall effect (IQHE) in 1980 [5], however, did not only earn it’s discoverer, Klaus
von Klitzing, the Nobel price 1985, but also challenged both of these highly successful
concepts and triggered an extension of the theories with notions of topology. Neither
does the quantum Hall state break any symmetries, nor does it show electronic properties
described by the, at the time, established band theory [6]. Already a few years earlier,
in 1972, J. Michael Kosterlitz and David J. Thouless had proposed a topological phase
transition in two-dimensional systems that does not break any symmetries [7, 8]. In a later
work, Thouless et al. were able to connect the quantized Hall response of the quantum
Hall state to a topological invariant [9]. This not only explained the quantization, but
also the precise values of the Hall conductance even under perturbations. Moreover,
the topological approach to the description of the IQHE allowed Duncan Haldane to
conceptualise this exotic state of matter in the absence of an external magnetic field.
In his 1988 paper, he showed that a quantized, non-zero Hall conductance can emerge
without the system’s band spectrum forming Landau levels: only the breaking of time
reversal symmetry (TRS) was a necessary factor in his model [10]. For their pioneering
contributions to the implementation of topological concepts to condensed matter theory,
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1 Introduction and motivation

Kosterlitz, Thouless, and Haldane were awarded the Nobel price of physics in 2016. By
then, their groundwork had lead to the emergence of a whole research field of topological
band theory. After Charles Kane and Gene Mele had extended Haldane’s model and
discovered a new and different topological phase for two-dimensional systems with
unbroken time-reversal symmetry in 2005 [11, 12] - the quantum spin Hall insulator - this
non-trivial state was quickly theoretically predicted [13] and experimentally verified [14]
in HgCdTe quantum wells. In contrary to the topological class of the IQHE with broken
TRS, this new phase could be generalized to a non-trivial, three-dimensional state, the
three-dimensional topological insulator (TI) [15–17]. In theory, the insulating bulk of a
TI is wrapped by a conductive surface layer with a Dirac-like, linear dispersion that is
topologically protected by TRS against disorder and non-magnetic perturbations. These
topological surface states (TSS) furthermore feature a helical spin texture, where the spin
of a carrier is perpendicularly locked to its momentum [4, 6].
Besides their fundamental meaning to the progress of theoretical and experimental solid
state physics, the unique characteristics of TIs inspire a variety of possible technological
applications. For example, the topological protection of the surface states drives ambi-
tions to combine TIs with superconductors in the search for Majorana fermions, hence
aiming to realize new architectures for robust quantum computing [18–22]. Due to the
spin-momentum locking (SML) of surface charge carriers, TIs are moreover promising
candidates for implementation in novel concepts of electronics and spintronics. On the
one hand, TIs could provide an ideal platform for the generation of spin currents for
spintronic operations. Furthermore, SML leads to a suppression of direct backscattering
of electrons, reducing the resistance for electronic transport of the TSS and therefore
possibly opening a path to electronic devices with lower power consumption [23–26].
A promising candidate to realize these applications is the family of (Bi1−GSbG)2(Te1−HSeH)3
(BSTS) compounds, where a non-trivial topology was experimentally verified soon after
the theoretical prediction of three-dimensional topological insulators [27]. However,
especially concerning the desired exploitation of the unique TSS physics for electronic
transport, this material class poses a major challenge: imperfections in the crystal lead
to an unintentional doping of the compound, causing parasitic bulk conduction that can
easily mask all effects stemming from the topological surface states. Many strategies
have been employed in literature to overcome this issue. Successful compensation of
unintentional dopants has for example been achieved in single-crystalline Bi-Sb-Te-Se
solid solutions grown by the Bridgman technique, resulting in suppressed bulk conduction
and high-mobility surface dominated transport in samples exfoliated from large bulk
crystals [28]. However, considering thin crystalline films, molecular beam epitaxy (MBE)
provides crucial advantages for many of the conceivable experimental and technological
applications. For example, MBE offers quick adjustment of alloy stoichiometries, precise
control of sample thickness down to single layers, and the capability of in-situ preparation
of hybrid devices with well defined interfaces, all while opening a way to wafer-size
scalability. However, sample quality has lagged significantly compared to other crystal
growth methods and while the issue of parasitic bulk conduction due to structural disorder
has not been conclusively solved for MBE grown samples, research especially concerning
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the promising quaternary alloy BSTS, has stalled in recent years. This provides the main
motivation for this thesis. In our investigations, we aim to employ methods of band struc-
ture engineering to enable the epitaxial preparation of high quality quaternary BSTS thin
films with minimized parasitic bulk conduction. On the one hand, (Bi1−GSbG)2(Te1−HSeH)3
directly allows a tuning of the band structure by varying the stoichiometric parameters G
and H. A further method to modify the electronic properties of a sample is the creation of
p-n-type heterostructures of thin TI layers with excess dopants of opposite charge, where
compensation processes lead to an intrinsic band bending. Combining these two band
structure engineering techniques lies at the heart of the results discussed in this work.

To present our investigations this thesis is structured as follows:
Part I introduces the fundamental theoretical concepts necessary for a deep understand-
ing of the obtained experimental results. Therein, chapter 2 provides an overview of
topological aspects in condensed matter theory. Starting from mathematical examples,
the chapter demonstrates the connection between topology and electronic band structure,
before introducing the (Bi1−GSbG)2(Te1−HSeH)3 family as three-dimensional topological
insulators.
Then, chapter 3 provides an overview of the theory of electronic transport. Including
classical as well as quantum mechanical effects, the chapter lays the theoretical foundation
for analyzing and interpreting the electronic transport measurements performed in this
thesis.

Part II is dedicated to the methods employed to realize the experiments discussed in this
work. After chapter 4 introduces the molecular beam epitaxy cluster and the growth pro-
cedure utilized to prepare the topological insulator thin film samples, chapter 5 considers
the performed measurement methods. Besides additional sample characterization tools,
the focus of this chapter lies on the Hall-bar patterning process, the four-point electrical
transport technique and the setups used to perform the experiments.

Part III presents the experimental results of this thesis that cover three central aspects.
The first is discussed in chapters 6 and 7. Therein, chapter 6 summarizes the findings of
preliminary work that proved to be crucial for the development of high quality quaternary
(Bi1−GSbG)2(Te1−HSeH)3 alloys. Starting from the ternary (Bi1−GSbG)2Te3, where direct
evidence for the presence of topological surface states will be provided, we proceed
with discussing first results on quaternary films and demonstrate common issues in the
epitaxial preparation of such samples. As a crucial step towards the improvement of
the quaternary BSTS epitaxy, the chapter presents the benefits of implementing a thin
Bi2Se3 (BS) seed layer before the subsequent BSTS growth. However, these advantages
for sample preparation come at the cost of a potentially large parasitic contribution to the
bulk conductivity introduced by the Bi2Se3 layer.
A solution to this challenge is presented in chapter 7, where the two above mentioned
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1 Introduction and motivation

methods of band structure engineering will be combined to suppress the detrimental effect
of the BS layer and to aim towards an overall minimized bulk conductivity: the concept
discussed in this chapter uses the influence of the BSTS stoichiometry on its electronic
properties to create layers with a slight surplus of excess acceptors. Subsequently,
band bending effects are created within a heterostructure of the p-type BSTS with the
intrinsically n-type BS layer that causes compensation of unintentional bulk dopants. The
chapter will demonstrate this using a systematic magnetotransport study with respect to
the individual thicknesses of the heterostructure constituents.
An important tool to gain information on the underlying processes that contribute to the
electronic transport of such topological insulator samples is the analysis of the modulation
of the electrical resistance by applying external magnetic fields. As the second key
aspect of our results, a deep analysis of the magnetoresistance will be given in chapter 8,
where a rich field of different effects will be uncovered, including classical contributions
from the bulk states as well as two types of effects stemming from quantum mechanical
interferences.
The detailed investigations of chapters 7 and 8 not only present some of the central results
towards reaching the objectives of this thesis and help to provide a deeper understanding
of the electronic properties of our TI samples, but also identify ongoing challenges for
future sample design. As the third central aspect of this thesis, a first approach aiming to
optimize the p-n heterostructure concept will be discussed in chapter 9.
Finally, chapter 10 provides a conclusion of this thesis, where the status quo of our research
on epitaxial bismuth-based topological insulatorswill be summarized and a broad spectrum
of future perspectives based on the results of this work will be presented.
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Introduction to topological
aspects in condensed matter

theory

2

All of the experimental work presented in this thesis aims to investigate or utilize the
unique physics of topological insulators. While the theoretical concepts behind this exotic
phase of matter are complex, TIs still just pose the tip of the iceberg of a vast field of
topological band theory and represent only one example of a topologically non-trivial
class. In contrary to the Landau formalism, topological phases are not classified by
spontaneous breaking of symmetries, but by global quantities, topological invariants, that
are not changed by smooth variations of the system and allow a definition of separated
topological equivalence classes. The literature concerning concepts of topology in
condensed matter theory in general and topological insulators in particular is expansive.
Detailed elaborations can, for example, be found in Refs. [4, 6, 29–33]. The following
will provide a brief introduction. Starting from basic principles such as the Berry phase
and topological examples from mathematics, the manifestation of topological notions in
condensed matter physics will be discussed. Then, the theory of topological insulators
is presented with a particular emphasize on the family of bismuth-based 3D TIs that is
experimentally investigated in this thesis.

2.1 Basic principles

2.1.1 Topology in mathematics

Topology is a branch of mathematics that classifies mathematical spaces in terms of
homeomorphic functions [34]. A function 5 : -1 → -2 between two topological spaces
-1 and -2 is homeomorphic, if it is continuous and has a continuous inverse function
5 −1 : -2 → -1. If such a function exists, the sets -1 and -2 are topologically equivalent
with respect to 5 . In simplified terms: two spaces, or, more intuitively, two geometrical
objects are topologically equivalent, if they can be transformed into each other by a
continuous deformation. One of the most common examples is shown in Fig. 2.1 a).
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2 Introduction to topological aspects in condensed matter theory

Figure 2.1: Examples of topological classification in mathematics. a) Cylinder
and sphere have genus 6 = 0 and are topologically equivalent. The torus has
6 = 1 and belongs to a different equivalence class. b) Example with a different
underlying topological classification. The cylinder (left) is topologically not
equivalent to the Möbius strip (right) over the circle S1. Panels b) adapted from
Ref. [32].
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2.1 Basic principles

Comparing the three depicted geometrical shapes, the cylinder, the sphere, and the torus,
provides a straightforward illustration of a topological classification. Intuitively, a cylinder
can be continuously deformed into a sphere and vice versa. The quantity that is conserved
under this homeomorphic transformation and that uniquely defines the topological class
is the topological invariant. In the given example, the considered invariant is the genus
of the two-dimensional surfaces that can be understood as the number of holes within
the three-dimensional shapes when assuming shapes without boundaries. Cylinder and
sphere then share a genus of 6 = 0 and are therefore topologically equivalent in this regard.
In contrast, the torus has 6 = 1 and belongs to a different equivalence class, since adding
a hole to the shape does not represent a continuous transformation. More precisely, for a
compact, orientable, and boundary-less surface, or in general, Riemannian manifold " ,
the genus can be calculated by the simplified Gauss-Bonnet-theorem [35]:∫

"

 30 = 4c(6 − 1). (2.1)

Here, 30 is an infinitesimal area element and  the Gaussian curvature.  has dimension
of inverse area and is given by the product of the principal curvatures ^1 and ^2 that
are the maximal and minimal curvatures at any given point of the surface. From this
simple example, two conclusions can be drawn that will become essential in the context of
topological band theory: first, Eq. (2.1) shows the robustness of the topological invariant.
The integral of the Gaussian curvature over the manifold is proportional to an integer
that is constant for any shape within the same equivalence class and is hence unaffected
by external deformation of the cylinder to a sphere, or to any other shape with no holes.
The respective changes of the principal curvatures always cancel in the integral and
the topological class stays unchanged. Second, the example shows that a topological
treatment of a system allows to extract global information from the local geometry. The
number of holes in the shape can be calculated from its local curvature.
At this point, it is important to emphasize that categorizing shapes with respect to their
genus is only one example of a topological classification. A mathematically different
instance of a topological classification is displayed in Fig. 2.1 b), where the topology of
so-called fiber bundles over a circular base manifold S1 is illustrated. The cylinder (left) is
trivial, whereas the twisted Möbius strip (right) is non-trivial and no continuous transition
between the two exists. The mathematical details of this topological description can be
found in Ref. [32]. The important aspect here is the identification of the existence of
different kinds of topological classifications with varying underlying topological invariants,
since also in condensed matter theory different types of topologically non-trivial material
classes exist.
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2 Introduction to topological aspects in condensed matter theory

2.1.2 Berry-phase, -connection, and -curvature of adiabatic
processes

A second basic notion that will be important in the context of a topological classification
of material systems is the Berry phase, introduced as a "geometrical phase" by Michael
V. Berry in Ref. [36]. Already in the early 1980’s, and therefore not in the context of
topological band theory that was developed later, Berry considered a quantum mechanical
system to acquire a geometrical phase in addition to the conventional dynamical phase,
when a state of the system is adiabatically transported along a closed path C. A common
classical example unrelated to quantum mechanics, but illustrating the underlying concept
of a geometrical phase, is the parallel transport of a vector on a curved real space surface,
e.g. a sphere. When a vector starting at time C = 0 at point A0 at the surface travels
along a closed path C enclosing the area ( > 0 and returns to A0 at C = C∗, it will
point into a different direction than at C = 0 [37]. The mathematical expressions for the
quantum mechanical Berry phase and the associated Berry connection and curvature can
be straightforwardly derived, mainly following Refs. [4, 38].
Consider a Hamiltonian � (R(C)) that depends on a set of arbitrary time-dependent
parameters R(C) = ('1, '2, '3, ...). With the =-th eigenvalue �= (R(C)) and respective
eigenvector |=(R(C))〉, the Schrödinger equation of the system is given by

� (R(C)) |=(R(C))〉 = �= (R(C)) |=(R(C))〉 . (2.2)

Following the adiabatic theorem [39], a system starting in the non-degenerate =-th
eigenstate at time C = 0 will remain in the =-th eigenstate, when the parameters R(C) are
varied slowly along the path C.1 The eigenvector |=(R)〉 is defined up to a phase \ (C)
that can vary during the adiabatic transport in parameter space. The =-th eigenstate of the
system in a generalized form thus reads

|k(C)〉 = 4−8\ (C) |=(R(C))〉 , (2.3)

and follows the time evolution

� (R(C)) |k(C)〉 = 8~ 3
3C
|k(C)〉 . (2.4)

Inserting the equations (2.2) and (2.3) into Eq. (2.4) gives

4−8\ (C)�= (R(C)) |=(R(C))〉 = 8~
3

3C
4−8\ (C) |=(R(C))〉 , (2.5)

and performing the derivative on the right hand side leads to

�= (R(C)) |=(R(C))〉 = ~
(
3

3C
\ (C)

)
|=(R(C))〉 + 8~ 3

3C
|=(R(C))〉 . (2.6)

1What is considered "slow" in this context depends on the energy gap of the =-th to the nearest other
eigenstate of the system.
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2.1 Basic principles

Calculating now the scalar product with 〈=(R(C)) | on both sides of the equation under the
assumption of a normalized =-th eigenvector with 〈=(R(C)) |=(R(C))〉 = 1 and after some
rearranging finally

~
3

3C
\ (C) = �= (R(C)) − 8~ 〈=(R(C)) |

3

3C
|=(R(C))〉 (2.7)

is obtained. Thus, the solution for \ (C) is given by

\ (C) = 1
~

∫ C

0
�= (R(C′))3C′︸                  ︷︷                  ︸

dynamical phase

− 8

∫ C

0
〈=(R(C′)) | 3

3C′
|=(R(C′))〉 3C′︸                                      ︷︷                                      ︸

Berry phase

. (2.8)

The first term of Eq. (2.8) represents the aforementioned conventional dynamical phase
that is connected to the energy eigenvalues of the system, the second term is the Berry
phase. In contrast to the dynamical term that explicitly depends on time, such an explicit
time dependence can be removed from the Berry phase, which will be defined below as
W=, by

W= = 8

∫ C

0
〈=(R(C′)) | 3

3C′
|=(R(C′))〉 3C′

= 8

∫ C

0
〈=(R(C′)) | ∇R |=(R(C′))〉

3R
3C′
3C′

= 8

∮
C
〈=(R) | ∇R |=(R)〉 3R

(2.9)

For the last equality the parameters R(C) are assumed to travel a closed path C in a time
C∗ such that R(C = 0) = R(C = C∗). The Berry phase is thus expressed as a circuit integral
over C and does hence only depend on the path taken, not on the elapsed time, reasoning
the name "geometrical phase".2 From Eq. (2.9) the expressions for the Berry connection
A= (R) and the Berry curvature B= (R) can be directly defined:

W= =

∮
C
8 〈=(R) | ∇R |=(R)〉 3R (2.10a)

≡ −
∮
C
A= (R)3R (2.10b)

=

∫
S
B= (R)3S. (2.10c)

2Note that the Berry phase W= is real, since 〈=(R) | ∇R |=(R)〉 is purely imaginary. See Ref. [4] for proof.
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2 Introduction to topological aspects in condensed matter theory

The last equality is obtained by means of Stokes’ theorem, where S is the surface enclosed
by the path C. Berry connection and curvature are thus given by

A= (R) = −8 〈=(R) | ∇R |=(R)〉 , (2.11a)

B= (R) = ∇R × A= (R). (2.11b)

2.2 Integer Quantum Hall effect in a topological
context

As mentioned in the introduction of this thesis, the quantum Hall effect, experimentally
discovered by von Klitzing et al. in 1980 [5], challenged conventional band theory.
It was observed that the low-temperature Hall conductivity fxy of a two-dimensional,
non-interacting electron system in the presence of a strong perpendicular magnetic field
� is quantized in steps of

fxy = a ·
42

ℎ
, (2.12)

with the integer filling factor a ∈ Z. In the "conventional" approach, the appearance of
chiral edge modes, that subsequently lead to the observed quantized values, are described
in the context of a formation of Landau levels of the energy spectrum and taking into
account disorder and the edge potential at the sample boundaries. The topological nature
of the IQHE was revealed in 1982 by Thouless, Kohmoto, Nightingale, and den Nĳs
in deriving their TKNN equation in Ref. [9]. Several years later, in 1988, Duncan
Haldane realized in Ref. [10] that the IQHE effect is part of a whole class of topologically
non-trivial systems, the so-called Chern insulators. Below, the key concepts will be briefly
introduced.

2.2.1 TKNN equation: connecting IQHE, Berry phase, and
topology

Before coming to the TKNN equation, let us reiterate the formulation of the Berry phase
and the connected entities introduced in Sec. 2.1.2 in the context of Bloch electrons
moving through a crystal lattice. The following mainly follows Refs. [40, 41].
Consider a periodic rectangular lattice within the x-y-plane with lattice constant 0 in x-
and 1 in y-direction. The energy spectrum forms a band structure, where the energy of
each band of index = depends on the quasimomentum k = (:G , :H), which is the wave
vector in the according Bloch function:

|k=k(r)〉 = 48kr |D=k(r)〉 . (2.13)

Here, r is the positional vector and the function D=k(r) parameterizes the lattice periodicity.
The possible values for k are −c/0 < :G ≤ c/0 and −c/1 < :H ≤ c/1, which spans
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2.2 Integer Quantum Hall effect in a topological context

the periodic Brillouin zone (BZ) in k-space. Important for the concept of a Berry phase
is the existence of a continuous parameter space. The periodicity of the BZ in x- and
y-direction, which gives it the shape of a torus, represents such a parameter space, where
a state can travel a closed path. Thus, when a state k=k in band = at some wave vector
k is swept through the entire BZ on a closed path, it acquires a Berry phase.3 This is
associated with a Berry connection A= and a Berry curvature B= of

A= (k) = −8 〈D=k| ∇k |D=k〉 , (2.14a)

B= (k) = ∇k × A= (k) = −8
〈
mD=k
m:H

����mD=km:G

〉
+ 8

〈
mD=k
m:G

����mD=km:H

〉
. (2.14b)

With this the connection between the Hall conductivity in the IQHE regime and the Berry
phase can be illustrated via the TKNN equation. In Ref. [9], Thouless et al. considered a
two-dimensional system of non-interacting electrons in a perpendicular magnetic field,
where the Fermi energy is located in a gap between two bands. Summing over all filled
bands =, they theoretically showed that the Hall conductivity can be derived as

fxy =
42

2cℎ

∑
=

∫
BZ
32: 8

〈
mD=k
m:H

����mD=km:G

〉
− 8

〈
mD=k
m:G

����mD=km:H

〉
. (2.15)

The argument of the integral in Eq. (2.15) precisely coincides with the negative of the
Berry curvature B= provided in Eq. (2.14b). Importantly, it can be shown that integrating
this over the Brillouin zone yields an integer multiple of 2c and it follows

fxy = −
42

ℎ

∑
=

<=, (2.16)

where <= is the integer Chern number corresponding to the band with index =. Thus, the
total Chern number of the system is the sum of <= over all filled bands, which equals
the filling factor a in Eq. (2.12). This illustrates the topological nature of the IQHE,
as the TKNN equation (2.15) to calculate the Hall conductivity mirrors the form of the
Gauss-Bonnet theorem introduced in Eq. (2.1) with the filling factor a taking the place
of the genus as the integer invariant. Like the genus does not change by continuous
deformations of the geometrical shape it corresponds to, the filling factor in the IQHE is
invariant under smooth transformations of the underlying Hamiltonian. This explains the
universally observed quantized Hall conductances in the IQHE regime showing precisely
the same values independent of the used material system and robust against external
influences.

3Under the additional assumptions that the Fermi energy of the system resides between bands and the
electrons of the system are non-interacting
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2 Introduction to topological aspects in condensed matter theory

Figure 2.2: Illustrations for Haldane’s model. a) Hexagonal lattice spanned by
the vectors a8 and b8 consisting of two triangular sublattices (solid and open
circles). b) Possible distribution of magnetic fluxes i through one hexagonal
cell, such that the total flux through the cell vanishes. Panels adapted from Ref.
[32].

2.2.2 Haldane’s model and Chern insulators

The two necessary ingredients for the non-trivial topology, i.e. non-vanishing Chern
number and quantized Hall conductance, of the IQHE discussed above are the two-
dimensionality of the considered electron system and the presence of an external magnetic
field. However, in Ref. [10] Haldane showed that the latter is not necessary to yield a non-
zero Chern number and the underlying topological equivalence class can be generalized
to a matter of time-reversal symmetry (TRS) breaking.
Haldane’s model considers spinless electrons in a two-dimensional hexagonal lattice
as shown in Fig. 2.2 a), which is spanned by the vectors a8 and b8 and consists of two
non-equivalent, triangular sublattices of different atoms identified by solid and open
circles, respectively. Following the notation of Ref. [32] the real space HamiltonianH of
the model is given by

H = C1
∑
〈8, 9〉
|8〉 〈 9 | + C2

∑
〈〈8, 9〉〉

|8〉 〈 9 | + "
(∑
8∈�
|8〉 〈8 | −

∑
9∈�
| 9〉 〈 9 |

)
. (2.17)

Here, 8 ∈ � represents a lattice site in sublattice � (solid circles), 9 ∈ � in sublattice �
(open circles), and 〈8, 9〉 in the first sum and 〈〈8, 9〉〉 in the second sum denote nearest and
next nearest hopping, respectively, with hopping probabilities of C1 and C2. Moreover, the
parameter " defines an on-site energy and has opposite sign for the sublattices, which
breaks inversion symmetry. Figure 2.2 b) illustrates a possible allocation of magnetic
fluxes i, such that the total magnetic flux through the hexagonal cell vanishes. However, if
such a flux distribution is imposed on the system, an electron acquires an Aharonov–Bohm
phase Φ in a next-nearest hopping process, which breaks time-reversal symmetry. Fourier
transforming the Hamiltonian of Eq. (2.17) to k-space and including the magnetic fluxes
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2.3 Z2 topology of time-reversal symmetry conserving systems

leads to [32]
�̂ (k) = ℎ` (k)f`, (2.18)

with ` ∈ {0, G, H, I}, the Pauli matrices f` (f0 = 1), and the ℎ` (k) taking the form
of

ℎ0 = 2C2 cos(Φ)
3∑
8=1

cos(k · b8), ℎI = " − 2C2 sin(Φ)
3∑
8=1

sin(k · b8),

ℎG = C1(1 + cos(k · b1) + cos(k · b2)), ℎH = C1(sin(k · b1) − sin(k · b2)).

(2.19)

It can be shown that for specific values of "/C2 with respect to the Aharonov–Bohm
phase, a non-zero Chern number can be obtained, even though no net magnetic field is
penetrating the system.
This result essentially renders the IQHE as a part of a topological equivalence class, the
so-called Chern insulators, where the breaking of time-reversal symmetry is the necessary
ingredient for a non-trivial topology. In the case of the IQHE the external magnetic
field is the parameter that breaks TRS. As the filling factor, or more generally the Chern
number, can take any integer value, the Chern insulators are said to have Z topology.

2.3 Z2 topology of time-reversal symmetry
conserving systems

Historically, after the description of the Chern insulators, the breaking of time-reversal
symmetry was widely considered to be essential for a condensed matter system to possess
non-trivial topology. In 2005, however, C.L. Kane and E.J. Mele theoretically predicted
the existence of a non-trivial phase for TRS conserving systems [11, 12], which was a
leap for topological band theory. Like Haldane, Kane and Mele used a hexagonal lattice
as a 2D model system, but taking into account the electron spin and spin-orbit coupling
without requiring the breaking of TRS. Similar to Fig 2.1, where two purely mathematical
examples were presented with a different underlying topological description, this new
phase is part of a topological class different from the Chern insulators. In two dimensions
this class is called quantum spin Hall insulator (QSHI). In contrast to the Chern insulator,
this topological classification can be generalized to a phase in three dimensions, which
was termed topological insulator [6].4 Importantly, whereas the topological invariant
in the Chern insulator class can take any integer value ∈ Z, quantum spin Hall and
topological insulators have Z2 topology, meaning the invariants can only take the values 0
or 1, i.e. trivial or non-trivial.
4In literature, this nomenclature is not used consistently and the QSHI is also often called "topological
insulator". Hence, to emphasize the three dimensionality, often the term "3D topological insulator" is
used.
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2 Introduction to topological aspects in condensed matter theory

2.3.1 Time-reversal symmetry for spin-1
2 particles and

Kramers’ theorem

Time-reversal symmetry operator
Let the operator that reverses time C be defined as

T : C → −C. (2.20)

Physical quantities can be even or odd under a time-reversal operation. For example, the
position operator Ĝ is even, while the momentum operator ?̂G in x-direction is odd due to
the sign reversal of the velocity, i.e.

T Ĝ T −1 = G, T ?̂G T −1 = −?G . (2.21)

For spinless particles a form for T can be easily obtained considering Eq. (2.20) and the
canonical commutation relation [Ĝ, ?̂G] = 8~ [4]:

T [Ĝ, ?̂G] T −1 = −[Ĝ, ?̂G] = −8~. (2.22)

Thus, for spinless particles, T is equal to the complex conjugation operator K.
If now spin is added to the particle, an additional action is required to account for the spin
being odd under time reversal. The operator takes the form [4, 32]

T = 4−8c(HK, (2.23)

where (H is the y-component of the Spin operator and the term 4−8c(H represents the
rotation of the spin by c along the y-axis. Note that the y-axis is arbitrarily chosen by
convention and T of Eq. (2.23) remains proportional to K, since Eq. (2.22) must still
hold. For spin-1

2 particles, it can be shown that T 2 = −1 [4], which is crucial for the
formulation of Kramers’ theorem.

Kramers’ theorem and time-reversal invariant momenta
An important consequence of the above formulated time-reversal operator for spin-1

2
particles is Kramers’ theorem, which states that every eigenstate of a Bloch Hamiltonian
of a TRS preserving system is at least doubly (and always even number) degenerate.
The Bloch wave function was introduced in Eq. (2.13), where |D=k〉 is a cell-periodic
eigenstate of the Bloch Hamiltonian �̂ (k) with energy �=k [38]:

�̂ (k) |D=k〉 = �=k |D=k〉 . (2.24)

If the system preserves time-reversal symmetry, it can be shown that [4]

T �̂ (k) T −1 = �̂ (−k), (2.25)

such that the time-reversal operation transforms the Hamiltonian at k to −k and T |D=k〉
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2.3 Z2 topology of time-reversal symmetry conserving systems

Figure 2.3: a) Kramers pairs of spin-split bands that intersect at the TRIM for
k = 0 and k = +c = −c, where k ≡ -k (assuming a lattice constant of 0 = 1).
The red and blue colors and the respective arrows indicate the spin orientation of
each band. b) TRIM Λ of a two-dimensional, square Brillouin zone. c) TRIM Λ

of a three-dimensional, cube Brillouin zone. Panels adapted from Ref. [38].

is an eigenstate of �̂ (−k). It follows [4]

�̂ (−k)T |D=k〉 = T �̂ (k) T −1T |D=k〉 = T�=k |D=k〉 = �=kT |D=k〉 , (2.26)

where the last identity is justified by �=k being a real number. Thus, the time-reversed
eigenstate T |D=k〉 at −k has the same energy as |D=k〉 at k. Furthermore, from the spin-1

2
nature of the considered electrons it follows that these two states can not be identical.
If |D=k〉 = T |D=k〉 would be true, then also T |D=k〉 = T 2 |D=k〉 would hold and hence
T 2 = +1, which contradicts the above stated property of T 2 = −1 for spin-1

2 particles.
Subsequently, the eigenstates come in so-called Kramers pairs with energies �=k = �=−k.
Neglecting spin-orbit coupling, this degeneracy is provided by the spin degeneracy [6].
An illustrating sketch of the situation in the presence of SOC is displayed in Fig. 2.3 a),
where two pairs of spin-split bands are shown that fulfill �=k = �=−k. Importantly, to
still meet this condition, the pairs are required to intersect at k = 0 and k = +c = −c, as
there k ≡ -k. These points within the Brillouin zone are called time-reversal invariant
momenta (TRIM) Λ.5 Figure 2.3 b) shows the four TRIM for a two-dimensional, square
Brillouin zone that follow from its periodicity. For a three-dimensional, cube Brillouin
zone 8 TRIM can be identified, which is illustrated in Fig. 2.3 c).

2.3.2 Kane-Mele model

Section 2.2.1 considered systems with broken time-reversal symmetry and showed how a
non-zero Chern number yields a topologically non-trivial phase. If TRS is preserved,
however, the Chern number always vanishes as for the k-dependent Berry curvature
B= (−k) = −B= (k) holds and subsequently the integral in the TKNN equation (2.15) goes
to zero for all filled bands = [4].
5Here, a lattice constant of 0 = 1 is assumed. If 0 ≠ 1 the Brillouin zone is periodic in c/0 and the
subsequent TRIM coordinates are 0 and ±c/0 along the x- or y-axis, respectively.
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2 Introduction to topological aspects in condensed matter theory

The model introduced by Kane and Mele in Refs. [11, 12] discussed a different type
of topological classification for TRS preserving systems. Like Haldane, they used a
two-dimensional hexagonal lattice (see Fig. 2.2), but without magnetic fluxes and with
identical atoms on the sublattices A and B [6]. In this graphene-like setup the mass term
ℎI in Eq. (2.18) vanishes and a trivial insulator is obtained within Haldane’s framework.
Kane and Mele, however, showed that when the half integer spin of the electrons and
spin-orbit coupling is added to the model, a new mass term emerges that does not break
TRS. The result is essentially a decoupling into two Haldane models, one for each spin,
with Hall conductivities of opposite signs. As fGH and spin are both odd under time
reversal, this does not violate TRS. The total Hall conductivity of the system is zero,
but a quantized spin Hall conductivity can be observed, hence the name quantum spin
Hall insulator (QSHI). Like the Chern insulators, the QSHI phase features gapless edge
states that are, however, helical instead of chiral, as the two spin orientations propagate
in opposite directions. Furthermore, the topology of the QSHI is determined by a Z2
invariant, which is sometimes called spin Chern number and that can only take the
values 0 or 1, corresponding to a trivial or a non-trivial topology. Several mathematical
approaches have been reported to obtain this invariant for a given system. An intuitive
method, which proved to be a powerful tool to predict non-trivial Z2 topology in real
materials, was introduced by Fu and Kane in Ref. [15] for systems that preserve inversion
symmetry additional to TRS.
They showed that under these conditions the invariant [ is obtainable via

(−1)[ =
#8∏
8

X8 =

#8∏
8

#<∏
<

b< (Λ8), (2.27)

where the second product regards the #< Kramers pairs of occupied bands < and the
first product goes over the #8 time-reversal invariant momenta Λ8. The term b< (Λ8) is
the parity eigenvalue of pair < at the TRIM Λ8 and can thus take values of ±1. In two
dimensions the Brillouin zone contains four TRIM, as was exemplarily shown for a square
BZ in Fig. 2.3 a) within the previous subsection. Evaluating and multiplying the parity
eigenvalues of the occupied states at these points yields a value of ±1, which subsequently
renders the Z2 invariant as 0 or 1 in Eq. (2.27).
As stated above, Kane andMele considered graphene for their theoretical model. However,
spin-orbit coupling is too weak in graphene to experimentally observe the topologically
non-trivial QSHI phase. In Ref. [42] Bernevig et al. proposed CdTe/HgTe/CdTe quantum
wells as a suitable material system and the experimental evidence of the QSHI in such
structures was found by König et al. in Ref. [43]. CdTe possess a typical semiconductor
band structure with s-like (even parity) states at the conduction band edge and p-like states
(odd parity) at the valence band edge. In HgTe, on the other hand, the bands invert at the
Γ-point in the Brillouin zone, when a critical thickness 3c is exceeded. This changes the
sign of the parity at this point, which leads to [ = 1 and hence a non-trivial topology by
means of Eq. (2.27).
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2.3 Z2 topology of time-reversal symmetry conserving systems

2.3.3 Three-dimensional topological insulators

To obtain the Z2 invariant for a three dimensional, time-reversal and inversion symmetric
system, the approach introduced in Sec. 2.3.2 of evaluating the parity eigenvalues at the
TRIM of the Brillouin zone is directly transferable. An exemplary cubic 3D Brillouin
zone containing eight TRIM was shown in Fig. 2.3 b). Within the six two-dimensional
planes of the cube with G = 0, G = ±c, H = 0, H = ±c, and I = 0, I = ±c all symmetries
of the 2D Brillouin zone are preserved and hence each plane possess a Z2 invariant,
labeled as G0, G1, H0, H1, I0, and I1. However, i.e. G0G1 = H0H1 = I0I1 as each of these
pairs contains all eight TRIM and hence the product of the two invariants is respectively
identical. This reduces the situation to four independent Z2 invariants [0, [1, [2, and [3
[16, 38]. The position of the eight TRIM within the 3D Brillouin zone can be expressed
in terms of reciprocal lattice vectors bi (8 ∈ 1, 2, 3) as (=1b1 + =2b2 + =3b3) with =j = 0, 1.
Utilizing this notation, the four invariants are obtained in analogy to Eq. (2.27) by [44]

(−1)[0 =
∏
=j=0,1

X=1=2=3 , (2.28a)

(−1)[i=1,2,3 =
∏

=j≠8=0;=i=1
X=1=2=3 . (2.28b)

The invariant [0 in Eq. (2.28a) follows from the product over all eight TRIM and renders
the system to a strong topological insulator for [0 = 1. If [0 = 0, the three other invariants,
each obtained over four TRIM by Eq. (2.28b), further distinguish the trivial insulator for
([0, [1, [2) = (0, 0, 0) from weak topological insulator phases. In such weak topological
insulators, which are basically stacked two-dimensional quantum spin Hall insulators, the
emerging surface states are not protected by TRS and perturbations like disorder can lift
the topologically non-trivial distinction [6, 44].6

6In literature, especially experimental literature, the term "topological insulator" usually refers to the
strong topological insulator phase, if not further specified. This also applies for the remainder of this
thesis.
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2 Introduction to topological aspects in condensed matter theory

Figure 2.4: Real space sketches of the three topologically non-trivial phases
discussed in this chapter. The systems are each assumed to be surrounded by
a trivial insulator (e.g. air). a) 2D Chern insulator with Chern number 1 and
hence one chiral edge state. b) 2D quantum spin Hall insulator with helical edge
states. c) 3D topological insulator with helical surface states.

2.4 Edge and surface states of topologically
non-trivial systems

The most important consequence, especially for experimental purposes, of a non-trivial
topology of a condensed matter system is the emergence of edge or surface states at
the boundary to a topologically trivial material. This is illustrated in Fig. 2.4, where
real space sketches of the three topological classes discussed above are shown that are
assumed to be surrounded by a trivial insulator (e.g. air). For the two-dimensional Chern
insulators (panel a)) the edge channels are spin-degenerate with chiral propagation. The
sketch shows one such channel for a system with Chern number 1. As the Chern number
can take any integer value, multiple chiral edge states can be present at the systems’
boundary, which then leads to a different quantized Hall conductivity.7 Figure 2.4 b)
shows the helical edge states of a two-dimensional quantum spin Hall insulator, where
opposite spin electrons have opposite propagation direction. Essentially, the spin-up
electrons exhibit a chiral integer quantum Hall effect, while the spin-down electrons
exhibit an anti-chiral IQHE [29], where the spin orientation is always perpendicular to
the propagation direction as indicated by the small arrows with the respective color in Fig.
2.4 b). As the three-dimensional topological insulator is the 3D equivalent of the QSHI,
similar helical surface states span the six surfaces of the cuboid system sketched in Fig.
2.4 c).
The emergence of edge or surface states as a consequence of the topology of a system
is also called bulk-boundary correspondence, as bulk properties (e.g. band inversion)
determine the electronic characteristics at the sample boundaries. This is also responsible
for the robustness of these boundary states to external influences, since the topological
invariant can not be changed by smooth perturbations that do not affect any of the
necessary symmetries.

7In the classical description of the integer quantum Hall effect, these edge channels are explained by
skipping orbits of electrons at the sample boundaries.
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Figure 2.5: Illustration of the inter-
face of a non-trivial Chern insulator
(Chern number 1) and a trivial in-
sulators at the real space coordinate
H = 0. The blue dashed line indi-
cates the mass term <(H) changing
sign at the boundary. The red solid
line illustrates the probability den-
sity |k |2 of the edge state. Figure
adapted from Ref. [32].

2.4.1 Jackiw-Rebbi model

An intuitive model that illustrates the requirement of a gap closing by edge states is
inspired by the findings of Jackiw and Rebbi within 1D field theory in Ref. [45] and
discussed in the context of topological condensed matter in Refs. [6, 32, 46].
A band gap in the electronic structure of a condensed matter system is parameterized in the
Hamiltonian by a non-zero mass term. This mass term is positive for trivial and negative
for non-trivial insulators. Figure 2.5 shows two such materials interfaced at the real space
coordinate H = 0. Tracing the mass term <(H), which is illustrated in Fig. 2.5 by the
blue dashed line, across the boundary of the two systems, it is required to change sign at
H = 0 and hence <(0) = 0, implying a gap closing at the interface. A derivation of the
according domain wall state is provided in Ref. [32], where the topologically non-trivial
material is assumed to be a Chern insulator with Chern number 1. The Hamiltonian for
this setup was provided in Eq. (2.18), which takes the real space form

H = −8∇f2d + <(H)fz =

(
<(H) −8mx − my

−8mx + my −<(H)

)
. (2.29)

After a basis rotation the solution of the Schrödinger equation yields

k(G, H) ∝ e8:xG exp
(
−

∫ H

0
3H′<(H′)

) (
1
1

)
, (2.30)

with the energy � (:x) = �F + ~EF:x. Thus, the state crosses �F at :x = 0 with positive
group velocity EF and linear dispersion. Furthermore, it is localized at the boundary of
the two systems, which is illustrated by the red line in Fig. 2.5 corresponding to the
probability density |k |2 of the wave function. This edge state hence describes the chiral
state sketched in Fig. 2.4 a).
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2 Introduction to topological aspects in condensed matter theory

Figure 2.6: Illustration of electronic
dispersion of topological surface states
in a 3D TI. The helical spin texture
is indicated by the black arrows. The
spin texture and the crossing at the
Dirac point are required by Kramers’
theorem.

2.4.2 Surface sates of three-dimensional topological
insulators

In its most simple manifestation, a three-dimensional topological insulator possess a
spin-orbit coupling induced band inversion at the Γ-point in the Brillouin zone, which
leads to a negative Dirac mass in the Hamiltonian. Equivalently to the above discussion,
the mass thus has to change sign at the boundary to a trivial insulator. This essentially
leads to the emergence of a two-dimensional metal at the surface of the 3D TI. As
time-reversal symmetry is preserved in the system, in contrast to the Chern insulator
phase, Kramers’ theorem has to be fulfilled, which has important consequences for the
electronic structure of the surface states. For each state at k = (:x, :y) it requires the
existence of a state of the same energy at −k with opposite spin [6] and moreover forces a
twofold degeneracy at the Γ-point in reziprocal space, where k = −k = 0. The resulting
electronic dispersion thus takes the form of a Dirac cone, with the Dirac point at the
crossing at k = 0. The simplest form is illustrated in Fig. 2.6, with the dispersion being
circular in :x and :y and linear in � .8 The spin texture of these surface states is helical,
as indicated in Fig. 2.6 by the black arrows, with the spin oriented perpendicular to k,
which is called spin-momentum locking. From the helicity follows that the spin of an
electron traveling a closed loop around the Fermi surface must come back to its original
orientation, which leads to a non-trivial c Berry phase in the wave function. This c Berry
phase leads to a suppression of direct backscattering for surface state electrons, which
manifests in quantum transport experiments in a weak anti-localization effect, which
will be discussed in more detail in Sec. 3.2. The requirement of Kramers’ theorem that
the surface states are degenerate at k = 0 moreover prevents a gap opening induced by
perturbations that do not break TRS. The surface states are thus topologically protected
and hence termed topological surface states.

8Real material systems can show a deviation from the linear dispersion for k away from the Dirac point,
or a deformation of the circular behavior in the :x-:y-plane, which is called hexagonal warping [47].
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2.5 (Bi1−GSbG)2(Te1−HSeH)3 materials as three-dimensional topological insulators

Figure 2.7: Illustration for band
inversion in Bi2Se3. Starting
from the atomic levels (I), a mod-
ulation of the states is caused
by chemical bonding (II), crystal-
field splitting (III), and spin-orbit
coupling (IV). In stage (IV) a par-
ity inversion takes place that leads
to the non-trivial topology of the
material. Figure adapted from
Ref. [27].

2.5 (Bi1−GSbG)2(Te1−HSeH)3 materials as
three-dimensional topological insulators

In section 2.4.2 the most simple type of a three-dimensional topological insulator was
associated with a band inversion at the Γ-point in the Brillouin zone and the subsequent
emergence of a single Dirac cone around k = 0 at the surface. Manifestations of such a
3D TI system can be found within the (Bi1−GSbG)2(Te1−HSeH)3 material family. A standard
example is the binary alloy Bi2Se3, which was predicted to possess a spin-orbit coupling
induced band inversion at the Γ-point and hence a non-trivial topology hosting a single
Dirac cone in Ref. [27]. Following the reasoning of this publication, the appearance of a
band inversion in Bi2Se3 at the Γ-point can be illustrated using Fig. 2.7. The elements
bismuth and selenium haven an atomic number ZBi = 83 and ZSe = 34, respectively, and
an electron configuration of Bi:[Xe]4f145d106s26p3 and Se:[Ar]3d104s24p4. Thus, the
states near the Fermi surface mainly stem from p-orbitals. Starting from the atomic energy
levels, corresponding to stage (I) in Fig. 2.7, stage (II) includes the chemical bonding
between Bi and Se atoms, where the subsequent hybridization of the Bi and Se states
leads to a splitting of the atomic energy levels into 5 states. These states are labelled as��P1±x,y,z

〉
,
��P2±x,y,z

〉
, and

��P0−x,y,z
〉
, where ± respectively denotes an even (+) or odd parity

(-) of the state. A reduction of degeneracy of these states is induced by crystal field
splitting, sketched in area (III) of Fig. 2.7, separating the pz orbital from the px,y orbitals.
Finally, stage (IV) includes spin-orbit coupling, which ultimately leads to a respective
crossing of the Fermi level �F by the

���P1+z,↑
〉
,
���P1+z,↓

〉
levels and the

���P2−z,↑
〉
,
���P2−z,↓

〉
states

manifesting the parity inversion and hence rendering Bi2Se3 as a three-dimensional
topological insulator.
Underlying the theoretical predictions for the electronic structure provided in Ref. [27],
Bi2Se3 could be considered as a close to "ideal" 3D TI system for many types of
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2 Introduction to topological aspects in condensed matter theory

experimental applications, as the topologically protected Dirac states reside in the center
of a comparatively large bulk band gap, intersected by the Fermi level directly in the Dirac
point. The three other binary compounds from the (Bi1−GSbG)2(Te1−HSeH)3 family, Bi2Te3,
Sb2Te3, and Sb2Se3 show less favorable electronic characteristics, with, for example, a
smaller bulk energy gap in Sb2Te3 or a shift of the Dirac point below the valence band
edge for Bi2Te3. The compound Sb2Se3 is predicted in Ref. [27] to be a trivial insulator,
which will play an important role in chapter 9 of the experimental part of this thesis.
Lastly, while especially the prototypical Bi2Se3 provides a promising basis for the
experimental investigation of three-dimensional topological insulators, an important aspect
for all materials from (Bi1−GSbG)2(Te1−HSeH)3 family is the complex defect chemistry.
Naturally occurring atomic vacancies and anti-sites within the crystal lattice can lead to
large unintentional and hardly controllable doping of the material. In Bi2Se3, for example,
this causes a shift of the Fermi level from the theoretically predicted position within the
bulk energy gap to the bulk conduction band, preventing the full exploitation of the unique
physics of the topological surface states. This motivates the concept of band structure
engineering, which lies at the core of the experimental investigations presented in this
thesis. Expanding, for example, the (Bi1−GSbG)2(Te1−HSeH)3 material from a pure binary
compound to a tertiary or quaternary alloy largely influences all aspects of the electronic
structure of the 3D TI and can particularly yield a compensation of unintentional bulk
doping. The same goal can be approached by creating TI heterostructures of opposite
excess dopant type, aiming to create a depletion zone within the bulk of the TI material.
More details on such band structure engineering approaches and the obtained experimental
results, will be discussed in part III of this thesis.
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Electronic transport

3
The key instrument to characterize the topological insulator samples investigated in this
thesis are electronic transport experiments. In such measurements a complex behavior
of a typical TI sample can be expected, as transport can be mediated by a mixture of
different kinds of bulk and possible surface state contributions that moreover underlie
influences of classical as well as quantum mechanical effects. Thus, to provide a thorough
analysis of the experimental data presented in this thesis, a good understanding of the
underlying theory of electronic transport in solids is necessary, for which the following
sections aim to provide a basis. First, section 3.1 will discuss the semi-classical Drude
theory of electronic transport of metals and semiconductors, especially in terms of their
dependencies on temperature and external magnetic fields. The presented overviewmainly
follows Refs. [48–50], where extensive reviews of the topic can be found. Then, section
3.2 will consider the influence of quantum interference effects. After introducing the
notion of phase coherence of electronic wave functions, possible quantum corrections to a
systems’ conductivity induced by weak anti-localization and electron-electron interactions
will be discussed.

3.1 Semi-classical description
In a semi-classical approach to describe the electronic transport in solids, the conduction
electrons are modelled as packets of superimposed Bloch waves moving through the
periodic potential of the crystal lattice. In an ideal crystal at ) = 0K, the packets travel
unimpeded. Crystal defects, (charged) impurities, and phonons at non-zero temperature,
however, lead to scattering of the electrons. The mean free path ℓ is defined as the
distance traveled by the electrons between two scattering events and is connected to the
respective mean free time g via ℓ = Ethg, with the average thermal velocity of the electron
Eth. Without external forces, the electrons move randomly within the material and no
current is observed. Biasing the system with an electric field E, however, creates a net
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ballistic diffusive

L L

a) b)

Figure 3.1: Illustration of transport regimes in a system of size !. a) Ballistic
transport for ℓ � !. b) Diffusive transport for ℓ � !

transport of electrons where the density of scattering centers separates two fundamental
regimes. As illustrated in Fig. 3.1, for a scarce number of scattering events, the mean free
path ℓ is much larger than the system size ! and the transport is ballistic. On the contrary,
the transport is diffusive, if ℓ � !. In the diffusive regime, the ensemble of # electrons
on average acquires a drift velocity vd that leads to a net electric current of density

j = −|4 |=vd = −
|4 |=
#

#∑
8=1

vi (3.1)

Here, 4 is the elementary charge and = the electron density. The conductivity f, or
respectively the resistivity d, of the system can then be defined by Ohm’s law as

f =
1
d
=

j
E
. (3.2)

3.1.1 Diffusive transport in metals and semiconductors

Metals
In metals, the overlap of conduction and valence band leads to a presence of free electrons
at the Fermi surface that mediate the electronic transport. The resistivity of a metal is
therefore determined by the scattering events mentioned above, i.e. lattice imperfections
and especially phonons. According to Matthiessen’s rule, the total resistivity of the
material is obtained by the summation of single resistivities d8 of the 8-th scattering
channel:

d =
∑
8

di. (3.3)

With respect to temperature ) , the effective resistivity of a metal can then be dissected
into

d()) = dR + dT()), (3.4)
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3.1 Semi-classical description

with the temperature-independent residual resistance dR and the temperature-dependent
resistance dT. The main contribution to dT are thermally activated phonons with
resistivity

dph()) = d0

(
)

)0

)=
, (3.5)

where d0 is the resistivity at the reference temperature )0. Typically, above the critical
Debye temperature )D, a linear dependence of the resistivity on temperature is observed,
hence = = 1. For ) < )D, the scattering of conduction electrons with phonons becomes
less efficient and = = 5. Due to saturation of the phonon contribution and hence dT, the
resistivity of the system approaches dR for ) � )D.

Semiconductors
For semiconductors, the above mentioned scattering processes and their influence on
the resistivity are still valid. However, in contrast to metals, the ability of electrical
conduction in semiconductors is highly dependent on the density = of available charge
carriers. For intrinsic semiconductors with an activation energyΔ, = depends exponentially
on temperature:

= ∼ exp(−Δ/2:B)). (3.6)

Therefore, the resistivity increases with decreasing ) due to the freeze out of thermally
activated carriers. Another distinctive feature of semiconductors is the possibility of
ambipolar transport of electrons and holes. Applying an electric field E to a sample
creates a current density j according to Eq. (3.2), where f generalizes to

f = @e=e`e + @h=h`h. (3.7)

Here, =i and `i are the density and mobility of electrons (i=e) and holes (i=h) and @i
denotes the respective charge with @h = −@e = 4. The temperature dependencies and the
ratio of contributing charge carrier types in semiconductors can furthermore be largely
influenced by extrinsic doping of the material. Usually, the charge carrier density of
intrinsic semiconductors is comparatively low and hence their resistivities are much larger
than that of metals. By addition of dopants, however, the charge carrier density can
be increased by orders of magnitude, leading to an almost metal-like conduction in the
extreme case. If the dopants are donors, the dominant charge carriers are electrons. For
acceptors the current is carried by holes.

3.1.2 Diffusive transport in magnetic fields

Applying an electric and a magnetic field B to the system leads to an additional Lorentz
force acting on the charge carriers. For an ensemble of carriers inside a solid, this modifies
the mean drift velocity vD = 〈v〉 introduced in Eq. (3.1) to

vD =
@ig

<
(E + vD × B), (3.8)
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where < is the effective carrier mass and @i is the elemental charge, being negative
for electrons (@e = −4) and positive for holes (@h = 4). With the cyclotron frequency
lc =

|e|�
<

and choosing B = (0, 0, �z), vD can be dissected into its cartesian components

vx
D = −lcg

(
�x
�z
+ vy

D

)
, (3.9a)

vy
D = −lcg

(
�y

�z
+ vx

D

)
, (3.9b)

vz
D = −lcg

(
�z
�z

)
. (3.9c)

Using this and the Eqs. (3.1) and (3.2) introduced above yields a current density for a
solid in electric and magnetic fields of

©­­­«
9x

9y

9z

ª®®®¬ =
f0

1 + l2
cg

2

©­­­«
1 −lcg 0

+lcg 1 0
0 0 1 + l2

cg
2

ª®®®¬
©­­­«
�x

�y

�z

ª®®®¬ . (3.10)

In absence of a magnetic field, lc is zero and Eq. (3.10) reproduces Eq. (3.2)
with the conductivity f0. From this expression, important relations of the Hall- and
magnetoresistance-effects can be derived.

Hall effect
Choosing E = (�x, 0, 0) creates a current density j = ( 9x, 0, 0). With B = (0, 0, �z)
the charge carriers are deflected in y-direction by the Lorentz force, giving rise to an
electric field �y. The Hall field �y builds up until the created electric force FE = @iEy
compensates the Lorentz force FL = @i(vD × B). Hence, 9y = 0 for the stationary case
and from Eq. (3.10) follows

�y = −lcg�x =
@i�zg

<

9x
f0

= 'H�z 9x, (3.11)

with the Hall coefficient 'H. For conduction in metals or highly doped semiconductors,
where the density of one type is much larger than the other, it is given by

'H =
1
=@i

, (3.12)

with the charge carrier density = and its sign being determined by the sign of @i depending
on the charge carrier type. If the current density 9x is carried by electrons and holes, the
derivation becomes more complicated. The total current density is then given by the sum
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3.1 Semi-classical description

of two densities j1,x and j2,x, yielding two equations of the type of relation (3.10). In this
case, the Hall coefficient takes the form

'H =
=h`

2
h − =e`

2
e

|4 | (=h`h + =e`e)
. (3.13)

Due to their opposite charge and opposite drift velocity, both charge carrier types will be
deflected in the same direction, leading to a (partial) compensation. The dominant charge
carrier type depends on the respective density =i and mobility `i of the electrons and
holes and manifests in the sign of 'H. In the chosen geometry, a longitudinal conductivity
fxx along the x-axis and a perpendicular Hall conductivity fxy can be defined and Eq.
(3.10) is transformed to (

9x

9y

)
=

(
fxx −fxy,

fxy fxx

) (
�x

�y

)
. (3.14)

For an arbitrary number # of contributing transport channels they can be obtained as [51,
52]

fxx =

#∑
8

|@8 · =8 · `8 |
1 + (`8 · �)2

(3.15a)

fxy =

#∑
8

@8 · =8 · `2
8
· �

1 + (`8 · �)2
, (3.15b)

The respective longitudinal and Hall resistivities are obtained by tensor inversion that
yields

dxx =
fxx

f2
xx + f2

xy
, (3.16a)

dxy =
fxy

f2
xx + f2

xy
. (3.16b)

Classical magnetoresistance effects
In general, the relative magnetoresistance is defined as the percentage change of the
longitudinal resistance dxx with applied magnetic field:

MRrel =
dxx(�) − dxx(0)

dxx(0)
=
Xdxx(�)
dxx(0)

. (3.17)
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Choosing againE = (�x, 0, 0) andB = (0, 0, �z) and assuming only a single type of freely
moving carriers contributing to 9x, it is easily shown that MRrel = 0: for the stationary
case, equation (3.10) yields lcg�x + �y = 0 and it follows by inserting this expression of
�y into Eq. (3.10)

9x =
f0

1 + l2
cg

2
(�x − lcg�y) =

f0

1 + l2
cg

2
(�x + l2

cg
2�x) = f0�x. (3.18)

The current density 9x and hence dxx are not dependent on �, since, as stated above, the
Lorentz force and the electric force created by the Hall field exactly cancel. As for the
Hall effect discussed above, the situation for the longitudinal resistance complicates, if
multiple transport channels are present. For two charge carrier types with respective Hall
coefficients 'H,1 and 'H,2, a general expression can be derived:

dxx(�) =
dxx,1dxx,2(dxx,1 + dxx,2) + (dxx,1'

2
H,2 + dxx,2'

2
H,1)�

2

(dxx,1 + dxx,2)2 + ('H,1 + 'H,2)2�2 . (3.19)

If 'H,1 = 'H,2, the system effectively resembles the single carrier case and Eq. (3.19)
is independent of �. However, for e.g. compensated metals, where 'H,1 = −'H,2 and
dxx,1 = dxx,2, both dxx(�) and MRrel are proportional to �2.
Naturally, these specific examples can not account for the experimental observations of
a measurable positive magnetoresistance in most non-magnetic metallic systems and
the presented model is too simplified. A more general, empirical description of the
magnetoresistance in metals is provided by Kohler’s rule. It states that

Δdxx(�)
dxx(0)

= �

(
�

dxx(0)

)
, (3.20)

where the function � is material specific. Since the magnetoresistance should not depend
on the sign of the magnetic field, � can only contain even powers of �. Hence, for small
fields, MRrel ∼ �2.

3.2 Quantum interference effects

At the beginning of chapter 3.1, two characteristic length scales, the system size ! and the
mean free path ℓ, were introduced to separate ballistic from diffusive transport. Especially
at low temperatures, when quantum effects of the electrons’ wave nature become important,
the phase coherence length ;i defines an additional quantum diffusive regime, if ℓ � !

and ℓ � ;i. In classical diffusive transport, the electrons are assumed to follow classical
trajectories in between scattering events. This assumption breaks down in the quantum
diffusive regime, where interference effects of coherent electron wave functions have to
be taken into account. The condition ℓ � ;i implies that the conduction electrons of
the system are scattered many times during the transport before they lose their phase
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3.2 Quantum interference effects

coherence. This causes two types of quantum corrections to the classical conductivity:
first, an electron can essentially interfere with itself, when its path intersects itself to from
a closed loop. Depending on the sign of this interference and considering the subsequent
effect on the conductivity, this is called weak localization or weak anti-localization. On
the other hand, also the interaction between different electrons, the electron-electron
interaction (EEI), influences the transport behavior and provides a second correction term
to the conductivity. As will be discussed below, both effects not only show a characteristic
dependence on temperature, but also on external magnetic fields. Before introducing
the quantum corrections to conductivity, however, a more thorough definition of phase
coherence and a brief overview of decoherence mechanisms will be given.

3.2.1 Phase coherence and dephasing mechanisms

When describing dynamical processes such as scattering, a time dependent treatment of
the quantum mechanical system is necessary. The wave function Ψ(r, C) of an electron in
a static potential then reads [53]

Ψ(r, C) = k(r)e−8lC = k(r)e−8nC/~ = k(r)e−8i(C) , (3.21)

where k(r) is the time-independent wave function, l the frequency, n the electron’s
energy, C the time variable, ~ the reduced Planck constant, and i(C) = nC/~ the phase
factor. For elastic scattering events from the static disorder of the lattice, where the
electron energy n remains constant, the term e−8nC/~ does not change. The time and the
distance travelled between such events are the mean free time g and path ℓ introduced
above. If, however, interactions causing energy transfer with the environment are present,
the variation of n causes a variation of e−8nC/~. Here, the time and distance the electron
travels before a significant change of n , are the phase coherence time gi and length ;i.
The two quantities are connected via the diffusion constant � following

;i =
√
�gi. (3.22)

The phase of a wave function is no physical observable and only the phase difference Δi
of two waves is well defined [54]. The energy exchange with the environment Δn becomes
significant to dephase two originally coherent wave functions, when Δi ≈ Δl

2c gi ≈ c
and hence Δn = ~l ≈ ℎ

gi
c [55]. The processes responsible for the change of energy are

inelastic electron-phonon and inelastic electron-electron scattering, as well as electron-
electron interactions with small energy transfer. Above temperatures of a few Kelvin, the
inelastic scattering events with energy transfer of order of ≈ :B) usually dominate. For
lower temperatures and especially in reduced dimensions, however, the EEI causing only
small energy variations, which is hence termed quasi-elastic, often determines gi [54–56].
It can be interpreted as the interaction of an electron with the fluctuating electromagnetic
field created by the ensemble of other electrons, the Nyquist noise [56]. This quasi-elastic
process can significantly contribute to dephasing, since the requirement of Δn ≈ ℎ

gi
c to
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Figure 3.2: Exemplary toy model for dephasing by Nyquist noise. a) Propagation
of two partial waves along paths 1 and 2 in a time-varying electric field E(C).
To travel from point A to B the partial waves take the time C∗ that equals the
periodicity of E(t) as indicated in b). Figure adapted from Ref. [55].

cause wave decoherence is orders of magnitude smaller than :B) . For a more intuitive
understanding of how Nyquist noise leads to dephasing, the following will discuss a toy
model of two partial waves in a time-varying electric field E(C) introduced in Ref. [55]
and illustrated in Fig. 3.2. An electron wave shall come in from the left entering E(C). It
splits into two partial waves at point A that travel along paths 1 and 2, elastically scatter
at points C and D at time C = C∗/2, respectively, and recombine at point B after a time C∗
that is equivalent to the periodicity of E(C). When the propagation of one of the waves
is perpendicular to the electric field, its energy does not change. On path 2 the electron
wave moves parallel to E(C) travelling from point A to D and its energy decreases due to
its negative charge. Partial wave 1, however, moves from C to B after the time C∗/2, when
E(C) has changed sign as indicated in Fig. 3.2 b). Its energy hence increases and the two
waves have dephased when recombining at point B. Obviously, this artificial model only
serves as an illustration. In a real system any kind of interaction between electrons and a
fluctuating electromagnetic field can lead to dephasing of electron waves and, importantly,
no inelastic scattering events with large energy transfer are necessary.
An experimental method to determine quantitative values for ;i are quantum transport
measurements in external magnetic fields. The quantum interference effects, that will be
discussed in the preceding section, lead to a correction of the classical conductivity, but
are destroyed in external magnetic fields. The magnitude of the magnetic field necessary
to suppress the quantum interference is directly correlated to ;i. The temperature
dependence of the obtained values then allows to draw conclusions on the underlying
dominant dephasing process. Usually, the phase coherence length follows a power law in
temperature, i.e. ;i ∼ ) ?, where p depends not only on the dephasing process, but also
on the dimensionality of the system. The quasi-elastic EEI for example leads to ? = 1

3 in
one-, ? = 1

2 in two-, and ? = 3
2 in three dimensions [56, 57].
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a) b)
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Figure 3.3: Illustration of electron trajectories in the quantum diffusive regime.
a) Two arbitrary trajectories with probability amplitudes �1 and �2 from point
r to r´. b) A closed loop with r = r´, where the two trajectories have the same
amplitude (�1 = �2), but opposite propagation direction (adapted from Ref.
[58]).

3.2.2 Weak localization and weak anti-localization: the
Hikami-Larkin-Nagaoka theory

Interference between coherent electron waves in the quantum diffusive transport regime
can have a pronounced effect on the classical conductivity introduced in Ch. 3.1.
Semiclassically and disregarding the electron spin, the total probability %(r, r’, C) for an
electron to diffuse from point r to r’ during the time C is given by the squared magnitude
of the sum over all individual probability amplitudes �= of the = possible trajectories
[58]:

%(r, r’, C) =
�����∑
=

�=

�����2 . (3.23)

In the quantum diffusive regime, however, where an electron elastically scatters many
times before losing its phase coherence (ℓ � ;i), additional interference terms between
trajectories have to be considered and Eq. (3.23) expands to

%(r, r’, C) =
�����∑
=

�=

�����2 = ∑
=

|�= |2︸    ︷︷    ︸
semiclassical

+
∑
=≠<

�=�
∗
<︸     ︷︷     ︸

quantum interference

. (3.24)

Consider arbitrary pairs of two partial wave trajectories with amplitudes �1 and �2
between points r and r’. In the case sketched in Fig. 3.3 a), where r ≠ r’, the interference
terms are always negligible, because the trajectories 1 and 2 generally have uncorrelated
phases. In the summation over all possible pairs to obtain the total probability % the
interference contributions then average out. For closed loops with r = r’ illustrated in
Fig. 3.3 b), however, every trajectory can be paired with its respective time-reversed path
of opposite propagation direction such that �1 = �2 ≡ �. The contribution to %(r, r’, C)
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of one such pair is given by

|�1 + �2 |2 = |�1 |2 + |�2 |2 + �1�
∗
2 + �

∗
1�2. (3.25)

If the time C to cover the trajectory is larger than gi, the interference terms again do not
contribute and % = 2|�|2. However, for C < gi, the time-reversed partial waves coherently
interfere at r = r’ and the probability is doubled to 4|�|2. In a spin-less consideration, this
is always equivalent to an enhanced back scattering probability leading to a decrease of
the system’s conductivity [50, 53, 54, 58]. This effect is hence termed weak localization
(WL). For a two-dimensional film the absolute correction XfWL to the conductivity f is
given by [53]

XfWL = −
∫ gi

g

3C
42

cℎ
· 1
C
= − 4

2

cℎ
ln

(gi
g

)
= −2

42

cℎ
ln

(
;i

ℓ

)
. (3.26)

For the last equality, relation (3.22) and ℓ =
√
�g for the mean free path ℓ was used.

When considering the electron spin, a more thorough treatment is necessary. Now, each
trajectory contains two electrons of opposite spin projection of ±1

2 , that each generate
a pair of waves. If the spin projections remain unchanged, each wave interferes at the
starting point with its complementary time-reversed counterpart as discussed above.
However, in the presence of spin-orbit coupling (SOC) the spin can be flipped by an
elastic scattering event and the two pairs of waves mix. This mixing can be modelled
by Cooperon quasi-particles that consist of pairs of electron states before and after back
scattering. The wave function � 9 ,< of such a Cooperon therefore has four components
[53]:

� 9 ,< =
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k
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(3.27)

where the k (8)B are the wave functions of the first (8 = 1) and second (8 = 2) electron and
B = (+,−) denotes the electron spin of +1

2 and −1
2 , respectively. The subscripts 9 and <

of � 9 ,< are the quantum number for the total angular momentum and its projection. The
first row of Eq. (3.27) has zero angular momentum and represents the singlet channel of
the Cooperon, the remaining rows form the triplet channel with 9 = 1. For the correction
to the conductivity Xf now the sum of interferences of all four components has to be
considered and equation (3.26) is modified to [53]

Xf = −
∫ gi

g

3C
42

cℎ
· 1
C

(
3
2

e−C/gso − 1
2

)
. (3.28)
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3.2 Quantum interference effects

The parameter gso denotes the characteristic time until a spin-flip occurs during the
diffusive motion of the electron. Since not every elastic scattering event causes the spin to
flip, it is much larger than the mean free time, i.e. gso � g. The second term in the brackets
within the integral of Eq. (3.28), −1

2 , stems from the singlet channel of the Cooperon,
whereas the term 3

2e−C/gso accounts for the triplet and depends on the strength of spin-orbit
coupling that determines gso. For C � gso, the factor e−C/gso = 1 and Eq. (3.28) reproduces
the essentially spin-less case of weak localization given in equation (3.26). However, if
the SOC is strong and hence gso � C < gi, the exponential function goes to zero and the
bracket in Eq. (3.28) yields a factor of −1

2 . In this case, the quantum interference hence
changes the sign of Xf and therefore increases the conductivity with half magnitude.
This effect is termed weak anti-localization (WAL). Reducing the consideration to these
two extreme cases with respect to spin-orbit coupling, thus allows to define a parameter U
that modifies the quantum correction derived for weak localization in Eq. (3.26) by

Xf = U · XfWL, (3.29)

with U = 1 for weak and U = −1
2 for strong spin-orbit coupling.

To provide a qualitative but more intuitive picture: as mentioned above, the triplet channel
of the Cooperon causes a positive, the singlet a negative contribution to U. Without
spin-orbit coupling, the triplets outnumber the singlets, U is positive and localization is
observed. However, in the presence of strong SOC the triplet channels are "destroyed",
since it acts like a spin-dependent scattering. The singlet channel with 9 = 0, on the other
hand, is unaffected and the quantum interference leads to a positive correction to the
conductivity [59]. This possible crossover from WL to WAL for systems with increasing
spin-orbit coupling was shown for the first time in Ref. [60] for thin film systems by
Hikami, Larkin, and Nagaoka. Therein, the case U = 1 is termed orthogonal and the
anti-localization regime with U = −1

2 is called simplectic. The unitary case defined in Ref.
[60] for systems with strong magnetic scattering and U = 0 will not be regarded in this
thesis. Variation of the temperature or the application of an external magnetic field both
affect the correction to the conductivity in a characteristic way. Experimentally, this can
not only be used to prove the presence of quantum interference, but also to gain insight
to certain material properties. To avoid later ambiguities, the quantum correction to the
conductivity caused by weak localization or weak anti-localization will be symbolized by
XfHLN in the following, where the WL or WAL origin enters the respective equations via
the pre-factor U.

Influence of temperature on %2HLN
The temperature does not explicitly modify XfHLN, but enters via the )-dependence of the
phase coherence. For the two-dimensional case, it was shown in Ch. 3.2.1 that ;i ∼ ) ?,
where ? is determined by the dephasing process. From Eqs. (3.26) and (3.28) hence
always follows

XfHLN ∼ −U? ln()). (3.30)
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The quantum correction effect is strongest at low temperatures. At high ) the conduction
electrons dephase too quickly and no coherent interference is possible. To provide an
explicit formula for XfHLN()), a characteristic temperature )0 has to be defined at which
the quantum correction vanishes. It follows [61]

XfHLN = −U?
42

cℎ
ln

(
)

)0

)
. (3.31)

Influence of a magnetic field on %2HLN
So far, the behavior of XfHLN has been considered in the absence of an external magnetic
field B. Under influence of B, the electrons travelling along a closed loop acquire an
additional Aharonov-Bohm phase factor iAB of [50, 53]

iAB = ± c
�(

Φ0
. (3.32)

Here, � is the magnitude of the magnetic field, Φ0 = h/24 is the magnetic flux quantum,
and ( the area of the enclosed loop projected to the plane perpendicular to B. The sign
of iAB depends on the propagation direction of the electron. Since the two interfering
waves travel the loop oppositely, they obtain a total phase difference of ΔiAB = 2|iAB |
that modifies the quantum interference terms in Eq. (3.25) such that [50]

|�1 + �2 |2 = |�1 |2 + |�2 |2 + 2|�1 | |�2 | cos(ΔiAB). (3.33)

Hence, the quantum interference term would remain unaffected for cos(ΔiAB) = 1, but
completely vanish for cos(ΔiAB) = 0. For a single loop with enclosed area (, this
would yield an oscillatory behavior of XfHLN in � with period Φ0. In a macroscopic
sample, however, many loops of different ( are present, the cosine thus averages to zero
for any � � 0, and the quantum interference is destroyed. Only around zero magnetic
field it is cos(ΔiAB) ≈ 1 for all ( and hence |XfHLN | > 0. This vanishing of the
quantum correction with an increasing magnetic field leads to the observation of a distinct
magnetoconductivity. The magnetic field range in which this effect is observed depends
on the magnitudes ( of the contributing loops. The boundaries of ( are approximately
given by ℓ2 . ( . ;2i, with ℓ being the mean free path [50]. Requiring ΔiAB = c, such
that the interference term in Eq. (3.33) entirely vanishes, therefore yields with Eq. (3.32)
a magnetic field range of

h
44;2i

. � .
h

44ℓ2 . (3.34)

The sign of XfHLN(�) depends on the type of quantum interference. In the case of
weak anti-localization, the conductivity is increased in the absence of a magnetic field.
When the effect is suppressed by � > 0, the conductivity hence decreases and a negative
magnetoconductivity is observed. The situation is opposite for weak localization. In Ref.
[60] Hikami, Larkin, and Nagaoka provide a theory that allows a quantitative analysis of
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3.2 Quantum interference effects

the quantum correction in two-dimensional systems accounting for both WL and WAL.
They derive the general formula

XfHLN(�) = f0 −
42
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) ]
,

(3.35)

for a two-dimensional sample in the x-y-plane and a perpendicular magnetic field along
the z-axis. Here, f0 is the classical conductivity at � = 0, k denotes the digamma
function, 1 = 44��/~, and the contained characteristic times are1

1
ge
=

1
g
+ 2
gx

so
+ 1
gz

so
, (3.36a)

1
g1
=

2
gx

so
+ 1
gz

so
+ 1
gi
, (3.36b)

1
g2
=

1
gi
, (3.36c)

1
g3
=

4
gx

so
+ 1
gi
. (3.36d)

The parameters gx
so and gz

so are the spin-flip times along the respective axis and ge is
the effective mean free time including corrections to g due to spin-orbit scattering. As
for the phase coherence given in Eq. (3.22), all characteristic times are connected with
the respective length via the diffusion constant � via ;i =

√
�gi. For large arguments

G the digamma function k(G) can be approximated by k(G) ≈ ln(G). Hence, when �
approaches zero, Eq. (3.35) goes to

XfHLN(�→ 0) =

f0 −
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2
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(3.37)

With equations (3.35) and (3.37) the magnetoconductivity caused by the quantum
interference ΔfHLN(�) = XfHLN(�) − XfHLN(� → 0) can therefore be calculated

1In the original formula given in Ref. [60] also spin-flips by scattering at magnetic impurities are
considered that enter the equation via a time gs. Since such magnetic scattering is not relevant in this
thesis, this parameter is disregarded in the given equations.
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by

ΔfHLN(�) =
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(3.38)

The term 1/1ge can be assumed to be large for all �, since ge is very small in the diffusive
regime. Hence, the terms containing ge in Eq. (8.2.3) cancel. Implementing the parameter
U as introduced above then simplifies the equation to

ΔfHLN(�) = U
42

2c2~

[
k
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2
+ 1
1gi

)
− ln

(
1
1gi

)]
, (3.39)

where U takes the same values as above. In the absence of spin-orbit scattering (orthogonal
case) with thus 1/gx

so = 1/gz
so = 0, Eq. (3.39) directly reproduces Eq. (8.2.3) for U = 1,

yielding a positive magnetoconductivity as expected for weak localization. In the
simplectic regime with large spin-orbit scattering and 1/g2 = 1/gi � 1/g1, 1/g3, U takes
the value −1

2 and a negative, WAL-type magnetoconductivity is observed. In the limits of
1gi Eq. (3.39) shows a quadratic or respectively a logarithmic behavior in �:

ΔfHLN =

{
∼ �2, 1gi � 1
∼ ln(�), 1gi � 1.

(3.40)

3.2.3 Conductivity corrections from electron-electron
interactions

Weak localization and anti-localization essentially stem from interferences of electrons
with themselves. In turn, also the interaction of wave functions of different electrons can
lead to a quantum correction to the classical Drude conductivity of the system. Within
the Landau theory of Fermi liquids even strong correlations between electrons in a metal
can be disregarded, since they merely lead to a renormalization of parameters like the
density of states [62]. However, the Landau theory requires a homogeneous system and
interactions between electrons can become important in the presence of disorder. Note
that the intricacies of the many-body treatment are highly complex and the following
will only provide a brief overview of the corrections to the conductivity originating
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3.2 Quantum interference effects

Figure 3.4: Schematic real space
illustration of electron-electron in-
teraction. Two electrons diffuse
from r1 to r′1 and r2 to r′2. If the
solid line trajectories cross twice
within a time C . ~/Δn they in-
terfere coherently with the dashed
line trajectories (adapted from Ref.
[65, 66]).

from interelectron interference, which are relevant for the discussion of the experimental
findings of this thesis. Extensive reviews can be found in Refs. [61, 63]. Within the
theoretical formalism, electron-electron interactions are usually further subdivided into a
Cooper- and a diffusion channel, sometimes also termed particle-particle and particle-hole
channel, respectively. For the consideration provided here the Cooperon channel can be
neglected [64]. Figure 3.4 visualizes the diffusion channel of the interaction simplified to
two electrons and highlights the importance of disorder.
Two electrons diffuse from left to right, respectively starting at r1 and r2, along the
trajectories marked by the solid lines to the points r′1 and r′2. The distances between
starting and end points are assumed to be much larger than the mean free path, such
that the trajectories undergo several scattering events and paths with one or multiple
crossings exist. Let the first crossing of the trajectories define the time C = C0 = 0. In
a ballistic regime the distance A between the electrons would increase with A ∼ EFC for
C > 0, where EF is the Fermi velocity. However, under diffusive conditions scattering
keeps the electrons closer together such that A ∼ EF

√
gC and the trajectories cross a second

time at C = C1 with a finite probability. The phase factor of an electron wave with energy
n was given above to be i(C) = nC/~. Hence, if C1 . ~/Δn , where Δn is the difference
of the electron energies, the two trajectories maintain coherence between the crossings
(assuming g < gi). The energy spectrum of diffusing electrons in a system at temperature
) is given by [53]

�F − :B) . n . �F + :B) (3.41)

and thus Δn ∼ :B) on average. With this, a characteristic time for the electron-electron
interaction gee can be defined as

gee ≈
~
:B)

. (3.42)

As already defined in the discussion of weak (anti-)localization (see Eq. (3.24)), the
probability %(r, r’, C) of a single electron to travel from r to r′ during the time C is given
by

%(r, r’, C) =
�����∑
=

�=

�����2 ,
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where �= is the probability amplitude of trajectory =. This can be rewritten to [65]

%(r, r’, C) =
�����∑
=

�=

�����2 = ∑
=,<

�+=�
−
<, (3.43)

with �− = (�+)∗. In a theoretical interpretation, �+ and �− can be viewed as the
amplitudes of a propagating electron and hole, respectively, justifying the denotation as
particle-hole channel [65].2 If only a single electron is considered, like in the description
of weak (anti-)localization, coherent interference of trajectories is only possible for closed,
time-reversed loops. In the case sketched Fig. 3.4 the situation slightly changes. Now,
the probability for two electrons to travel from r1 to r′1 and r2 to r′2 is given by [65]

%(r1, r′1, C)%(r2, r′2, C) ∼
∑
=,<,;,:

�+= (r1, r′1, C)�
−
< (r1, r′1, C)

× �+: (r2, r′2, C)�
−
; (r2, r′2, C),

(3.44)

which can be viewed as the propagation of two electron-hole pairs. Usually, all interference
terms contained in Eq. (3.44) would average out. As discussed above, however, if two
trajectories cross twice within a time C . ~/Δn , coherent interaction is possible. The
electron-hole pairs essentially "switch" at the crossing points, leading to the paths
represented by the dashed lines in Fig. 3.4). Solid- and dashed line trajectories interfere
and yield a quantum correction to the conductivity XfEEI that enhances for large disorder
and small Δn . The complexity behind the underlying processes becomes apparent, if one
takes into account that exchange as well as coulombic interactions need to be considered,
where an arbitrary amount of electrons are involved [61, 63–67].

Influence of temperature on %2EEI
From the definition of the relevant time scale gee ≈ ~/:B) the importance of temperature
) for XfEEI is obvious. By comparing the theoretical description provided for WL/WAL
and EEI, it is furthermore natural that the respective corrections to the conductivity show
a functional similarity. In Ref. [61, 63] XfEEI()) is derived in two dimensions to be

XfEEI = (1 −
3
4
�̃f)

42

cℎ
ln

(
)

)EEI

)
, (3.45)

where �̃f is an interaction, or also called Coulomb screening factor and )EEI is the
characteristic temperature, where the interaction effect vanishes.

2�+ is the complex conjugate of �−, but since both amplitudes "traverse" the trajectory in the same
direction and r ≠ r’ this is equivalent to the propagation of an electron and a hole. This also explains
the name diffusion channel.
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Influence of a magnetic field on %2EEI
The effect of a magnetic field reveals a difference between the quantum corrections to
the conductivity stemming from WL/WAL and EEI. In the case of electron-electron
interactions the Aharonov-Bohm phase acquired by the wave functions due to the
perpendicular component of a magnetic field cancels, since the two trajectories of the
upper- and, respectively, lower arm of Fig. 3.4 travel in the same direction. However,
the electron-electron interaction is spin-dependent and hence an applied magnetic field
influences the quantum correction by means of a Zeeman splitting of spin-up and spin-
down bands. The arising magnetoconductivity ΔfEEI(�,)) is always negative and is
itself dependent on temperature. In two-dimensional systems it is given by [61]

ΔfEEI(�,)) = XfEEI(�,)) − XfEEI(0, )) = −
42

~
�̃f

4c262(ℎ), (3.46)

where ℎ = 6`B�/:B) and 62(ℎ) is an integral function over the Fermi surface. It can be
numerically calculated to take the form

62(ℎ) =
{

0.084ℎ2, ℎ � 1
ln(ℎ/1.3), ℎ � 1.

Comparing this response to a magnetic field with the predicted dependence for weak (anti-)
localization within the HLN formalism (see Eq. (3.40)) reveals a qualitatively similar
behavior, being quadratic for small and logarithmic for large �. When the system is in
the simplectic regime accompanied by weak anti-localization, the magnetoconductivities
of WAL and EEI, furthermore, have the same sign. However, an important distinction
between the two effects lies in the sensitivity to the penetration angle of the magnetic
field. While for WL/WAL the magnetoconductivity is caused solely by the component
of the magnetic field perpendicular to the surface, the spin-splitting effect causing the
EEI response to � is isotropic. Note that the formula for ΔfEEI(�,)) given in Ref. [61]
was derived for systems without spin-orbit coupling. If mixing between spin-up and
spin-down channels is possible, the condition 6`B� � ~/gso must be fulfilled to observe
a variation of the conductivity correction by the applied field. Two mechanisms can
induce a deviation from the theoretically predicted isotropy of the effect: an anisotropy of
the g-factor and an anisotropy of the spin-orbit coupling within the material. This will
play an important role in Ch. 8 of the experimental part of this thesis.
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Epitaxy and methods





Molecular beam epitaxy

4
All samples presented and discussed in this thesis were grown by Dr. Matthias Kronseder
employing molecular beam epitaxy (MBE) in ultra high vacuum (UHV). Molecular beam
epitaxy of topological insulators provides several crucial advantages over other growth
techniques, such as the modified Bridgman method. Especially the quick growth of
samples with varying alloy stoichiometries and the ability to prepare thin films of precisely
adjustable thicknesses down to single layers are of crucial importance in this thesis.
Moreover, MBE easily allows the preparation of TI heterostructures for band-structure
engineering purposes, a concept that will be introduced in chapter 7 and that plays a
key role for the majority of results presented in this work. The unique setup of the
Regensburg MBE cluster further broadens the possibilities. In total, the cluster comprises
four dedicated chambers that are interconnected by a vacuum tube, as schematically
sketched in Fig. 4.1. The connecting tube allows the in-situ transfer of samples between
the chamber of the system, which can, for example, be utilized to create topological
insulator/ferromagnet heterostructures or the coating of semiconductor nanowires with
topological insulator shells creating the platform for further experiments basing on the
results of this thesis. Especially relevant for the samples of this work, the metals/oxides
chamber is utilized to cap every sample, with a thin layer of aluminium oxide (AlOx) to
prevent uncontrolled oxidation of the surface in ambient conditions.
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4 Molecular beam epitaxy

Figure 4.1: Technical drawing of the Regensburg MBE cluster with its four
chambers dedicated to silicon/germanium (Si/Ge), topological insulator (TI),
metals/oxides (M/O) and III-V semiconductor (III-V) growth.

4.1 MBE chambers

4.1.1 Topological insulator chamber

The chamber dedicated to the growth of topological insulators is of type RIBER 32. With
a filled ℓN2-shroud a base pressure below 3 · 10−11 mbar is reached. Among others, it
contains the materials bismuth, selenium, tellurium, and antimony, which are relevant
for this thesis. With the exception of antimony, the elements are evaporated by standard
Knudsen cells, where the effusion flux is adjusted by regulating the temperature of the
crucible via heating filaments. Evaporation of antimony is facilitated by a more complex
thermal cracker cell, which is necessary to guarantee the effusion of smaller Sb molecules
instead of large clusters. The cell consists of a reservoir containing the Sb crucible and a
cracker stage that can be heated individually. The reservoir is brought to the antimony
sublimation temperature and the escaping flux of Sb molecules is controlled by a valve and
guided to the cracker stage by an injector tube. At the tip of the cracker stage, that is heated
to much higher temperatures than the reservoir, the Sb clusters are dissected to mainly Sb2
molecules and evaporated into the chamber. The fluxes of all materials are determined by
commercial Bayard-Alpert gauges. The manipulator installed in this chamber is equipped
with a tantalum filament for heating of the substrate and is dedicated for sample holders
for two-inch wafers. For monitoring the growth procedure the chamber is equipped with
a reflection high-energy electron diffraction (RHEED) gun (see below).
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4.1.2 Metal/oxide chamber

The metal/oxide chamber of type Createc RS-3 is used for evaporating the AlOx capping
layer implemented for all samples. As for the TI chamber, it also contains a ℓN2 shroud
and a base pressure of < 9 · 10−11 mbar can be reached. For the capping layer a home-built
e-beam source is used to evaporate AlOx from a tablet of pressed powder. The material
fluxes in this chamber are determined by the frequency modulation of quartz oscillators
due to material deposition. Like the TI chamber, the M/O MBE is equipped with a
RHEED gun and the manipulator is heated by a tantalum filament and can carry wafers
up to two inches. A shutter can be adjusted such that the sample is exposed only partially
to the respective material flux. This is crucial, since in every growth run one TI sample is
prepared, where a small stripe is shielded from the AlOx exposure to allow post-growth
determination of the sample’s material composition via X-ray photoelectron spectroscopy
(XPS) and the investigation of the topography of the pristine surface by means of atomic
force microscopy (AFM) (see below).

4.2 Growth procedure

The following will provide an overview over the general growth procedure, detailed
parameters utilized for the respective TI samples can be found in appendix A.
After the SrTiO3 substrates are transferred into the UHV of the TI MBE chamber via a
load lock and placed onto the manipulator, a pre-growth preparation routine is applied to
remove possible contamination and to saturate dangling bonds to improve the interface
with the subsequently grown TI material. The substrate temperature for the epitaxial
process, set by the heating filament of the manipulator, has to be carefully adjusted. If it
is too low, no single crystalline growth is possible, but if it is too high the evaporated
atoms won’t stick to the substrate surface. The sticking coefficient essentially specifies
the probability of an impinging atom to stick to a surface and is not only dependent on
the temperature, but also on structural details of the surface and the type and kinetic
energy of the atom [68, 69]. Together with the provided fluxes of the used elements, this
sticking coefficient determines the final composition of the TI sample. The fluxes are
adjustable by the temperature of the Knudsen cells in the case of Bi, Se, and Te and by
the valve opening of the cracker cell for Sb. The adjustment of the fluxes to precisely
yield the targeted stoichiometry is highly complex and based on empirical values obtained
from post-growth investigations of sample compositions via XPS. Due to a much lower
sticking coefficient of tellurium and selenium at the used growth temperatures, the growth
of the (Bi,Sb)2(Te,Se)3 V-VI compounds has to be performed in an overpressure regime
of the group VI element. The V:VI ratio lies between at least 1:3 and approximately 1:10.
Moreover, the experimental investigations presented in this thesis not only rely on fine
adjustment of TI stoichiometry, but also on precise modulation of sample thicknesses. In
principle, the thickness is varied simply by the growth time. However, since the growth
time per QL depends on the fluxes of the single elements, it is dependent on the desired
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stoichiometry and must be obtained from RHEED oscillations (see below), that are
visible in our growth procedure even during rotated growth that is necessary to guarantee
homogeneous exposure of the substrate. After the required thickness is reached, the
samples are annealed under remaining group VI element overpressure and then transferred
in-situ via the vacuum tube to the metal/oxide chamber. There, usually one of the three
samples is covered by a 10 nm film of permalloy for spin-pumping experiments1, before
all three samples are capped by a 7 nm layer of inert AlOx for controlled passivation
of the surface. As mentioned above, a small stripe of one of the samples without the
FM layer is shielded from the AlOx exposure. After transferring the samples out of the
MBE system, this stripe of pristine TI is used to verify the targeted stoichiometry by XPS
and to image the surface topography via AFM. To prevent surface contamination, the
sample is introduced into the vacuum environment of the XPS setup immediately after it
is unloaded from the MBE, usually on a time scale below 15 minutes.

4.3 Growth monitoring

The complexity of the epitaxial preparation of the TI films requires thorough monitoring
to enable sufficient sample quality and reproducible results. RHEED imaging is used
to examine the TI crystallinity and to adjust the sample thickness, while XPS allows the
precise determination of the sample stoichiometry. Like the growth procedure itself, these
tools were applied by Dr. Matthias Kronseder.

4.3.1 Reflection high-energy electron diffraction

Basic principle
Reflection high-energy electron diffraction (RHEED) is a standard auxiliary tool for
molecular beam epitaxy and all chambers of the Regensburg MBE cluster are equipped
with the respective setup. The basic operating principle is sketched in Fig. 4.2 a). The
sample is mounted to the manipulator and an electron beam generated by an electron gun
(e-gun) of 15-20 keV is focussed onto the sample surface. Due to the gracing incidence
angle, the beam gets deflected only by the topmost surface layer and the diffraction pattern
gets converted into photons by a fluorescent screen and recorded by a CCD camera. From
the obtained diffraction pattern conclusions concerning the sample’s crystallinity and
surface structure can be drawn [70].

Typical patterns
Typical RHEED patterns are displayed in Fig. 4.2 b) - d). For a perfect two-dimensional
surface and ideal measurement conditions the electron beam would be diffracted onto
spots on the zeroth order Laue circle above the shadow edge as indicated in the right

1Performed within a collaboration by the Group of Prof. Dr. C. H. Back of the Technical University of
Munich.
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Figure 4.2: a) Basic principle of RHEED imaging. b) - c) Illustration of expected
patterns for single crystal- (a), 3D island- (b), and poly-crystalline growth (c).
Adapted from [70, 71].
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panel of sub-figure b). Small imperfections, however, lead to an elongation of the spots
into stripes. If a single crystalline sample has a three-dimensional surface, a regular
pattern of spots away from the Laue circle (c) can be observed in the RHEED image. In
the poly-crystalline case, sketched in panel d), where the sample consists of randomly
distributed crystallites with different orientations, the diffraction yields a pattern of
concentric rings. More details on the RHEED operating principle and the origin of the
introduced diffraction patterns can be found in Refs. [70–73]. Such RHEED images
have been obtained for every TI sample and only those samples showing the desired
stripe patterns as shown in panel b) indicating single crystal growth were used for further
experimental investigations.

Thickness determination
A further key capability of RHEED imaging is the tracking of sample thickness during
the growth process by evaluating intensity oscillations of the mirror beam. If the crystal
grows layer-by-layer, the mirror spot will reach its maximal intensity when the surface is
completely closed. In between fully closed layers the intensity decreases and is minimal
for half closed surfaces. Hence, the number of grown layers can be determined by
counting the number of maxima of the obtained RHEED oscillations [70].

4.3.2 X-ray photoelectron spectroscopy

While no X-ray photoelectron spectroscopy (XPS) measurements will be directly shown
in this thesis, the basic principle is still briefly introduced in the following, since this tool
plays an important role for the calibration of the MBE beam fluxes to yield the desired TI
stoichiometry, as well as validate the targeted composition after the growth process. Very
similar to angle-resolved photoemission spectroscopy (see below), XPS is based on the
photoelectric effect. The sample is exposed to electromagnetic X-ray radiation leading to
an ejection of electrons from the surface-near layers. The kinetic energy �kin of these
photoelectrons is measured using a hemispherical analyser allowing to obtain the binding
energy �bin via

�bin = ℎa −Φ − �kin, (4.1)

where ℎ is Planck’s constant, a the X-ray frequency and Φ the work function of the
detector. This binding energy is characteristic for the atom the electron was bound
to. Hence, by statistical analysis of the binding energies of the collected electrons the
elemental composition of the sample can be determined. Extensive information about
this technique can be found, for example, in Refs. [74–76].
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5
The following chapter is dedicated to the measurement methods and setups utilized in this
thesis. Magnetotransport serves as the ideal tool to investigate the electronic properties
of the topological insulator samples. By varying the temperature down to cryogenic
conditions, applying static gate voltages or magnetic fields with varying angle, we not
only characterize our materials, but also obtain insight that helps to disentangle different
contributions to transport and creates the necessary feedback for the improvement of
the topological insulator quality throughout this thesis. In chapter 8, the same tools are,
furthermore, used to explore the rich field of contributions to magnetoresistance (MR) in
topological insulators, a crucial quantity for the understanding of electronic transport of
such materials. As additional characterization tools, atomic force microscopy (AFM) and
angle-resolved photoemission spectroscopy (ARPES) are used in this thesis to image the
samples’ surface topography and surface band structure, respectively.

5.1 Electronic transport measurements

5.1.1 Sample patterning and measurement geometry

To employ magnetotransport measurements, all samples were patterned into a Hall-bar
geometry under clean-room conditions. The preparation process is schematically pictured
in Fig. 5.1. The Hall-bar mesa is patterned by standard optical lithography, before the
surface areas uncovered by photoresist are etched by chemical assisted ion beam etching
(CAIBE), as illustrated in panel b). After removing remaining resist from the sample,
another lithography step is employed to allow e-beam evaporation of 10 nm titanium
and 100 gold onto the Hall-bar contact pads that are used for electrical contacting.
Detailed recipes of the patterning process are given in appendix B. The finished Hall-bar
is wire-bonded to a commercial 20-pin socket and used to perform standard four-point,
low-frequency lock-in measurements to obtain the longitudinal resistance 'xx and, if a
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Figure 5.1: Illustration of the patterning process. a) Optical lithography of
the resist covered sample using a shadow mas and ultra-violet (UV) light. b)
Chemical-assisted ion beam etching (CAIBE) using argon. c) Patterned Hall-bar
mesa after resist lift-off. d) Finished sample after electron beam evaporation of
10 nm titanium and 100 nm gold onto the contact pads.
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Figure 5.2: Optical photograph of the lithographically defined Hall-bar and
indicated connections for �SD,+xx,+xy, width F = 20 μm, and length ; = 300 μm.

perpendicular magnetic field B is applied, the horizontal Hall resistance 'xy of the TI
sample.
In the majority of the presented measurements, the internal oscillator of the lock-in
generates a sinusoidal AC voltage of 5V at a frequency of 7Hz that is transformed into a
current �SD via a pre-resistor at the lock-in output of usually 10MΩ. Figure 5.2 shows
an optical image of a finished Hall-bar device and the measurement geometry. The
current is applied between the source and drain contacts of the Hall-bar and measured
simultaneously with the longitudinal and horizontal voltage drops +xx and +xy to obtain
the resistances via

's = 'xx ·
F

;
=
+xx
�SD
· F
;

(5.1a)

'xy =
+xy

�SD
. (5.1b)

Here, the sheet resistance 's equals the measured longitudinal resistance 'xx normalized
to the Hall-bar geometry by the dimensionless factor F/;, with the width F = 20 μm and
length ; = 300 μm for the Hall-bars used in this thesis (see Fig. 5.2). To highlight this
normalization, 's is given in units of Ohms per square (Ω /�). In general, the sheet
conductance is given by [50]

�s =
's

'2
s + '2

xy
. (5.2)

In absence of a perpendicular magnetic field (⇒ 'xy = 0) or if 's � 'xy this simplifies to
�s = 1/'s. A more detailed description of the four-point method in a Hall-bar geometry
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can be found in e.g. Refs. [50, 77]. Throughout this thesis, such measurements have been
performed with respect to magnetic field, temperature, and static gate voltage. A detailed
measurement protocol including typical issues unique to the samples investigated will be
given in appendix C.

5.1.2 Comments on quantitative analysis of Hall
measurements

From a Hall-bar measurement in non-zero perpendicular magnetic field and underlying a
semiclassical, two-dimensional Drude model for electronic transport of a single channel,
one can in principle calculate the charge carrier density = and their respective mobility `
of a thin film as [50]

= =
1

@8 · 'xy/3�|�=0
, (5.3a)

` =
3'xy/3� |�=0

's(� = 0) , (5.3b)

where e is the elementary charge. In three dimensions, the charge carrier density and
mobility for a sample of thickness C take the form =3D = =/C and `3D = ` · C. However, the
situation becomes more complex, when more than one transport channel is contributing
to the electronic transport. Most generally, in a system consisting of # channels the
longitudinal and horizontal conductivities result from the summations [51, 52]

fxx =

#∑
8

|@8 · =8 · `8 |
1 + (`8 · �)2

, (5.4a)

fxy =

#∑
8

@8 · =8 · `2
8
· �

1 + (`8 · �)2
, (5.4b)

where each channel 8 contributes with a charge carrier density =8, mobility `8, and with
@8 = ±4 depending on the charge carrier type.
In research on topological insulators, where rarely only a single conduction channel is
present, often two- [78–81] or even three-band [82] models are fitted to 'xy to extract
quantitative values of = and ` for the respective channels. Such a procedure will not
be applied within this thesis for the following reasons: first, when assuming a single
conduction channel model, a completely horizontal behavior under applied magnetic
field, which is expected for TI samples with the Fermi level located near the charge
neutrality point, implies an infinite charge carrier density according to Eq. (5.3a), which
is un-physical [38, 83, 84]. Second, underlying a multi-channel Drude model introduces
at least four free parameters to the fit in the case of two channels (see Eq. (5.4b)), what
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Figure 5.3: Schematic drawing of a dual-gated device.

renders the obtained values unreliable [38, 52, 85]. Often, the zero-field value of 's is
used as a constraint to increase the fit’s precision, but this disregards strong influences
to 's by corrections to the conductivity like weak anti-localization or electron-electron
interaction. Measurements of 'xy are still valuable, however, since the sign of the slope
is determined by the dominant charge carrier type, providing additional insight into the
underlying band structure contributing to transport. Moreover, sign reversal helps to
monitor changes to the electronic properties introduced by gating or variation of the
sample thickness.

5.1.3 Gate dependent electronic transport

Besides investigating the electronic transport behavior under varying temperatures or
magnetic fields, electrostatic gating has been a key instrument employed in this thesis.
Similar to a classical capacitor, applying a potential difference between the gate electrode
and the sample leads to an accumulation or depletion of charge carriers in the TI by
means of the field effect, allowing to externally tune the electronic properties of the
topological insulators. The gating capability has been implemented in a back-gate (BG),
as well as a front-gate (FG) geometry. Figure 5.3 shows a schematic of a device with
both gates. To create a potential difference, a voltage +FG or +BG is applied to the FG or
BG electrode, respectively, while the sample is held at ground potential via the Hall-bar
contacts. An insulating, dielectric barrier separates both electrodes from the Hall-bar.
For the FG, this dielectric is a thin layer of SiO2/Al2O3 deposited by plasma-enhanced
chemical vapor deposition (PECVD) and atomic layer deposition (ALD), respectively,
and an electron beam evaporated Ti/Au electrode is placed directly above the Hall-bar
channel. Details on the preparation process and common issues will be given in appendix
B. To gain back-gate functionality, the majority of samples in this thesis were grown on
SrTiO3 (STO) substrates. Despite the large thickness of 500 μm, STO can function as the
dielectric barrier due to its ultrahigh relative permittivity nr at cryogenic temperatures [86,
87]. A scan of nSTO

r with respect to temperature will be shown in chapter 6. Rreliable
implementation of the BG is achieved by using conductive silver epoxy to glue the samples
to the likewise conductive bottom of the chip carrier that serves as the electrode.
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5.1.4 Magnetotransport measurement setups

Concerning magnetotransport, mainly two setups have been utilized for the presented
measurements. All TI samples were characterized by a standard protocol developed
in this thesis in a 4He dewar using a dipstick technique. For further investigations on
magnetoresistance effects, selected samples were examined using an Oxford Instruments
Spektromag SM-4000 cryostat.
4He dewar
In the 4He dewar system, a magnet rod equipped with superconducting coils capable of
generating magnetic fields up to ±5T is lowered directly into the liquid Helium (ℓHe)
bath. Using a needle valve, the magnet rod can be filled with ℓHe. The sample, glued to a
20-pin socket, is mounted to a dipstick that connects every contact of the socket to the
outside via coaxial cables and is inserted into the magnet rod such that the magnetic field is
oriented perpendicular to the sample. During lowering of the sample rod, the temperature
of the investigated TI steadily decreases from room temperature to 4.2K, measured by a
Lakeshore DT-600 silicon Diode, allowing to obtain the temperature dependence of the
sample resistance. The temperature data, as well as the obtained signals for, �SD, +xx, and
+xy measured by the connected lock-ins, is digitally transferred via a GPIB-interface to a
computer and evaluated by a Labview program. Continuous magnetic field sweeps are
performed between ±5T at 4.2K. For gate dependent measurements, Yokogawa 7651
and Keithley 2410 voltage sources are connected to the gate electrode. More details
concerning this measurement setup are elaborated in Refs. [88] and [89].

Oxford Instruments Spektromag SM-4000 cryostat
A schematic drawing of the Oxford Instruments Spektromag SM-4000 cryostat is shown in
Fig. 5.4. It provides two main additional functionalities over the 4He dewar system: first,
the inserted sample rod is rotatable by 360◦ along its vertical axis, allowing continuous
adjustment of the magnetic field angle between out-of-plane (OOP) and in-plane (IP)
orientation with respect to the sample surface. Second, due to the variable temperature
insert (VTI) design, it is possible to hold the sample temperature constant between 1.4K
and 300K while applying magnetic fields up to ±7 T utilizing superconducting coils. The
coils are installed inside the ℓHe bath that is surrounded by a liquid nitrogen shield. A
needle valve controls the flow of ℓHe from the reservoir into the VTI, where a connected
rotary pump reduces the vapor pressure. This yields a base temperature of 1.4K that can
be adjusted via two heating elements, one inside the VTI and one mounted to the sample
rod, controlled with PID-regulated intelligent temperature controllers (ITCs) within 0.1K
precision. The temperature is measured by a Cernox-sensor located close to the sample.
Equivalent to the 4He dewar system, all 20 pins of the sample socket are connected by
coaxial cables to the outside, where the connected lock-ins measure and transfer the
signals via a GPIB-interface to a Labview program [70, 88].
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Figure 5.4: Schematic drawing of the Oxford Instruments Spektromag SM-4000
cryostat and image of a sample glued and bonded to a 20-pin socket and mounted
to the sample rod (adapted from [70, 90]).

57



5 Measurement methods

5.2 Additional characterization methods

As additional tools to characterize the samples, atomic force microscopy (AFM) and
angle-resolved photoemission spectroscopy (ARPES) were utilized in this thesis to map
the samples’ surface topography as well as the surface band structure, respectively.

5.2.1 Atomic force microscopy

Atomic force microscopy (AFM) is a powerful technique to map the surface topography of
solids. In this thesis a commercial Bruker Dimension Icon-PT system with a NanoScope V
controller was utilized in ambient conditions and operated in tapping mode. To facilitate
this microscopy technique, a sharp tip with a radius on the nanometer scale is mounted to
a cantilever, closely approached to the sample and scanned over a user-defined area of the
surface. Depending on the sample topography the interactions between surface and tip
cause a deflection of the cantilever. The subsequent cantilever bending is measured by
the deflection of a laser beam that is reflected from the cantilever back and measured via
photo diodes. In tapping mode the cantilever is excited to oscillations by a piezo element
with a constant frequency close to the the resonance frequency and slightly "taps" the
sample surface. The forces between surface and tip cause a modulation of the oscillation
amplitude from which a three-dimensional image of the surface topography over the
scanned surface area can be obtained. Detailed introductions to atomic force microscopy
can be found in Refs. [91–93]. In principle, the method is capable of atomic resolution.
The images obtained for this thesis covered areas on the scale of 1 μm2 to provide a
mesoscopic overview of the surface roughness.

5.2.2 Angle-resolved photoemission spectroscopy

Angle-resolved photoemission spectroscopy is one of the most powerful tools to investigate
the exotic surface electronics of topologically non-trivial materials. Closely related to
XPS, ARPES as well utilizes high-frequency radiation to extract and analyze electrons
from the investigated solids. However, instead of only determining the kinetic energy,
ARPES maps the kinetic energy and the momentum of the emitted photoelectrons and
therefore allows to directly image the electronic band dispersion of a crystalline solid up to
the Fermi level. All ARPES measurements presented in this thesis were performed at the
low energy Advanced Photoelectric Effect (APE-LE) beamline of the Elettra synchrotron
radiation facility in Trieste, Italy. An extensive description of the experimental setup and
the measurement technique is given in Refs. [94–97] and the references therein, based on
which the following provides a brief introduction.
Equivalent to XPS, the sample is exposed to electromagnetic radiation of frequency a and
electrons are emitted due to the photoelectric effect with a kinetic energy �kin of

�kin = ℎa −Φ − |�bin |, (5.5)
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Figure 5.5: Illustration of ARPES measurement principles. a) Measurement
geometry. b) Comparison of initial and final k-vectors.

where ℎ is Planck’s constant, Φ the detector’s work function, and �bin the binding energy
of the state the electron occupied before emission. The final wave vector kf of the
photoelectron is connected with the kinetic energy via the final momentum pf by the
de-Broglie relation

kf =
pf

~
=

√
2<e�kin

~
. (5.6)

With the unit vectors k̂x,y,z and the polar (\) and azimuthal angle (q) (see Fig. 5.5a), kf

can be broken down into its components

kf
‖ = kf

x + kf
y =

1
~
√

2<e�kin sin \ (cos q · k̂G + sin q · k̂H) and (5.7a)

kf
⊥ = kf

z =
1
~
√

2<e�kin cos \ · k̂I . (5.7b)

Using a hemispherical electron energy analyzer in UHV, the kinetic energy and the
emission angle \ of the photoelectrons can be measured, directly yielding the binding
energy �bin and the magnitude of the final wave vector kf following Eqs. 5.5 and 5.7,
respectively. Due to the translational symmetry of the periodic lattice, the parallel
component of the wave vector is conserved by the photoemission process (as sketched in
Fig. 5.5b) and therefore the initial wave vector in the x-y-plane is

k i
‖ = kf

‖ with (5.8a)

|k i
‖ | = |k

f
‖ | =

1
~
√

2<e�kin sin \. (5.8b)

From this, the dispersion of the binding energy parallel to the sample surface can be
imaged, generating a complete picture of the electronic structure for two-dimensional
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systems such as ultra-thin films or surface states. For three-dimensional (3D) materials
with a non-zero dispersion in z-direction, also k i

⊥ has to be reconstructed. Perpendicular
to the sample surface the symmetry is broken and k i

⊥ ≠ kf
⊥, making this component not

immediately accessible by the measurement. However, approximating the final state with
a nearly free-electron model and assuming a parabolic dispersion of the 3D bands, k i

⊥ is
given by

k i
⊥ =

1
~
√

2<e(�kin cos2 \ ++0), (5.9)

where+0 is a material dependent constant that can be obtained by photo energy-dependent
measurements.
In the utilized setup of the Elletra synchrotron, the sample is mounted to a rotatable
manipulator in UHV, cooled to 77K by liquid nitrogen and illuminated by X-ray radiation
of energies between 15 and 90 eV in an angle of 45◦ with a spot size of 150 μm × 50 μm.
The emitted photoelectrons are collected by a Scienta DA30 hemispherical analyzer and
focused onto a CCD camera. The setup is furthermore equipped with a vectorial spin
polarimeter based on the very low energy electron diffraction (VLEED) technique that
allows to spin-resolve the photoelectrons by exploiting the exchange coupling of the
spin with a ferromagnetic target. Combining the angle- and the spin-resolution, this
photoemission experiment allows direct demonstration of the spin-momentum-locked
topological surface states in TIs.

60



III
6 Towards quaternary (Bi1−GSbG)2(Te1−HSeH)3

alloys. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
6.1 SrTiO3(111) as growth substrate . . . . . . . . . . . . . . . 64
6.2 (Bi1−GSbG)2Te3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
6.3 (Bi1−GSbG)2(Te1−HSeH)3 . . . . . . . . . . . . . . . . . . . . . . . . . 71
6.4 Implementation of a Bi2Se3 seed layer . . . . . . . . 73

7 Development of p-n-type BS/BSTS het-
erostructures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

7.1 Concept of Bi2Se3/(Bi1−GSbG)2(Te1−HSeH)3 p-n
heterostructures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

7.2 Magnetotransport characterization of as-
grown sample properties . . . . . . . . . . . . . . . . . . . . . 81

7.3 Electronic properties under electrostatic gating 91
7.4 Summary and discussion . . . . . . . . . . . . . . . . . . . . . 103

8 Analysis of magnetoresistive effects . . . . . . . 107
8.1 Temperature dependence of the magnetore-

sistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
8.2 Signatures of electron-electron interactions. . . 112
8.3 Linear magnetoresistive regime: classical bulk

effects at low temperatures . . . . . . . . . . . . . . . . . . 127
8.4 Summary and discussion . . . . . . . . . . . . . . . . . . . . . 130

9 Optimizing the p-n heterostructure sample
design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

9.1 Antimony concentration series . . . . . . . . . . . . . . . 134
9.2 Thickness dependence at x−−0.9 . . . . . . . . . . . . . . 144
9.3 Summary and discussion . . . . . . . . . . . . . . . . . . . . . 149

10 Conclusion and Outlook . . . . . . . . . . . . . . . . . . . 153

Experimental results





Towards quaternary
(Bi1−GSbG)2(Te1−HSeH)3 alloys

6

Among the most widely investigated MBE-grown 3D TIs are the binary alloys of the
(Bi,Sb)2(Te,Se)3 V - VI compound family, especially Bi2Se3 (BS). Its tetradymite crystal
structure is built up by quintuple layers (1QL ≈ 1 nm) with weak van der Waals (vdW)
interlayer bonding, enabling successful growth on a variety of substrates via vdW epitaxy
and high crystallinity was achieved by precise optimization of growth conditions [98,
99]. Furthermore, ab-initio calculations of BS showed a prototypical TI band structure
with linearly dispersing topological surface states (TSS) within a comparably large
band gap of approximately 300meV and the Fermi level �F intersecting the TSS at the
Dirac point in the middle of the gap [27]. In real samples, however, angle resolved
photoemission spectroscopy (ARPES) measurements routinely revealed a shift of �F
to the bulk conduction band [100, 101]. This shift is caused by lattice defects, mainly
Se vacancies and SeBi anti-sites depending on the growth conditions, that have a low
formation energy and effectively induce a large donor-type doping in the bulk of the
material [102–104]. Due to the parasitic contribution of the resulting occupied bulk states
at the Fermi level to electronic transport, exploiting the unique characteristics of the
topological surface states is hampered. The large amount of unintentional bulk dopants is
generally shared by all binary Bi-based 3D TI alloys, where the character of doping can be
p-type (excess acceptors) or n-type (excess donators) depending on the specific material.
For example, besides the intrinsically donor-heavy Bi2Se3, Sb2Te3 usually shows p-type
character, whereas the excess dopant in Bi2Te3 depends on the growth conditions [102,
105, 106]. A possible strategy to counter parasitic bulk dopants is the alloying of different
binary compounds with opposite excess charge carriers. A significant reduction of bulk
carriers has for example been achieved by combining the n-type Bi2Se3 with p-type
Bi2Te3 to the ternary compound Bi2Te2Se [98, 105, 107]. Another extensively studied
ternary alloy is (Bi1−GSbG)2Te3 (BST), formed by n-type Bi2Te3 and the p-type Sb2Te3.
Here, the stoichiometric parameter G not only influences the density of bulk carriers, but
the position of the Dirac point (DP), and the band gap size [108]. Further expansion of
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the system to the quaternary alloy (Bi1−GSbG)2(Te1−HSeH)3 (BSTS) in principle allows to
compensate unintentional bulk dopants, while providing separate control over the key
band structure parameters by varying G and H. This opens a pathway to custom band
engineered 3D topological insulators with minimized bulk contributions to transport.
However, MBE of ternary and especially quaternary alloys is challenging. Expanding
the alloy complicates the growth procedure, increases the amount of atomic disorder
naturally occurring in those systems, and reduces the amount of suitable substrates, since
a large lattice mismatch induces crystal defects. One of the main goals of this thesis was
to establish MBE-grown BSTS samples with predictable and reproducible electronic
properties dependent on the stoichiometric parameters. This chapter is dedicated to
the preliminary work towards the development of reliable quaternary samples. At first,
Sec. 6.1 will introduce strontium titanate (SrTiO3(111), STO) as a substrate for the
epitaxial preparation of our Bi-based three-dimensional topological insulator samples.
To reduce the parameter space, we started our investigations with the ternary alloy BST
utilizing magnetotransport and ARPES measurements, what will be presented in section
6.2. In Sec. 6.3, the first tests of BSTS growth directly onto a substrate will be discussed
along with arising common issues, which we ascribe to insufficient crystallinity of the
investigated films. A major leap in improving the crystal quality and simultaneously
simplifying the growth procedure will be presented in Sec. 6.4, where the significant
benefits of the implementation of a Bi2Se3 seed layer will be demonstrated. Utilizing
this seed layer sample design is the starting point towards the establishment of high
quality quaternary (Bi1−GSbG)2(Te1−HSeH)3 alloys that are investigated more deeply in the
subsequent chapters.

6.1 SrTiO3(111) as growth substrate

For the samples presented and discussed in this thesis SrTiO3(111) was used as the
substrate for the molecular beam epitaxy.1 Usually for epitaxial processes, the choice
of substrate is of crucial importance as it bonds covalently or ionically to the deposited
material and hence determines the crystal structure of the first layers. An optimized lattice
matching of substrate and epitaxial film therefore leads to a minimization of strain and
interface defects. For more loosely, van-der-Waals epitaxial materials like the Bi-based
TIs, however, this requirement of lattice matching is less significant [109–111]. In Ref.
[109], for example, Si(111) and InP(111) are compared for the growth of Bi2Se3. While
Si(111) has a lattice mismatch of 7.8%, the InP(111) is almost perfectly matched (0.2%).
Still, only slight differences were observed in terms of crystal quality and electronic
properties of the topological insulator. STO(111) and Al2O3(0001), on the other hand,
have lattice mismatches to BS of 5.8% and 13%, respectively [112]. An important
indicator for the growth quality is the surface topography. Figures 6.1 a) - d) compare
AFM images of two sets of samples grown on STO and Al2O3 with a layer stack of

1With the exception of two samples discussed within Sec. 6.3, which will be highlighted there.
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2QL BS and 4QL BSTS and 2 QL BS and 17QL BSTS, respectively, where the color
scale indicates surface roughness via the height I. While for the thicker samples in c)
and d) the surface structure looks almost identical, the thinner samples show a slightly
preferable topography for the STO substrate due to overall larger island sizes and less
granular growth. Overall, however, all four samples show comparable roughness with two
open layers on top of an almost completely closed film and hence no significant benefit of
one substrate over the other is found in terms of sample topography.
The decisive advantage leading to the choice of STO as a substrate for the samples
discussed in this thesis are its unique dielectric properties. Figure 6.1 e) shows the
dielectric constant nr of STO with respect to temperature obtained from a capacitance
measurement as sketched in panel f). A bare STO substrate of a thickness C ≈ 500 μm
and surface area � = 14.4mm2 was covered by a thin layer of gold and glued using
conductive silver epoxy to a socket compatible with the 4He dewar setup described in
chapter 5.1.4. The Au and Ag layers act as metallic plates of a classical capacitor with
the STO as the dielectric. From a Lock-in amplifier an AC voltage +̃ = 0.03V with a
frequency of 5 = 1913Hz was applied and the resulting AC current �̃ was measured using
the quadrature input channel of the Lock-in. From this, the relative permittivity can be
obtained as

/ =
+̃

�̃
=

1
2c 5�

(6.1a)

⇒ � = n0nr
�

C
=

�̃

2c 5 +̃
(6.1b)

⇒ nr =
1

2c 5 n0
�

C

�̃

+̃
, (6.1c)

where � is the capacitance and n0 the vacuum permittivity. Starting at room temperature,
nr already shows a comparatively high value of ≈ 300 that is steadily enhanced when
reducing ) . Approaching ) ≈ 100K, the rate drastically reduces with a maximum at
about 55K. Below ) = 25K, nr then saturates at a value of almost 7000. This dependence
can be partly explained by temperature dependent changes in the crystal structure. STO,
that has a direct band gap of 3.75 eV and an indirect of 3.25 eV [113], shows a cubic
perovskite ordering at room temperature that changes to tetragonal at ) ≈ 110K and to
orthorhombic at ) ≈ 65K [114]. Below the orthorhombic phase transition temperature
the application of a static electric field can influence nr as the more loosely bound strontium
atoms are displaced with respect to the tightly bonded oxygen and titanium. A detailed
explanation of the microscopic processes causing these unique paraelectric characteristics
are beyond the scope of this thesis and can be found e.g. in Ref. [114]. However,
for practical purposes, due to this ultra-high relative permittivity at low temperatures,
the STO substrate can function as back-gate dielectric allowing easy implementation of
electrostatic gating to tune the electronic properties of the investigated samples.
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Figure 6.1: a) - d) AFM images of surface topography of 2BS/4BS and
2BS/17BSTS samples on STO (a, c) and Al2O3 (b, d). All four images
show an area of 1 μm× 0.5 μm and the height I is given by the color scale. For
17QL BSTS no significant differences are observed, whereas the STO sample
shows slightly larger island sizes in the case of 4QL BSTS. e) Dielectric constant
nr of STO measured with respect to temperature as sketched in panel f). Starting
at room temperature, nr shows a value of ≈ 300 that increases to almost 7000,
when the sample is cooled down to 4.2 .
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6.2 (Bi1−GSbG)2Te3

Similar to Bi2Se3, the related binary alloys Bi2Te3 and Sb2Te3 have shown large parasitic
bulk doping in magnetotransport studies. In Bi2Te3, when grown under Te-rich conditions,
a n-type behavior is observed due to donor-type TeBi anti-sites and Te vacancies [31,
102, 108]. Sb2Te3, on the other hand, is dominated by acceptor-type SbTe anti-sites and
Sb vacancies [31]. However, since the two compounds have the same crystal structure
with similar lattice constants, alloying to the ternary (Bi1−GSbG)2Te3 is possible with
minimal strain [27], leading to a compensation of undesired excess bulk charges depending
on the parameter G. Comparing the band structures of the binary constituents of BST
furthermore reveals that its stoichiometric composition also influences the position of
the Dirac point and size of the band gap. For Sb2Te3 (G = 1), the DP is located in the
middle of the band gap that has a size below 200meV at the Γ-point. In the case of
Bi2Te3 (G = 0), the band gap is slightly larger, but the DP is shifted below the valence
band maximum [27]. Optimal characteristics in terms of these band structure parameters
and the compensation of bulk carriers are hence found for intermediate G. In literature,
a wide range of optimal G-values are reported for MBE-grown BST [98], ranging from
G = 0.88 [108] for samples grown on Al2O3 to G = 0.42 using Si substrates [115]. Studies
of samples on GaAs(111) [116] and SrTiO3 [117] claim values of G ≈ 0.5. This large
discrepancy might not only stem from the choice of substrate, but also from differences in
details of the growth conditions or procedure. Thus, purely relying on literature values
for G is impractical and a separate study is necessary. In Ref. [108] the temperature
dependence of the longitudinal four-point resistivity dxx()) = C · 's, where C is the film
thickness and 's the sheet resistance, was proposed as a reliable first indicator for the
quality of the samples. As stated above, when large amounts of uncompensated bulk
carriers are present in the sample, the Fermi level can be globally shifted from the band
gap to the bulk conduction or valence band depending on the type of the dopant. In
that case, a metal-like temperature dependence of dxx()), i.e. a decreasing value with
decreasing temperature is expected (see Ch. 3.1.1). If the excess donors and acceptors are
compensated in the BST sample, on the other hand, �F is located in the band gap. Then,
decreasing ) from room temperature should first yield an increase of dxx()) due to the
freezing out of thermally activated bulk carriers as observed in semiconductors, whereas
at low temperatures a metal-like behavior should be observed due to dominant electronic
transport by the metallic topological surface states. Figure 6.2 shows measurements of
dxx()) on SrTiO3/(Bi1−GSbG)2Te3 samples with G ranging from G = 0.15 to G = 0.87.2
The behavior expected from a sufficiently compensated TI sample is observed in a pocket
of 0.26 ≤ G ≤ 0.51. For lower and higher values a metallic temperature dependence is
measured that is expected to dominantly stem from bulk transport when the regime of the
respective binary alloy is approached. The maximum value of dxx is reached for G = 0.37,

2The presented measurements were performed by Anton Frank within his master thesis at the University
of Regensburg (2017) under supervision of Dr. M. Kronseder, Prof. Dr. C.H. Back, and Prof. Dr. D.
Bougeard.
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Figure 6.2: dxx versus temperature ) for (Bi1−GSbG)2Te3 samples with varying
G. The samples have a thickness of 15QL and were grown on SrTiO3 substrates.
The values of G range from 0.15 to 0.87 and were verified by XPS measurements
(except the sample with G ∼ 0.41, where the value has been estimated from the
growth parameters). The blue background highlights the pocket of G where the
measurement shows the behavior of a compensated sample.
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Figure 6.3:ARPES image of the surface
band structure of the occupied states for
a (Bi1−GSbG)2Te3 sample with G ≈ 0.35.
The Fermi energy �F is located in the
band gap intersecting the topological
surface states (TSS) above the Dirac
point. The grey-scale represents the
intensity. The measurement was per-
formed at) = 77Kwith a photon energy
of 60 eV, for details see Ch. 5.2.2.
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where the least amount of bulk carriers contributes to electronic transport and the Fermi
level should be located in the energy gap intersecting the topological surface states.
A powerful tool to directly map the surface band structure up to �F of a crystalline
sample is angle resolved photoemission spectroscopy (ARPES). Figure 6.3 shows an
ARPES image of a (Bi1−GSbG)2Te3 sample with G ≈ 0.35. In agreement with the dxx())
measurements, the Fermi energy lies within the bulk band gap for the given stoichiometry.
It intersects the linearly dispersing topological surface states above the Dirac point that
is located at a binding energy of �bin ≈ −0.35 eV and is buried below the maximum of
the bulk valence band edge (BVBE), which is expected for Te-rich BST samples. In
the presented image, the onset of the bulk valence band edge is difficult to precisely
identify due to low contrast and smeared-out bands, so the dotted lines in Fig. 6.3 only
provide a guide-to-the-eye estimate. The intensity of the bulk states might be suppressed,
since the photon energy was optimized to maximize the contrast of the surface states.
More pronounced valence band states showing a clear dispersion are visible for binding
energies �bin . −0.7 eV, as similarly observed in Refs. [115, 118]. A clear evidence of
the topological nature of the observed surface states can be provided by the spin-resolved
measurements shown in Fig. 6.4. Panel e) shows a zoom of Fig. 6.3. The vertical
dotted lines at ±1.5 deg indicate the k-space angles along which the spin polarization was
recorded. Figures 6.4 a) and b) show the measured intensity of spin-up (Iup) and spin-down
(Idown) electrons for the respective angle, whereas c) and d) show the corresponding
polarization % given by % = (�up− �down)/(�up + �down). Along the two angles an opposite,
non-zero polarization is observed that changes sign at a binding energy coinciding with
the Dirac point and directly reveals the helical spin structure expected from topological
surface states. Above the DP, % reaches values of about 50% agreeing well with the
results found in Ref. [118]. For binding energies below the DP the polarization is lower
due to the mixing of TSS and trivial bulk electrons. This also explains the higher absolute
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Figure 6.4: Spin-resolved ARPES measurements along fixed k-space angles of
±1.5 deg. a) and b) show the spin-up and spin-down intensity and c) and d) the
corresponding polarization for the respective k-space angle. The measurement
was performed at ) = 77K with a photon energy of 60 eV.
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intensity values recorded in this energy range in panels a) and b) of Fig. 6.4.
To conclude this section, varying G in (Bi1−GSbG)2Te3 revealed the expected behavior in
terms of the temperature dependence of the longitudinal resistivities. A maximum dxx
with a TI-typical temperature behavior was found for G = 0.37, where the Fermi level
is hence expected to lie within the bulk energy gap. This was confirmed by ARPES
imaging of a sample with similar stoichiometry. This agreement is important, since it is
not necessarily expected due to the different capping procedures utilized for the respective
samples. Without any capping layer, the surface of a Bi-based TI uncontrollably oxidizes
in ambient conditions, possibly leading to an effective surface doping that can significantly
shift the Fermi level and influence the electronic transport [119–122]. For ARPES, the
selenium-capping was removed by heating in the UHV of the measurement system, such
that the highly surface sensitive method has access to the pristine band structure of the
sample. For the samples used in magnetotransport, this unscathed surface condition is
aimed to be preserved after MBE growth by a controlled in-situ passivation of the surface
by the thin and homogeneous layer of aluminium oxide (AlOx). The presented agreement
between transport and ARPES observation suggests that no significant uncontrolled
band bending occurs for AlOx-capped samples. Moreover, the observed large helical
spin-polarization of the surface states further indicates the high quality of the investigated
samples. However, ARPES also revealed a Dirac point location just at or even below
the valence band edge, which is unfavorable for many experimental applications. The
capability of a separate tuning of the Fermi level and the Dirac point is gained by expanding
BST to the quaternary alloy (Bi1−GSbG)2(Te1−HSeH)3.

6.3 (Bi1−GSbG)2(Te1−HSeH)3

While MBE grown ternary and especially binary alloys from the family of Bi-based 3D
TIs have been investigated extensively in the past, the quaternary (Bi1−GSbG)2(Te1−HSeH)3
with G, H ≠ 0 has received less attention. Expanding the system to the full alloy does
lead to the maximal band structure engineering flexibility, but comes at the cost of
a disproportionately more complex growth procedure and an increase of the relevant
parameter space. In terms of stoichiometry, now G and H can be tuned between 0 and 1,
where both parameters simultaneously influence the band structure characteristics and
should hence primarily determine the electronic transport properties of the sample. Thus,
a mapping of (G |H) to the respective transport behavior is required.3 Figure 6.5 summarizes
the results obtained from a study of 12 samples with varying G and H values. As in the
previous section, the temperature dependence of the longitudinal resistance was used as
an indicator for the position of the Fermi energy. A metal-like behavior corresponds to �F
located in one of the bulk bands, whereas a semiconductor-like (semiC-like) dependence

3A detailed mapping of (G |H) in terms of crystal structure and transport properties can be found in Ref.
[109]. However, as was discussed in context of (Bi1−GSbG)2Te3 in the previous section, a full reliance
on literature values is problematic, since the properties can be very sensitive to minor variations in
growth conditions or procedure.
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Figure 6.5: Overview of investigated (Bi1−GSbG)2(Te1−HSeH)3 samples with
varying G and H values. Color and form of the marker represent the transport
behavior as explained in the legend. All samples were grown on SrTiO3(111)
substrates with exception of samples (G = 0.51|H = 0.21) and (G = 0.77|H = 0.72)
where Al2O3 and InP were used, respectively.
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suggests �F lying in the energy gap. Additionally, the dominant charge carrier type at
4.2K, n-type for electron- and p-type for hole-conduction, was obtained from the slope of
the Hall resistance 'xy measured in a perpendicular magnetic field. Color and form of
the markers, representing a specific (G |H) combination in Fig. 6.5, indicate the transport
behavior of the samples as specified in the legend. Apparently, while the qualitative
temperature dependence and the dominant charge carrier type should be determined by
the stoichiometry, no systematic correlation with respect to both indicators was observed.
Most samples showed a n-type Hall coefficient, whereas two samples clearly showed a
hole-dominated transport and two more, represented by blue stars in Fig. 6.5, showed
a non-linear Hall curve indicating two or more channel transport with different charge
carrier types. Likewise, the occurrence of a metal- or semiC-like temperature dependence
does not show correspondence to a specific range of G and H values. The origin of these
seemingly arbitrary transport properties could be connected to similar erratic observations
during the growth process, where RHEED imaging used to monitor the BSTS epitaxy
revealed a high fluctuation of film crystallinity even between runs with the same growth
conditions. While the samples presented in Fig. 6.5 collectively showed satisfying
growth quality, minor differences could still largely influence the amount and type of
unintentional bulk dopants and hence affect the transport behavior. Naturally, such a lack
of controllability of growth quality and electronic transport characteristics is undesirable
and prevents experimental reproducibility. A successful approach that resolves this
predicament will be presented in the following section.

6.4 Implementation of a Bi2Se3 seed layer

Acrucial advancement for the development of high quality epitaxial (Bi1−GSbG)2(Te1−HSeH)3
was realized by the implementation of a Bi2Se3 seed layer. The benefit of introducing
such a seed layer for the epitaxial preparation of BSTS becomes apparent when comparing
typical RHEED images as shown in Fig. 6.6. Panel a) shows a pattern of a BSTS sample
directly grown on SrTiO3 (STO). Only faint vertical lines overlapped with circular features
are visible. As explained in Sec. 4.3.1, the observation of concentric circles clearly
indicates poly-crystalline growth. Inserting a BST seed layer, corresponding to Fig. 6.6
b), lead to improvements, but caused 3D features in the RHEED image apparent from the
bright spots especially along the central reflex. In both cases, using different substrates or
BSTS stoichiometries additionally compelled an adaptation of growth parameters and
hence often required a tedious optimization process. When using a thin layer of BS as
seed for the BSTS growth, however, the situation drastically improved. The RHEED
image of such a BS/BSTS heterostructure grown on STO is shown in Fig. 6.6 c). The
sharp vertical lines and the absence of poly-crystalline or 3D features indicate a high
crystallinity.
Moreover, the BS layer facilitates high quality BSTS epitaxy using the same growth
parameters even when the BSTS stoichiometry or the substrate is changed. Panels d) -
f) exemplarily show RHEED patterns of BS/BSTS samples (right) and the respective
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Figure 6.6: Comparison of RHEED images taken during sample growth of
BSTS on different substrates and with varying seed layers. a) Direct growth of
BSTS on SrTiO3(111) b) Utilizing a BST seed layer. c) Utilizing a BS seed layer.
d) - f) Exemplarily RHEED images for Al2O3(0001), GaAs(111), and C(111)
substrates, where the middle panel respectively shows the RHEED pattern of the
bare substrate.

Figure 6.7: Surface topography of a typical BS/BSTS sample. a) AFM image of
a surface section of area 1 μm2, the color scale indicates the height I. b) Zoom
to the red rectangle in picture a). c) Height profile along the dashed line in b)
showing step sizes of 1 nm corresponding to the height of 1QL.
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substrate (middle) demonstrating single-crystalline growth on Al2O3(0001) d), GaAs(111)
e), and even disordered C(111) f). In addition, successful growth was achieved on
Al2O3(11-20), GaAs(001) and InP(111). Surprisingly, even a single quintuple layer of
BS proved to be sufficient to yield this seed layer functionality and ease the vdW epitaxy
of the subsequent BSTS. The surface topography of a finished BS/BSTS sample is shown
in Fig. 6.7. Panel a) shows an AFM image of area 1 μm2, where the color scale for I
indicates the relative height profile. The topmost layer with I ≈ 4 nm consists of sparse,
small islands sitting on top of bigger islands of the beneath layer (I ≈ 3 nm). Typical
for the BS/BSTS samples, the third layer with I ≈ 2 nm is already almost completely
closed. Figure 6.7 b) shows a zoom corresponding to the red rectangle in a). Along the
dashed line a height profile is extracted and plotted in panel c). The step size between
layers is approximately 1 nm, agreeing well with the expected height for one quintuple
layer [98]. The presented RHEED and AFM images suggest high growth quality of the
samples utilizing the BS/BSTS heterostructure design. However, the introduction of the
Bi2Se3 layer also has important consequences for the electronic properties of the bilayer
films. This will be the key topic of the following chapter.
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Development of p-n-type BS/BSTS
heterostructures

7

In the previous chapter, quaternary (Bi1−GSbG)2(Te1−HSeH)3 samples grown directly onto
the substrate were presented and the observation of an unpredictable transport behavior
was attributed to small, difficult to control variations in sample crystallinity. A major leap
for the improvement of growth quality was shown to be the implementation of a Bi2Se3
seed layer before the subsequent BSTS growth within the epitaxial procedure. In terms of
the heterostructure’s electronic properties, on the other hand, this poses a challenge. The
main reason for expanding the binary TI compounds to the full quaternary alloy is the
minimization of parasitic bulk conduction. However, the binary compound BS suffers
from a large amount of unintentional n-type dopants, which potentially adds a significant
bulk contribution to the electronic transport within such a BS/BSTS bilayer stack. An
approach to counteract this issue and reduce parasitic bulk doping is the utilization of
intrinsic band bending effects, when the n-type BS is interfaced with a p-type layer of
BSTS. The concept of such vertical p-n-type heterostructures will be introduced in Sec.
7.1. In these samples, the electronic properties are largely determined by the thicknesses
of the respective layers. To determine the strength of the as-grown compensation of bulk
carriers and to investigate the arising transport channels, Sec. 7.2 will present a systematic
study of three series with varying BS and BSTS thicknesses, employing temperature-,
magnetic field-, and gate voltage-dependent electronic transport measurements. The main
results of this study are published in Ref. [123]. Then, section 7.3 aims to provide a closer
examination of the complex effects of electrostatic gating on the electronic properties
of the samples, before a summary and a discussion of the presented results is given in
section 7.4.
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Figure 7.1: Sketches of band dispersion and density of states for Bi2Se3 (a) and
(Bi1−GSbG)2(Te1−HSeH)3 (b). The respective left panel of each sub-figure shows
the energy dispersion indicating the bulk valence- (�V) and conduction band
(�C) edges, the TSS within the band gap (red and blue lines), and the bulk dopant
levels �D (orange) and �A (green) for donors and acceptors, respectively. The
right panels illustrate the corresponding density of states.

7.1 Concept of Bi2Se3/(Bi1−GSbG)2(Te1−HSeH)3 p-n
heterostructures

In Bi2Se3, lattice defects cause a large bulk donor level that pins the Fermi energy to the
conduction band as illustrated in Fig. 7.1 a). The left sketch shows the band dispersion
with �C and �V being the bulk conduction and valence band edges, respectively, and the
red and blue states within the energy gap indicate the topological surface states. The
right panel represents the corresponding density of states (DOS) of the bulk donor level
(orange), the TSS (purple), and the bulk continuum (gray). Due to the high amount
of n-type dopants present in BS, implementing even a thin layer into a heterostructure
with BSTS potentially adds a large contribution to the overall bulk conductance of the
sample. In (Bi1−GSbG)2(Te1−HSeH)3, on the other hand, generally both donor and acceptor
dopants coexist1 with the respective amount depending on the stoichiometry and hence
being tunable by varying the alloy parameters G and H. Adjusting the stoichiometry to an
acceptor surplus, as sketched in Fig. 7.1, thus opens the possibility to engineer vertical p-n
heterostructures of the n-type BS with p-type BSTS layers, where intrinsic compensation
effects could lead to a reduction of the total amount of unintentional dopants. In section
6.3, no systematic correlation between nominal stoichiometry and dominant charge carrier
type of BSTS samples grown without a BS seed layer was found due to issues in epitaxial

1In principle, acceptor-type dopants are also present in BS. However, the three lattice defects with the
lowest formation energy are donor-type and hence significantly exceed the acceptor defects [102]. The
small acceptor level in BS is therefore omitted here for simplicity.
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quality. To investigate the concept of p-n heterostructures we chose 0.70 . G . 0.74 and
0.87 . H . 0.91 within growth accuracy, aiming to cause excess acceptor dopants in the
BSTS layer. Here, the high selenium ratio is chosen to target the maximum of the alloy’s
band gap [124], while G is used to adjust the dopant ratio. At a value of G ≈ 0.72 we
expect a slight acceptor surplus, while G is still low enough to avoid approaching a trivial
insulator regime that is predicted for stoichiometries close to Sb2Se3 [109]. In section
7.2.2, the factual p-type character of this BSTS stoichiometry and the absence of the
erratic behavior in terms of dominant charge carrier type will be proven experimentally.
First, Fig. 7.2 introduces the concept of n-BS/p-BSTS heterostructures. By stacking
the n-type BS with a p-type BSTS we aim to trigger an intrinsic band bending within
the bilayer as similarly observed in Refs. [82, 125, 126] and illustrated in panels a) - c).
For very thin BSTS, opposite excess charges may begin to compensate, but the effect is
too small and the Fermi level stays above the conduction band minimum (CBM) (Fig.
7.2 c). This is revealed by ARPES on a heterostructure with 1QL BS and 3QL BSTS
(1+3) in Fig. 7.2 d-i), where an occupation of the bulk conduction band can be observed
up to binding energies of �bin ≈ −0.1 eV. The Dirac point, roughly indicated by the red
circle, is positioned at �bin ≈ −0.3 eV. Increasing the BSTS thickness enhances the band
bending until �F is pulled below the CBM into the energy gap at the top surface (Fig. 7.2
b-ii)). The color grading towards iii) in b) indicates the evolution of the energy bands
on further increase of the BSTS thickness. This band bending behavior is verified by
ARPES in Fig. 7.2 d-ii) and iii) on samples of 1QL BS and 6QL (1+6) and 1QL BS
and 12QL BSTS (1+12). Here, �F is clearly pulled into the band gap accompanied by a
pronounced shift of the Dirac point to higher binding energies. Ideally, at some point, the
band bending is sufficient to pull the Fermi level into the band gap almost throughout the
whole heterostructure by completely depleting the BS layer (Fig 7.2 e).
It is important to stress that while the ARPES measurements demonstrate the trend
expected for this thickness-dependent band bending, they only image the energy bands at
the very surface of the sample. Electrical transport properties, however, are governed by
the complete band diagram throughout the whole thickness of the heterostructure. From
the sketches displayed in Fig. 7.2 a)-c), three different contributions to transport can be
expected as schematically illustrated in the respective lower panels. The most general
case, with all three channels present, is represented by sub-figure b): additional to the top
and bottom TSS (t-TSS, b-TSS), the bulk of the sample yields a metal-like contribution
(m-bulk channel), where �F intersects the conduction band and semiconductor-like
(semiC-bulk channel), when it is positioned within the energy gap. In the case of Fig. 7.2
a), the Fermi level lies above the CBM throughout the sample thickness and hence the
whole bulk is expected to show metal-like electronic transport properties. In the ideal
case of Fig. 7.2 c), the BS seed layer is completely depleted and �F lies in the band gap
within the entire heterostructure.

79



7 Development of p-n-type BS/BSTS heterostructures

Figure 7.2: Heterostructure concept. a)-c) Illustration of thickness-dependent
band bending within a p-n-type BS/BSTS heterostructure (upper panels) and the
arising transport channels (lower panels). Additional to top and bottom TSS
(t-TSS, b-TSS), a metal-like (m-bulk) or semiconductor-like (semiC-bulk) bulk
contribution can be present in the sample depending on the position of the Fermi
level �F. d) ARPES at ) =77K reveals the band bending evolution for samples
of 1 QL BS and 3QL (i), 6QL (ii), and 12QL (iii) BSTS. The horizontal black
dashed lines at binding energies �bin = 0 represent �F, the red circles indicate
the Dirac point position showing a shift to higher binding energies for increasing
BSTS thickness.
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7.2 Magnetotransport characterization of
as-grown sample properties

To test the introduced band bending model and investigate the contributions of the
anticipated transport channels to the electronic properties of the as-grown heterostructures,
the following section presents a systematic magnetotransport study on three sample series.
For each series, the BS layer thickness is fixed at 1QL, 2QL, or 4QL, respectively, while
the BSTS thickness is varied from 2QL to 43QL. In the following, the three series are
hence termed 1+x, 2+x, and 4+x, where x is exchanged for the corresponding BSTS
thickness, when a single sample is addressed.2 A variation in the layer thicknesses is
expected to influence the ratio of transport contributions of the m-bulk, the semiC-bulk,
and the TSS and should thus manifest in the electronic behavior of the heterostructures.
Below, this is investigated by temperature-, magnetic field-, and gate voltage-dependent
magnetotransport measurements using a standard low frequency Lock-in technique in a
four-point geometry and the 4He dewar setup as introduced in Sec. 5.1.

7.2.1 Temperature dependence of the sheet resistance

The qualitatively different response to a variation of the temperature of classical metals and
semiconductors has already been utilized in sections 6.2 and 6.3 to gain information about
the electronic properties of BST and BSTS samples without a seed layer. There, as in the
theoretical introduction of Sec. 3.1, a decreasing resistance with decreasing temperature
was shown for metals due to the reduction of electron-phonon scattering, whereas an
increasing resistance caused by reduced excitations of thermally activated carriers is
observed for semiconductors. Disregarding quantum corrections in this context, also the
TSS should behave like a metal, since their transport contribution stems from occupied
states at the Fermi level. In Figure 7.3 a) - c) the temperature dependence between room
temperature and 4.2K of the normalized sheet resistance 'norm

s ()) = 's())/'s(300K) −1
is shown for the three bilayer series. For the 1+x (a) and 2+x (b) series a clear competition
between metal-like and semiC-like channels with respect to BSTS thickness can be
observed. The samples with a thin layer of BSTS, where only a small band bending within
the heterostructure is expected, indeed show a dominantly metallic behavior throughout
the whole temperature range originating from states within the bulk conduction band.
As predicted from the model of Fig. 7.2, this trivial metallic contribution gradually
diminishes with increasing BSTS thickness. For samples 1+40 and 2+43 'norm

s increases
substantially starting from room temperature before showing a metal-like decrease below
) ≈ 120K. This behavior has been reported for fully bulk compensated TIs, where the
high temperature behavior is ascribed to a complete freeze-out of bulk carriers, whereas
the low temperature decrease is attributed to dominant TSS transport [28, 128]. While
a remaining metal-like contribution from a trivial m-bulk channel can not be excluded
2E.g. 1+12 for the sample with 1QL BS and 12QL BSTS, or 4+40 for 4QL BS and 40QL BSTS. The
unit [QL] is omitted in the denomination.
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Figure 7.3: Temperature dependence of the normalized sheet resistance
'norm

s ()) = 's())/'s(300K) − 1 of the 1+x (a), 2+x (b), and 4+x (c) se-
ries. Whereas the 4+x series shows a metallic behavior for all BSTS thicknesses,
an increasing semiconductor-like influence is observed for 1+x and 2+x. d)
Conductivity f at ) = 4.2K versus the total sample thickness Ctot showing a stark
decrease with thickness for all three series and overall higher conductivity for
the 4+x samples. e) Conductivity at ) = 4.2K of the 1+x series plotted against
1/Ctot. From the y-intercept of the linear fit an estimate for the bulk BSTS can be
extracted that has a value of ≈ 2500 S/m. f) Sketch of locally modulated conduc-
tion (�C) and valence band edges (�C) in a real space illustration (adapted from
Ref. [127]). �F is nominally positioned within the energy gap but occasionally
crosses �C or �V causing electron- (orange areas) or hole puddles (green areas)
that can transport a current by means of a variable range hopping process.
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entirely from these measurements, the clear dominance of a semiC-like behavior at high
and the comparatively small drop-off at low ) already indicate that it becomes negligible
for large BSTS thickness. This becomes more apparent when comparing the 1+x and 2+x
series with the 4+x samples displayed in panel c). Here, the thicker layer of the highly
n-type BS is expected to cause a considerably larger m-bulk contribution. This manifests
in the observation of a metal-like behavior of 'norm

s ()) for all temperatures independently
of the BSTS thickness. The larger m-bulk contribution in the 4+x series also translates
to higher absolute conductivity values. In Fig. 7.3 d) the conductivity f = 1/('sCtot)
measured at ) = 4.2K is plotted versus the total sample thickness Ctot. All three series
show a significant reduction of f with increasing thickness. This behavior is per se
unsurprising, since the thickness of the highly conductive BS is kept constant within the
series and only the BSTS with lower charge carrier density is increased. However, the
clear offset of the 4+x series is consistent with the large m-bulk channel present in these
samples. Moreover, comparing the 1+x and 2+x series again indicates the vanishing of
this trivial metallic contribution. While a small difference between 1+x and 2+x can be
observed for small thicknesses, the two curves converge for Ctot & 20QL, suggesting that
f becomes almost independent of the BS thickness. Both series asymptotically approach
a dashed line that is obtained from Fig. 7.3 e). There, the conductivity values of the 1+x
series are plotted with respect to 1/Ctot. In this depiction a linear behavior is observed,
where the H-intercept of the fit (light blue dashed line) corresponds to Ctot → ∞ and
hence represents an estimate value for the bulk BSTS conductivity that is approached by
the blue and red curves in sub-figure d). Any offset from the dashed line is expected to
mainly stem from contributions of the m-bulk channel or the TSS that are constant or even
diminish with increasing BSTS thickness. If the BSTS was a perfect insulator in the bulk,
f(Ctot → ∞) would approach zero. From the linear fit in e), however, a comparatively
small, but non-zero conductivity of ≈ 2500 S/m is obtained. A possible origin of the bulk
BSTS conduction are charge puddles that were suggested to be present in compensated
TIs in Ref. [127] and have since been extensively discussed and investigated in literature
[129–136]. In the binary TI alloys like BS, a high defect density of the same dopant type
essentially shifts the Fermi level globally into the conduction band continuum leading to
a metallic bulk behavior. In compensated materials, on the other hand, structural disorder
can lead to a varying density of donors and acceptors fluctuating on small real space
length scales and hence induce an inhomogeneous Coulomb potential landscape. The
charged impurities then locally modulate and can shift the band edges above or below the
Fermi level as sketched in Fig. 7.3 f), where a real space illustration of the corrugated
conduction (�C) and valence band edges (�V) is shown. Even if �F nominally lies within
the energy gap, the bulk bands are locally intersected leading to electron (orange areas) or
hole puddles (green areas). If these puddles are dense enough, they can carry a current by
means of variable range hopping (VRH) and hence cause a non-zero bulk conductivity.
It is important to stress, however, that if this conduction channel was dominant in our
samples, a crossover from an activated behavior to a VRH-type temperature dependence
would be expected for ) . 40K, where 's ∼ exp

[
(1/))0.5

]
[129]. This is clearly

not observed in our measurements shown in Fig. 7.3 a) - c), indicating only a small
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7 Development of p-n-type BS/BSTS heterostructures

contribution of charge puddle conduction.

7.2.2 Electronic transport in a perpendicular magnetic
field

Further information about the as-grown electronic properties can be gained by applying
a perpendicular magnetic field � at 4.2K. Figures 7.4 a) and b) show the arising Hall
resistance 'xy for the 1+x and 4+x series, where the primary charge carrier type determines
the sign of the curves’ slope. Most samples show dominant electron conduction, associated
with a positive slope in our measurement geometry, which we ascribe to the large n-type
contribution from the m-bulk channel. Sample 1+40, however, clearly switches to a
p-type behavior (negative slope), proving not only the presence of an acceptor surplus for
our BSTS with (G ≈ 0.72|H ≈ 0.89), but also the decline of m-bulk contribution to the
transport for thin BS and thick BSTS layers. For 4QL BS seed layer, where the m-bulk
channel was shown above to largely govern the electronic transport, this switching is not
observed within the series. Obtaining quantitative values for the charge carrier density
and mobility of the samples by applying a Drude model to the Hall measurements is
deliberately refrained in this thesis. The reasoning is explained in section 5.1.2. A further
important observation drawn from these measurements is the absence of the unpredictable
Hall-behavior that occurred for BSTS samples grown without seed layer and discussed in
Sec. 6.3, where seemingly no correlation between sample stoichiometry and dominant
charge carrier type was found. Clearly, the implemented BS layer not only improves the
epitaxial quality, but also acts as an "electrostatic seed" layer. Its large amount of n-type
dopants pins the Fermi level to the bulk conduction band and therefore reproducibly fixes
the starting point for subsequent layers to an n-type foundation. At the opposite, aiming
to grow compensated BSTS directly on a substrate can lead to band bending effects at
the interface, where the direction sensitively depends on the defect configuration and is
hence susceptible to minor fluctuations of growth conditions and epitaxial quality [133].
This uncontrolled up- or downward band bending can randomly shift the Fermi energy or
even induce trivial n- or p-type conduction channels at the substrate/TI interface, possibly
leading to the unpredictable Hall behavior observed in section 6.3.
An important quantity investigating the electronic properties of TIs is the longitudinal
magnetoresistance (MR). Figures 7.4 c) and d) compare the absolute magnetoresistance
MRabs = 's(�) − 's(0 T) of the 1+x and 4+x series. By comparing the given values of
the two series we conclude by elimination that the TSS are the main source of MR present
in our heterostructures: as discussed above, the semiconductor-like bulk channel can be
expected to increase with increasing BSTS thickness and should thus be accompanied by
an increase of MRabs if this channel was responsible for the observed magnetoresistance.
This is not the case in both series. Moreover, a large metal-like bulk transport contribution
clearly decreases the MR as apparent by the much smaller absolute values in the 4+x
compared to the 1+x series. Hence, both bulk channels can be excluded, leaving the TSS
as the origin of the MR. Depending on their respective strength, both bulk contributions
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Figure 7.4: Magnetotransport properties at 4.2K under application of a perpen-
dicular magnetic field of ±5T. a), b) Hall resistance of the 1+x and 4+x series,
where a positive slope is associated with n-type and negative slope with p-type
conduction. Sample 1+40 shows p-type conduction evidencing the acceptor
surplus present in the BSTS layer with (G ≈ 0.72|H ≈ 0.89). All other samples
show electron conduction, which can mainly be ascribed to a large contribution
of the n-type m-bulk channel. c), d) Magnetoresistance of the 1+x and 4+x
series. From comparing the absolute values it can be concluded that the TSS
are the main source of MR in our heterostructures. At least at small fields, this
MR is expected to stem from weak anti-localization that can be analyzed by the
Hikami-Larkin-Nagaoka theory. e) Exemplary fits (white dashed lines) of the
simplified HLN formula to the obtained data (colored solid lines) demonstrating
good agreement. f) Prefactor U obtained from the HLN fits plotted versus the
BSTS thickness CBSTS for all three series. Independent of BS thickness, an
evolution of U ≈ −0.5 to U ≈ −1 is observed that corresponds to a decoupling of
conduction channels on top and bottom surfaces of the samples.
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7 Development of p-n-type BS/BSTS heterostructures

act as parallel transport channels decreasing the ratio of current carried by the TSS and
thus diminishing the overall MR as particularly evident for the m-bulk channel causing a
large difference between the two series. Furthermore, bulk magnetoresistance effects in
TIs are often shown to approximately follow a ∼ �2 dependence stemming from classical
effects [82, 137], which is not observed in the measurements displayed in Figs. 7.4 c)
and d). This again suggests the absence of sizeable transport contributions by (3D) bulk
states in our samples. Within the investigated magnetic field range of ±5T, all samples
show a distinct cusp-shaped positive MR that is commonly described to stem from weak
anti-localization (WAL). This quantum interference effect was theoretically introduced in
section 3.2 for systems with strong spin-orbit coupling and is expected to be especially
relevant for transport mediated by the surface states of topological insulators. Due to
the arising c Berry phase of the TSS in the mass-less limit, the triplet channels of the
Cooperon modelling the coherent back scattering process are essentially quenched and
only the singlet channel remains [59, 138]. Since the singlet is responsible for WAL,
whereas the triplets would lead to weak localization, the TSS are predicted to be subject
to anti-localization. In other words: the spin-helicity of the Dirac cone requires an
electron that is back scattered by 180◦ from a state : to −: to reverse its spin. In the
quantum interference this inevitably leads to destructive interference of time-reversed
loops and hence a suppression of back scattering. Applying a perpendicular magnetic
field destroys the effect, thus increases the resistance of the system and a positive MR is
observed. It is important to note that many observations from our measurements indicate
the presence of additional effects leading to a positive MR. Chapter 8 will present these
observations and provide a more elaborate discussion. There, also the applicability of
the Hikami-Larkin-Nagaoka (HLN) theory, which is a standard tool in literature for a
quantitative analysis of the WAL effect, will be discussed in more detail. Especially for
small fields, the cusp-shaped MR observed in topological insulators is predicted to stem
dominantly from WAL [139–143] and the HLN formula is then used in the literature to fit
the magnetoconductance. The simplified HLN formula was theoretically introduced in
Eq. (3.39) of section 3.2 and is re-printed here [60]3:
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Assuming � (�) ≈ 1/'s(�) and Δ�HLN(�) ≈ Δ� (�) ≡ � (�) − � (0 T), the magne-
toconductance for the HLN analysis can be directly obtained from the measurement

3Note that the HLN formula was given in section 3.2 for a conductivity Δf(�) instead of a conductance
Δ� (�) to preserve the notation of the original publication in Ref. [60]. However, the formula yields
values in units of 42/ℎ and not m · 42/ℎ and thus corresponds to a conductance. This distinction was
not made in Ref. [60] since the formula was derived for purely (quasi-) 2D systems.
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of the longitudinal sheet resistance as Δ� (�) ≈ 1/'s(�) − 1/'s(0 T). Figure 7.4 e)
exemplarily shows HLN fits (white dotted lines) to Δ� (�) of the 1+x series measured at
4.2K, where U and the phase coherence length ;i are the free fit parameters and very good
agreement of the theory and the obtained data is demonstrated within a field range of ±1 T.
In the simplectic case of the HLN theory, i.e. for systems with strong spin-orbit coupling
and a WAL-type magnetoconductance as observed in our samples, the prefactor U is
expected to yield a value of −0.5. However, if two parallel, uncoupled transport channels
with similar phase coherence lengths are present in the system and equally contribute to
the WAL effect, their contributions add up to yield U = −1. This should, for example,
be the case in a perfectly bulk insulating TI of sufficient thickness, where the top and
bottom TSS both separately add a value of -0.5 to U [144, 145]. Figure 7.4 f) shows
the evolution of U with increasing BSTS thickness CBSTS for the three investigated series.
Independently of the seed layer thickness, U ≈ −0.5 is observed for all samples with thin
BSTS.When the BSTS thickness exceeds 8QL, the value starts to increase approaching −1
for CBSTS ≈ 20QL. In the thin film limit, the band bending model of our heterostructures
predicts the Fermi level to lie mostly above the conduction band minimum as indicated by
the upper inset of Fig. 7.4 f). Hence, we expect all conduction channels within the system
to be strongly coupled via topologically trivial bulk states, consistent with the observation
of U ≈ −0.5. It has furthermore been suggested that below a thickness of approximately
10QL, U = −0.5 would even be expected for separated channels due to coupling of top
and bottom TSS mediated by tunneling or hopping [146, 147]. This could be the origin of
the simultaneous increase in all three series starting around this threshold. As illustrated
by the lower inset of Fig. 7.4 f), when the BSTS thickness is increased, we expect the
upper TSS to start to become separated from the conduction channel at the bottom surface
by the emergence of a semiconductor-like channel, where �F is positioned in the band
gap. While it was argued in section 7.2.1 that this channel is not completely insulating at
4.2K, our HLN analysis argues in favor of its conduction to be small enough to allow an
effective decoupling of a top and bottom conduction channel for sufficiently thick BSTS
that triggers the evolution of U from −0.5 to −1. Hence, the trend presented here provides
a further confirmation for the band bending model introduced in Sec. 7.1 and the low bulk
conduction of the BSTS layer. Note, that at the same time they also contradict a common
interpretation from literature that U = −1 is associated with a completely insulating bulk
of the TI. Not only does the BSTS layer that separates top from bottom channel show a
remaining conduction, but especially the m-bulk channel was shown to not be completely
depleted at least in the 4+x series. In Ref. [144] it has indeed been predicted that such a
configuration, where the bottom TSS is strongly coupled to trivial bulk states from the
m-bulk channel, can also yield U = −1. Therein, also the evolution from −0.5 to −1 for
increasing separation of two channels is theoretically modelled.

87



7 Development of p-n-type BS/BSTS heterostructures

7.2.3 Back-gate dependence as sensor for as-grown
properties

A further standard tool for magnetotransport experiments is the application of an
electrostatic gate voltage. While the field effect naturally modulates the transport behavior
of the sample, the triggered change of the longitudinal resistance also provides valuable
information about the as-grown electronic characteristics, which will be described here.
More details about the gate effect on the transport properties will be given in section 7.3.
As explained in the beginning of the previous chapter (see Sec. 6.4), all samples presented
here were grown on STO substrates that can function as the back-gate (BG) dielectric due
to its ultrahigh relative permittivity, hence allowing an easy and reliable implementation
of gate functionality. Whereas front-gate (FG) realization requires further lithography
steps and thin-film deposition methods for the dielectric and electrode layers additional to
the Hall-bar patterning, the sample is simply glued to a socket by conductive silver epoxy
and contacted by wire bonding to enable the application of back-gate voltages between
the sample and the Ag layer, using the STO as a dielectric barrier. Furthermore, thin-film
dielectrics typically used as the FG barrier, like atomic-layer-deposited Al2O3, have been
reported to damage the surface mobility [25, 148] and are moreover often vulnerable to
leakage currents. The STO with its thickness of 500 `m, on the other hand, proved to be
very robust even up to voltages of several hundred volts. Applying a gate voltage +G to
the sample essentially leads to a shift of the Fermi level induced by the field effect and
consequently modifies the transport behavior manifesting in a change of the longitudinal
sheet resistance 's. Figure 7.5 a) provides an illustration of the 's(+G) evolution for the
most simplified case. If the transport could be completely described by the prototypical
band structure indicated in the insets, where only the bulk bands (black parabolas) and
one set of surface states (red and black states) contribute and the as-grown Fermi energy
�F lies directly at the Dirac point, the displayed 's behavior would be expected. Without
any gate voltage the resistance shows a maximum due to the vanishing density of states at
the Dirac point. For +G ≠ 0, the Fermi level is shifted away form the Dirac point and
moves to higher energies for positive and to lower energies for negative voltages. The
hence increasing density of states is accompanied by a reduction of the resistance that is
most pronounced as long as �F lies within the band gap (colored background). When
the Fermi level is pushed into one of the bulk bands, the resistance obtains its lowest
values and quickly saturates. Of course, the situation is much more complicated in real
samples. Already the presence of a second TSS at the opposite surface and potential
trivial bulk states pose additional contributions to transport that respond individually
to the application of a gate voltage and hence inhibit the attribution of the resistance
maximum directly to the Dirac point of a surface state. Following the terminology used
for measurements in graphene and other 2D systems, this resistance maximum is thus
often labeled charge neutrality point (CNP) in literature for generalization. Especially
considering the heterostructure design of our samples, however, the description is still
more complex. The samples are not two-dimensional in the sense that the field effect
induced by the gate voltage will not tune the Fermi energy uniformly throughout the whole
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thickness, which is amplified by the asymmetry of the BS/BSTS stacks. The presence
of mobile charge carriers in surface or bulk states can partially or completely screen the
electric field leading to a gradual attenuation. Thus, the applied voltage will also highly
influence the intrinsic as-grown band bending that arises from the p-n-type character of
the bilayers. Furthermore, all contributing transport channels can have different mobilities
and hence changes of their respective density lead to an unequal impact on the overall
resistance. Nevertheless, still a maximum in sheet resistance is expected to be observed
for a certain gate voltage in our samples. To use a completely general terminology, this
maximum will be labeled 'peak in the following. Figures 7.5 b) - c) show the evolution
of the sheet resistance at 4.2K normalized to its value under zero bias with respect to
the applied back-gate voltage +BG: 'norm

s (+BG) = 's(+BG)/'s(0 V) − 1. In panel c) the
measurements on the 4+x series are presented. The thinnest samples, 4+2, 4+6, and
4+12, show a steep increase for negative voltages with 'norm

s reaching large values of
approximately 500 %, 200 %, and 100 %, respectively. However, even for voltages up
to −100V no maximum in the resistance is observed, which we ascribe to an effective
screening of the BG-induced field effect before 'peak is reached. In theses samples with
thick BS and thin BSTS layers our band-bending model for p-n heterostructures predicts
the m-bulk channel to be large, leading hence to the presence of a highly conductive layer
at the STO/TI interface that dominates the electronic transport. Applying a negative gate
voltage partially depletes this channel, which causes the observed large relative increase of
the resistance, but the high density of mobile charge carriers present in the m-bulk channel
shields the electric field before a maximum in 's is observed. Intriguingly, starting from
a BSTS thickness of 20QL the behavior changes and a maximum of 'norm

s with respect to
the voltage is reached that shifts towards 0V for thicker samples. Sub-figure d) shows an
enlarged depiction of the back-gate measurements on samples 4+20, 4+40, and 4+60. We
interpret these observations as direct evidence for the compensation of opposite excess
charges within the p-n-heterostructure: for thin BSTS, the metal-like bulk conduction
channel at the STO/TI interface induced by the 4QL of strongly n-type BS remains
large enough to screen the static electric field. However, increasing the BSTS thickness
from 2QL to 6QL and 12QL the relative increase of 's gradually diminishes, already
indicating an as-grown reduction of the m-bulk contribution by intrinsic compensation
effects. This trend continues for the samples 4+20, 4+40, and 4+60, where the m-bulk
channel becomes sufficiently depleted that the back-gate can tune the Fermi level through
a configuration with a resistance maximum 'peak. Figure 7.5 b) shows the 'norm

s (+BG)
measurements for the 1+x series4. From the investigations presented in Fig. 7.3 of
section 7.2.1 it was concluded that sample 1+12 still shows a small remaining metal-like
bulk channel as-grown that practically vanishes for 20QL and 40QL of BSTS. These
observations directly manifest in the BG behavior of the respective samples: applying a
positive gate voltage yields an upwards shift of the Fermi energy that hence increases

4To avoid hysteresis effects in these measurements, the sample was brought to room temperature in
between back-gate sweeps in positive and negative direction. The two separate measurements are then
digitally merged, leading to a small discontinuity at 0V.
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Figure 7.5: Effect of applied back-gate voltage on the longitudinal resistance 's.
a) Simplified model to generally illustrate the expected 's behavior under a gate
voltage +G. If the band structure has the configuration of the insets, 's shows a
maximum at 0V, since the Fermi level �F lies at the Dirac point with vanishing
density of states. Applying a voltage shifts �F away from the Dirac point and the
resistance decreases due to the increasing density of states of the surface states
(red and blue states). It reaches the lowest values when �F lies within the bulk
bands (black parabolas). b) Sheet resistance 'norm

s at 4.2K normalized to the
unbiased value versus back-gate voltage +BG for the 1+x series. Whereas sample
1+12 shows a large increase with a maximum at −10.5V, samples 1+20 and 1+40
almost show no positive values of 'norm

s with a maximum at +BG ≈ −2V. This
is ascribed to a complete depletion of the m-bulk channel for the two samples.
c) Measurements for the 4+x series. The three thinnest samples show large
changes in resistance, but no maximum is observed. For BSTS thickness of
20QL and above an 'peak is observed, which is a direct evidence of the as-grown
intrinsic compensation of opposite excess charges within the p-n heterostructure.
d) Magnified depiction of samples 4+20, 4+40, and 4+60 shown in c).
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the remaining n-type m-bulk channel in sample 1+12. For +30 V ≥ +BG & +5 V this
channel is then large enough to screen the field effect, equivalent to the observations in
thin 4+x samples. Thus, the resistance remains constant. Below +5V the BG tunability is
regained and 'norm

s increases up to a pronounced maximum at −10.5V. In stark contrast,
samples 1+20 and 1+40 only show a small increase with a maximum at +BG ≈ −2V,
clearly indicating the complete as-grown depletion of the metal-like bulk channel induced
by the BS seed layer. As observed for all other samples, any remaining contribution of this
channel to electrical transport would be largely tunable by the field effect and therefore
cause a significant increase of 'norm

s for negative voltages in comparison to the unbiased
measurement. The facts that both samples reach 'peak at the same gate voltage and almost
no increase of 's can be induced by the gate voltage suggests that the depletion of the
m-bulk channel is already completed in sample 1+20.
In conclusion, investigating the behavior of the longitudinal resistance under a back-gate
bias allowed to gain valuable information about the as-grown sample properties. It not
only evidenced the intrinsic compensation of opposite excess charges within the p-n
heterostructure, but also showed a complete depletion of the m-bulk channel introduced
by the highly n-type BS layer for 1QL BS and BSTS thicknesses above 20QL. This
strongly suggests that the BS seed layer functionality, that was shown above to be highly
beneficial for the epitaxial preparation and the reproducibility of the electronic properties
of the TI samples, can be utilized, while its parasitic contribution to the bulk conductivity
can be minimized by choosing a p-type BSTS layer of sufficient thickness. The following
section will provide a more detailed discussion on the effects of a back-gate voltage on
the electronic transport properties of the heterostructures.

7.3 Electronic properties under electrostatic
gating

The difficulty of interpreting the gating effects on electronic transport experiments,
especially for our TI heterostructures, was already briefly discussed in the preceding
section. All conduction channels present in the samples superimpose to yield the measured
resistance, but are tuned to a different degree by the applied voltage. For example, whereas
the m-bulk channel is expected to be directly depleted or populated by the field effect
depending on the sign of the applied voltage, a contribution of the semiC-bulk channel,
possibly stemming from charge puddle conduction, could be much less prone to a change
of its conductivity by a shift of the Fermi level. Even if the BSTS stoichiometry is
tuned to an overall acceptor surplus, n- and p-type puddles are simultaneously present
and randomly distributed throughout the material as indicated in Fig. 7.3 f). When the
Fermi level now is shifted to higher or lower energies, the density of states of one type of
puddles will decrease, but the respective other will simultaneously increase, leading thus
to an overall less pronounced and more difficult to predict modulation of the resistance.
Furthermore, the distance of the respective channel from the dielectric plays an important
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Figure 7.6: 2D color map of the nor-
malized sheet resistance 'norm

s ob-
tained at 4.2K with respect to back-
gate- (+BG) and front-gate voltage
(+FG). The white dashed line follows
the maximum of 'norm

s with respect
to both gates. When it is horizontal,
the BG is screened and does not in-
fluence the top surface. A non-zero
slope indicates a capacitive coupling
of the BG to the top surface.

role for the tunability of its conductivity due to screening effects. Naturally, when a
back-gate is used, the field effect will be stronger at the bottom surface than on the top
surface, especially if mobile bulk carriers are present, and hence the shift of the energy
bands with respect to the Fermi level will be different for transport channels located
at the respective surfaces, like the top and bottom TSS. In the measurements of the
sheet resistance with respect to the applied back-gate voltage presented in Fig. 7.5 a
maximum in resistance 'peak was obtained in most samples at a certain value of +BG.
While the observations discussed there evidenced the compensation effects within the
heterostructures and suggested a possible full depletion of the m-bulk channel, they do not
provide complete insight into the capability of the back-gate to tune the electronic bands
throughout the whole sample thickness, since the observed curves could correspond solely
to a variation of the conduction channels located at the bottom surface. For many practical
scenarios, however, TI samples, where the top TSS could be shifted in energy by means
of a back-gate voltage would be highly favorable, as this would leave the top surface free
for e.g. surface sensitive optical experiments or even the addition of a further material
layer like for example in TI/ferromagnet heterostructures. A tool to test the influence of
the back-gate on the top surface is the implementation of an additional front-gate (FG) for
dual-gate operation.

7.3.1 Capacitive coupling of top and bottom surfaces

The FG functionality was achieved by introduction of a bilayer dielectric between the
sample and an e-beam evaporated layer of 10 nm titanium and 100 nm gold that is used as
the electrode. The dielectric consisted of 30 nm of SiO2 and 100 nm of Al2O3 deposited
by plasma-enhanced chemical vapor deposition (PECVD) and atomic layer deposition
(ALD), respectively. Details of the front-gate preparation process are given in appendix
B.1. A dual-gated measurement at 4.2K of sample 1+40 is shown in Fig. 7.6, where the
applied back-gate voltage +BG is plotted along the x-axis, the front-gate voltage +FG along
the y-axis and the normalized sheet resistance 'norm

s is given by the color map. To acquire
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this color plot, the back-gate was fixed at constant values in steps of 1.5V, at which the
front-gate was each swept from +30V to −30V. The remaining data points were obtained
by digital interpolation. A precise description of the followed measurement procedure
can be found in appendix C.3. The white dashed line in Fig. 7.6 tracks the behavior
of 'peak obtained from every FG sweep with respect to both gate voltages. Following
this line from right to left, its horizontal behavior for +30 V ≥ +BG & +10 V shows
that the back-gate has no effect on the front-gate in this regime. At any +BG within this
interval, the conducted front-gate sweep showed a resistance maximum at a constant
+FG ≈ 16.5V. Equivalently to measurements shown in Fig. 7.5, we ascribe this to the
m-bulk channel being populated with mobile charge carriers induced by the positive
back-gate voltage that leads to a screening of the BG electric field and hence prevents a
coupling to the top surface. However, between 10V and 0V, where the m-bulk channel is
expected to approach depletion, the maximum of 's slowly starts to shift towards higher
front-gate voltages. For 0 V & +BG & −12.5 V this trend enhances, manifesting in the
steepest slope of the white dashed line, before it starts to flatten again for larger negative
voltages. The non-zero slope of the dashed line clearly indicates a capacitive coupling
of the back-gate to the top surface showing that it is capable of tuning the Fermi level
of the top TSS even for a sample thickness of 41QL [84, 149–151]. At the same time,
this observation again clearly suggests a very low bulk conductivity of our samples as
long as the m-bulk channel is depleted. In Ref. [149] similar BSTS devices, however
prepared by the Bridgman technique instead of MBE, were investigated in a dual-gate
geometry. Therein, a capacitive coupling of top and bottom surface for a sample thickness
of 42 nm and no coupling in a sample of 82 nm is reported. The authors ascribe this
discrepancy to the presence of mobile bulk carriers induced by charge puddles in the
thicker sample that prevent the BG electric field from penetrating the interior and claim
an absence of puddles for samples thinner than 70 nm due to screening effects from the
TSS. These screening mechanisms are also theoretically described in Refs. [127, 129].
In our heterostructures, as discussed above in Sec. 7.2.1, we do not assume a complete
suppression of charge puddles in our samples due to the observation of a non-vanishing
BSTS bulk conductivity. However, the conclusions drawn from Fig. 7.6 show that their
density is small enough to allow the bulk penetration of an electric field.

7.3.2 Analysis of the 's(+BG) measurement

While the dual-gated measurement revealed a clear capacitive coupling of the back-gate
to the top surface, an explicit interpretation of the sole back-gate effect on the sheet
resistance 's(+BG), as presented within Fig. 7.5 in a normalized depiction, still requires
a more detailed evaluation. Therefore, figure 7.7 compares 's(+BG) (lower panel) with
the behavior of 'peak in the dual-gated measurement (upper panel) of sample 1+40.5

5Note that the measurements presented in Fig. 7.7 stem from separate halves of the same sample. The
halve used for the 'norm

s (+BG) measurement was not equipped with a front-gate and did hence also not
go through the FG patterning process. Slight influences on the transport behavior can not be excluded.
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Figure 7.7: Comparison of the behavior
of 'peak(+FG) (upper panel) and the sheet
resistance 's (lower panel) with respect to
the back-gate voltage of sample 1+40 and
measured at 4.2K. The largest coupling of
the BG to the top surface, corresponding to
the largest slope of the curve in the upper
panel, agrees well with the maximum in
's. As a guide to the eye, this region is
highlighted by the gray background. From
this it can be concluded, that the 's(+BG)
curve mainly stems from the resistance
variation of the bottom surface.

Corresponding to the white dashed line in Fig. 7.6, every point in the upper panel
represents the value of +FG at which the maximum resistance was found in each FG sweep
at the respective BG voltage. The actual value of 'peak in general varies from point to
point. As stated above, the slope of this curve is proportional to the capacitive coupling
of the back-gate to the top surface. Intriguingly, a direct correspondence between this
slope and the 's(+BG) measurement can be observed in Fig. 7.7. The largest capacitive
coupling of the back-gate to the top surface is observed in a +BG range between +6V and
-15V (gray background), which agrees well with the maximum observed in 's(+BG). On
the other hand, especially for large positive voltages, where the m-bulk channel is expected
to be populated, the observed low sheet resistance corresponds to a complete suppression
of the capacitive coupling. This allows to conclude that the resistance change induced by
a back-gate voltage mainly stems from a variation of the lower surface. Naturally, the
capacitive coupling from the BG to the top surface is largest, when the lower surface has a
minimal conductance due the accompanying minimization of screening effects [149]. The
correspondence of capacitive coupling and 's(+BG) observed in Fig. 7.7 hence suggests
that the sheet resistance curve of the lower panel mainly describes the variation of the
lower surface.
On the other hand, the fact that the capacitive coupling is not zero for the complete
back-gate range shows that the 's(+BG) curve should still contain some contribution from
the top surface state. A hint to this could be the observation of an incipient second peak
in the three samples of the 1+x series, manifesting in a shallow broadening of the curve
next to the main maximum. In Fig. 7.8 a) the 's(+BG) measurements of samples 1+12,
1+20, and 1+40 are plotted separately with arbitrary units to compare their qualitative
behavior.6 While the most noticeable second peak, highlighted by the respective arrows,

6These measurements were plotted with units in Fig. 7.5 b).
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Figure 7.8: Evaluation of of the signature of a second peak in the 's(+BG)
measurements. a) Separate depiction of 's(+BG) for samples 1+12, 1+20, and
1+40 using arbitrary units to compare the qualitative behavior. A clear onset
of a second peak can be observed for sample 1+20 as highlighted by the arrow.
This second peak signature is less obvious for samples 1+12 and 1+40. b) Plot
of 3's obtained by subtracting 's at every measurement point by the preceding
value: 3' = 'n+1 − 'n, where = are the measurement points. The behaviors
observed in a) and b) are characteristic for the superposition of two peak-like
functions. c), d) Illustration of this behavior by using two arbitrary Lorentzians:
51 = 1/(G + 1)2 + 1, 52 = 0.6/(G − 0.5)2 + 1.
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is observed in sample 1+20, it is still clearly observable in 1+40. On the contrary, this is
much less obvious for sample 1+12, where the signature of a second maximum could get
lost in the large change of 's for negative voltages due to the depletion of the remaining
m-bulk channel. Still, a slight broadening might be visible around zero voltage. This can
be more clearly revealed by plotting the difference 3's obtained by subtracting 's at every
measurement point by the preceding value. This is displayed in panel b). All three curves
follow a qualitatively similar behavior showing a large maximum for positive and two
smaller minima with negative 3's. Using two arbitrary Lorentzians 51 and 52, sub-figures
c) and d) illustrate that the observations from a) and b) are indeed characteristic for the
superposition of two peak-like functions. A separate depiction of 51 and 52 and the sum of
both are depicted in the left and right panel of c), respectively. Due to the close proximity
in G, the smaller peak of 52 gets absorbed into 51 when the functions are added, yielding the
same qualitative behavior as observed in the measurements. Subsequently, the difference
function 3 ( 51(G) + 52(G)) plotted in d) as well reflects the observations obtained from the
measured curves. The fact that this second peak signature is reproducibly observed in
three individual samples clearly indicates that it corresponds to a maximum resistance of
one of the contributing transport channels. Since, as stated above, the main maximum
is determined by the bottom surface, this second peak might reflect the behavior of the
top TSS. In this sense, it would be reasonable, especially for the thicker 1+20 and 1+40
samples, to expect one peak at negative and the other at positive voltages due to the n-type
character of BS and the p-type doping of BSTS. However, additional measurements would
be useful to provide a more direct evaluation. By back-gated ARPES, for example, the
effect of the back-gate on the top surface band structure could be directly imaged.

7.3.3 Back-gated Hall measurements

The back-gate dependent measurements presented so far have discussed the transport
behavior in the absence of a magnetic field. Additionally, all samples presented in this
chapter have also been investigated in terms of the BG influence on the Hall resistance that
is induced by a perpendicular magnetic field. Here, +BG was kept constant at the targeted
value, while the magnetic field was swept between ±5T at ) = 4.2K. In Fig. 7.5 a) an
oversimplified model was introduced to illustrate the change of the longitudinal resistance
with respect to a variation of the gate voltage, when only the bulk bands and one set of TSS
contribute to the transport. In such a system, 'peak would be observed when the chemical
potential crosses the Dirac point. Considering the Hall resistance, the slope of the curve
should then reverse its sign due to the change of charge carrier type from electrons to
holes, or vice versa. In our measurements, we indeed observed a back-gate induced
ambipolar transport for all samples, where the 's(+BG) showed a maximum for a specific
back-gate voltage. In samples 4+2, 4+6, and 4+12 no such 'peak was reached even for BG
voltages up to −100V due to the screening of the field effect by a large m-bulk channel.
Accordingly, we observed a dominant n-type Hall behavior independently of the applied
back-gate voltage. Only when the BSTS thickness is increased to 20QL in the 4+x series,
the sign of the Hall coefficient can be switched by means of back-gating. In figures 7.9 -
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7.11 this sample 4+20 is compared to samples 1+12 and 1+40, respectively. In each, panel
a) shows the Hall resistance 'xy versus magnetic field � for different back-gate voltages as
given in the legend, with a positive slope corresponding to n-type and a negative slope to
a p-type dominated transport. The gray curves in panels b) show the 'xy value at � = 5 T
with respect to +BG, where the dashed line marks 'xy = 0 and the red curve shows the
's(+BG) curves at zero magnetic field.7 The colored backgrounds provide a guide to the
eye and have a width of 20V on the +BG scale in all three figures.

Sample 4+20:
Sample 4+20 (Fig. 7.9) has been investigated in a back-gate range of ±150V. For all
voltages ≥ 0V, the Hall curves displayed in a) show a n-type character with identical slope.
This again shows the effective screening of the induced field-effect by the large electron
doped m-bulk channel that we have demonstrated to be especially relevant when the BS
layer has a thickness of 4QL and that prevents a modulation of the sample’s electronic
bands by positive voltages. On the other hand, when negative voltages are applied, the
Hall coefficient is modified and changes sign in the vicinity of −15V, accompanied by the
observation of non-linear Hall curves, before obtaining a clear p-type character at larger
negative back-gate values. The 'xy |�=5T curve of panel b) (gray) nicely visualizes this
behavior and furthermore allows a direct comparison to the simultaneous modification of
the zero-field longitudinal resistance 's (red). Intriguingly, while 'xy remains constant
for +150 V ≤ +BG ≤ −5 V , a steep increase of 's already sets in at +20V changing from
1825Ω/� to 2690Ω/� at−5V. In the back-gate range between -5V and -25V, highlighted
by the colored background, the sharp apex of the sheet resistance is accompanied by
an abrupt, approximately linear decrease of 'xy. Furthermore, the zero crossing of the
Hall coefficient, marked by the dashed line, precisely agrees with 'peak at a voltage of
−15V. For smaller voltages outside of the colored region, both curves reapproach a flat
behavior.

Sample 1+12:
Sample 1+12 (Fig. 7.10) behaves similarly to 4+20 in many ways. The sign change of
the Hall coefficient, again accompanied by non-linear curves in the vicinity, is observed
for slightly smaller negative voltages between −5V and −9V, but as for sample 4+20, it
shows n-type character at zero bias and is not modified for positive gate voltages (see
panel a)). This manifests in sub-figure b) in a constant behavior of 'xy |�=5T for all
+BG > 0. The sheet resistance, on the other hand, again already shows a significant
increase within this gate region. Even the relative variation is similar to sample 4+20
as it changes from 5228Ω/� at 8V to 7100Ω/� at 0V. As above, the steep decrease
of 'xy coincides well with the apex of the 's curve and occurs within a back-gate range
of approximately 20V (colored background). However, some noticeable differences to
sample 4+20 are also observable. First, the zero crossing of 'xy occurs at −7V and does

7The Hall curves in a) have been digitally symmetrized (see appendix C). The 's (+BG) curves are
equivalent to the ones presented in Fig. 7.5. Instead of the BG being swept continuously, the value is
obtained here from the zero crossing of the magnetic field sweeps at discrete voltages.
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Figure 7.9: Sample 4+20 measured at ) = 4.2K. a) Hall resistance 'xy with
respect to perpendicular magnetic field �. b) 's at � = 0T (red) and 'xy at
� = 5 T (gray) versus back-gate voltage +BG.

Figure 7.10: Sample 1+12 measured at ) = 4.2K. a) Hall resistance 'xy with
respect to perpendicular magnetic field �. b) 's at � = 0T (red) and 'xy at
� = 5 T (gray) versus back-gate voltage +BG.

Figure 7.11: Sample 1+40 measured at ) = 4.2K. a) Hall resistance 'xy with
respect to perpendicular magnetic field �. b) 's at � = 0T (red) and 'xy at
� = 5 T (gray) versus back-gate voltage +BG.
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not coincide precisely with 'peak at −11V. After the decrease, 'xy furthermore shows a
distinct minimum in the vicinity of −30V, before a horizontal behavior is approached.
Considering the sheet resistance, while the qualitative behavior is very similar, its absolute
values are significantly higher in 1+12 within all gate regions.

Sample 1+40:
The discussions of preceding sections suggested that the m-bulk channel is completely
depleted as-grown for sample 1+40 and thus differences to samples 4+20 and 1+12 in the
back-gated magnetotransport measurements are expected. Importantly, the Hall resistance
of the unbiased measurement shown in panel a) of Fig. 7.11 shows a negative slope and
hence a p-type behavior. A switch to n-type dominant electronic transport is achieved
for positive gate voltages with +BG > 10V. For larger back-gate values 'xy approaches
saturation, but still a slight variation can be observed even from +30V to +70V. This
becomes more obvious in sub-figure b). Within +10 V ≤ +BG ≤ +75 V 'xy |�=5T shows
a small, but non-vanishing decrease. As a further contrast to samples 4+20 and 1+12,
this is accompanied by an also only small variation of 's. The strong modification of
both curves sets in simultaneously below +BG = 10V. A striking resemblance of all three
presented samples is the observation that, for 1+40 as well, the abrupt decrease of 'xy
not only coincides with the apex of 's, but also encloses a back-gate range of about 20V
(colored background). Similar to 1+12, 'xy shows a dip at -10V, before again a horizontal
behavior is approached for larger negative voltages. Interestingly, the zero crossing of
'xy does not coincide with 'peak in this sample and their respective back-gate voltage
values do not agree in sign.

Discussion
As stated in the beginning of this section, in an idealized system with one Dirac-like
transport channel the maximum of the sheet- and the zero crossing of the Hall resistance
are simultaneously observed, when the gate has tuned the chemical potential to the Dirac
point, as for example observed in graphene that is essentially described by this model
[152, 153]. When a second transport channel of different charge carrier mobility is
present, or the two channels are not equally modified by the applied voltage, the situation
becomes more complex. Disregarding possible quantum corrections to both Hall and
sheet resistance, the maximal generality is retained within a semi-classical discussion
of the presented data in the diffusive transport regime by underlying a Drude model for
an arbitrary number of contributing channels # . The relevant equations (see Sec. 3.1)
are8:

8The minus sign in fxy is introduced to adapt the equation to the definition chosen in the measurements.
'S is proportional to the given expression as it has to be normalized by a constant that reflects the
Hall-bar geometry.
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The longitudinal (fxx) and Hall conductivity (fxy) depend on the magnetic field � and the
summation over the charge carrier density =8, mobility `8, and charge @8 of the 8-th channel.
Here, the value of @8 is the elementary charge, being positive for holes and negative for
electrons. Since the induction of a field effect to the sample tunes the respective charge
carrier density =8 of channel 8, these equations essentially become functions of the applied
gate voltage and can be used to explain the expected observations for 'xy and 's for a
graphene-like sample. To replicate the typical data depiction used in the literature as well
as in our studies within the panels b) of Figs. 7.9 - 7.11, the following will assume � = 0
for the longitudinal fxx and a constant � ≠ 0 for the transversal fxy. In graphene, only one
conduction channel is present in the system and the charge carrier density = goes to zero,
when �F is tuned to the Dirac point. This would yield fxx(� = 0) = fxy(� ≠ 0) = 0 and
the according 's and 'xy would diverge. In a real measurement at non-zero temperature,
however, the charge carrier density is not exactly zero, when the Fermi level lies at the DP,
but an equal, finite amount of conduction electrons and holes of the same mobility and
opposite charge will be present. Hence, the n- and p-channels cancel to zero in fxy and
accordingly 'xy = 0. The longitudinal conductivity, on the other hand, can not go to zero
if = does not vanish, since it is proportional to

∑#
8 |@8 · =8 · `8 |. It is, however, minimized

when the Fermi level is tuned to the Dirac point since the carrier density is minimized
and therefore yields a maximum in 's. From this consideration it is conclusive, why a
simultaneous zero crossing of 'xy and peak of 's is not generally expected, when more
than one channel contributes to the electronic transport: 'xy(� ≠ 0) goes to zero, when
the

∑#
8 @8 · =8 · `2

8
within fxy(� ≠ 0) vanishes. Therefore, the single terms of the sum

and hence the single charge carrier densities =8 can be arbitrarily large, as long as they
cancel to zero in the sum over all channels due to a varying sign of @8. On the other hand,
's(� = 0) shows a peak, when ∑#

8 |@8 · =8 · `8 | and subsequently the total charge carrier
density is minimized. Hence, as soon as the number of contributing channels # with
a gate-induced modulation of the carrier density =8 and varying charge carrier type @8
exceeds 1, the zero crossing of 'xy and the maximum of 's are not necessarily expected
to be observed at the same gate voltage.
In investigations on topological insulators both scenarios have been observed, where
the zero crossing of 'xy and the maximum of 's are positioned at the same [84, 151,
154–156] or at different [81, 148] gate voltage values. Due to the asymmetric design,
we in general expect the latter case to be observed in our p-n heterostructures. The
simultaneous appearance of 'peak and 'xy = 0 in sample 4+20 might be coincidental, as
it also was the only one where this was observed. In this sample, equivalently to 1+12,
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the non-depleted m-bulk channel leads to dominant electron conduction at +BG = 0V
and the screening of the field effect for positive voltages. Interestingly, in a gate region,
where 'xy stays completely constant, the sheet resistance still changes in both samples
by approximately 30 %. This is surprising, since the formulas given above show that
the values of fxx and fxy and accordingly 's and 'xy are both modified by changes in
density and mobility of the contributing transport channels. However, in contrast to fxx,
fxy is proportional to `2, meaning it is more susceptible to changes in channels of higher
mobility. This suggests that 'xy might be a more sensitive indicator for back-gate-induced
variations of the topological surface states, assuming a higher mobility of the TSS than of
bulk carriers. The variation of 's and 'xy within the highlighted regions in the b) panels
of Figs. 7.9 - 7.11 could hence be interpreted as the tuning of the Fermi level through the
bottom TSS, whereas the changes in 's for higher voltages, where 'xy remains constant,
could be caused by a reduction of m-bulk carriers. This would explain, why the steepest
decrease of 'xy occurs on a very similar back-gate range for all three samples and is
accompanied by the apex of 's.
Furthermore, combining these observations with the large differences observed in the
absolute sheet resistance values between the three presented samples allows important
conclusions on the effect of intrinsic compensation processes by the n- and p-type layer
within the heterostructures: in contrast to samples 4+2, 4+6, and 4+12, sample 4+20
shows a back-gate-induced tuning through the bottom TSS, proving an as-grown depletion
of the m-bulk channel and a subsequent reduction of screening effects. On the other
hand, if applying a back-gate voltage to this sample would completely deplete the m-bulk
channel before �F is tuned through the b-TSS, the observed sheet resistance in Fig. 7.9 b)
should not be almost four times lower than for sample 1+12 (Fig. 7.10 b). A possible
explanation is sketched in Fig. 7.12. Let a), for example, represent sample 4+12 in an
unbiased, as-grown scenario. Due to the comparatively large BS and low BSTS thickness
the sample possess a very pronounced m-bulk channel, where �f lies deep above the
conduction band minimum (CBM). When the BSTS thickness is increased to e.g. 4+20,
as sketched in sub-figure b), still a m-bulk contribution remains, but the Fermi level is
shifted closer to the CBM throughout its whole thickness. Applying now a negative
back-gate voltage results in an upward bending of the bands sketched in Figs. 7.12 c) and
d). Subsequently, the m-bulk channel is reduced and the sheet resistance increases. For
the sample sketched in c), the Fermi level still completely stays above the CBM and no
'peak is observed like for sample 4+12 in our measurements (see Fig. 7.5 c)). On the
other hand, in the case of panel d), representing our picture of sample 4+20, the band
bending is sufficient to pull �F below the CBM at the STO/BS interface and due to the
small density of states of the TSS, it is easily tuned through the bulk energy gap. However,
there remains a sizeable area, where �F remains above the CBM that leads to a large bulk
contribution to conduction and the observation of an overall small sheet resistance in this
sample, compared to e.g. sample 1+12, where we expect the Fermi level to be tuned by
the back-gate into the energy gap throughout the whole sample thickness.
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Figure 7.12: Sketches of band edge behavior in samples with large BS thickness.
a), b) With increasing BSTS thickness (b) the Fermi level is shifted closer to the
conduction band minimum at the STO/BS interface in comparison to a sample
with smaller BSTS thickness (a). c), d) Applying a back-gate voltage +BG < 0 to
the thin sample (c) does not shift �F below the CBM. In the thicker sample (d),
it is shifted below the CBM at the STO/BS interface, such that it can be tuned
through the b-TSS. In our exemplary case there remains, however, an area, where
�F lies above the CBM that leads to a small measured sheet resistance.
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7.4 Summary and discussion

This chapter presented some of the key results of this thesis. After the preceding Ch. 6
had discussed the challenging MBE preparation of quaternary (Bi1−GSbG)2(Te1−HSeH)3
(G, H ≠ 0) alloys and highlighted the significant benefits for sample growth provided by the
implementation of a Bi2Se3 seed layer, the investigations we discussed here considered
the electronic properties of such BS/BSTS bilayers. To counteract the contribution to the
bulk conduction introduced by the large unintentional n-type doping of BS, we created
vertical p-n-type heterostructures in tuning the BSTS layer into a slight acceptor surplus
via its stoichiometry, aiming to reduce the amount of parasitic bulk dopants via intrinsic
compensation processes. In section 7.1 we presented our concept of the expected thickness
dependent band bending within a p-n device, which was evidenced by an imaging of
the surface band structure via ARPES. The proposed concept furthermore predicted the
emergence of two types of bulk transport channels additional to the expected contribution
of the surface states: a metal-like channel appearing when the Fermi level intersects one
of the bulk bands and a semiconductor-like channel, when �F lies within the energy gap.
Their respective contributions to the overall conductance of the sample is expected to
be largely dependent on the thicknesses of the BS and BSTS layers. To evaluate this
prediction, a study of three sample series was presented in Sec 7.2, where the BS thickness
was kept constant at 1QL, 2QL, or 4QL, respectively, whereas the BSTS thickness was
varied between 2QL and 43QL. Within this investigation the electronic behavior of the
heterostructure was probed via a standardized characterization procedure (see appendix C)
utilizing temperature-, magnetic field-, and back-gate-dependent transport measurements.
Whereas the temperature dependence of the longitudinal sheet resistances showed
signatures of all three channels varying with the respective layer thicknesses, the cusp-
shaped magnetoresistance was ascribed to dominantly stem from the TSS. At least for
small fields it is expected to be caused by weak anti-localization, allowing an analysis
applying the Hikami-Larkin-Nagaoka theory. By tracking the prefactor U with respect to
BSTS thickness, a continuous evolution from −0.5 to −1 was observed that corresponds to
one or respectively two contributing conduction channels. For all three series, increasing
the BSTS thickness lead to an increase of the semiC-bulk channel that is insulating
enough at ) = 4.2K to cause an effective separation of conduction channels on top
and bottom surfaces. Investigating the behavior of the sheet resistance with respect to
back-gate voltage, on the other hand, allowed to gain important insight on the as-grown
band bending effects within the p-n heterostructure. It not only showed the increasing
compensation of excess charge carriers for larger BSTS thicknesses in the 4+x series, but,
most importantly, also the approach of complete depletion of the m-bulk channel for 1QL
of BS and BSTS thicknesses above 20QL.
A deeper evaluation of the back-gate-induced tuning of the electronic properties was
provided in Sec. 7.3. Although the different responses of the contributing transport
channels to the induced field effect render the measurements difficult to interpret and some
observations suggest that the main modulation of the transport properties is connected
to a Fermi level tuning mostly of the bottom surface, clear evidence was also provided
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that the back-gate can indeed capacitively couple to the front surface by utilization of a
dual-gated sample design. A key requirement for effective back-gating of the samples
was identified to be the minimization of the m-bulk channel, as a large amount of mobile
charge carriers at the STO/BS interface can easily screen the induced field effect.
Connecting the observations presented in this chapter allows to provide a clear picture
of the electronic characteristics of the investigated heterostructures. As predicted by the
band bending concept displayed in Fig. 7.2, the transport of the p-n bilayers is largely
governed by the precisely tunable thicknesses of the BS and BSTS layers. When 4QL of
BS seed layer are used, the electronic properties are dominated by the m-bulk channel.
Increasing the BSTS thickness in such a sample does lead to a enhanced depletion
of bulk carriers, but does not lead to a complete vanishing of the m-bulk channel in
the investigated BSTS thickness range. For 1QL of BS seed layer, on the other hand,
this is achieved once the BSTS thickness reaches 20QL. This leads to the important
conclusion that the BS seed layer, which is crucial for high quality thin film epitaxy, can
be implemented while its contribution to the unintentional bulk conductance of the sample
can indeed be largely suppressed within a p-n bilayer device. Moreover, the presented
measurements also provide valuable information about the parasitic bulk conductance of
the semiconductor-like channel. In Sec. 7.2.1 we obtained a non-vanishing conductivity
of this channel even at a temperature of ) = 4.2K. Such a behavior is often observed
in literature even for nominally compensated TI materials and is usually ascribed to
charge puddles. However, in our samples, this conductivity stemming from the BSTS
bulk is small enough to observe a separation into two parallel, uncoupled conduction
channels within the HLN analysis and to allow an un-screened capacitive coupling from
the back-gate to the top surface in a dual-gated device even for a sample thickness of
41QL. Nevertheless, we expect the largest TSS-to-bulk transport ratio for sample 1+20, as
it is the thinnest heterostructure within our study, where a depletion of the m-bulk channel
is achieved. Indeed, this sample showed the highest absolute magnetoresistance in Fig.
7.4 providing an indication confirming this claim. From this reasoning a straightforward
starting point towards a further optimization of our p-n bilayer design follows: ideally,
by modifying or varying the constituents of the sample stack, a complete depletion of
the m-bulk channel should be achievable in even thinner films. Samples of a maximal
thickness of about 10QL should not only suffer from less parasitic bulk conduction, but
moreover also offer a more effective back-gate-induced tuning of the electronic bands
throughout the whole sample thickness. A first approach to achieve such an optimized
second generation of heterostructure samples will be discussed in Ch. 9.
An important note considering the first sample generation that was presented in this
chapter is the absence of Landau quantization effects, like e.g. Shubnikov-de Haas
oscillations, in our magnetotransport studies, which might be expected in the case of
dominant two-dimensional surface state transport. While the comparatively low magnetic
fields of maximal ±5T and the high measurement temperature of ) = 4.2K utilized
for the experiments of this chapter might not allow such effects to manifest, Landau
quantization was also not observed in few selected samples that were measured up to
� = 12T or even � = 16T with ) � 1K. Various mechanisms are conceivable to lie
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at the origin of this circumstance. On the one hand, the most obvious causes could be
the non-vanishing bulk conductivity and the rather rough surface topography decreasing
the TSS mobility (see Fig. 6.7 for an AFM scan). There are, however, several more
intricate effects that could further contribute to a decrease of the surface state mobility.
Due to the variable G and H, the quaternary alloy (Bi1−GSbG)2(Te1−HSeH)3 is susceptible
to local disorder and chemical inhomogeneity. This leads to potential fluctuations that
can ultimately cause the formation of the randomly distributed charge puddles. In this
case, surface electrons can scatter in the subsequently present bulk states at the Fermi
level [103], which reduces the TSS mobility. Furthermore, even in almost perfectly
compensated BSTS materials, the formation of surface charge puddles has been reported
to influence the TSS’ electronic properties [135]. While for such puddles to form in the
bulk the potential fluctuations have to exceed Δ/2, with Δ being the energy gap size, the
gap-less nature of the surface states leads to the appearance of surface puddles for any
non-zero variation of the surface potential. In other words, surface disorder can yield a
local modulation of the TSS’ electronic structure on a nanometer scale that leads to a
significant "blurring" of the surface state bands, when integrating over a mesoscopic area
like in our magnetotransport experiments. This kind of surface disorder may not only
have a negative impact on the formation of sharp Landau levels to observe effects like
Shubnikov-de Haas oscillations, but might possibly also play an important role for an
increased localization of surface electrons by means of strong interelectron correlations.
This will be discussed in detail in the following chapter.
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Analysis of magnetoresistive
effects

8

The previous chapter presented a systematic transport characterization to investigate the
electronic properties of the p-n heterostructures with respect to the thicknesses of the BS
and BSTS layers. There, the cusp-shaped magnetoresistance was briefly discussed and
ascribed to mainly stem from the topological surface states. At least at low temperatures
and for small, perpendicular magnetic fields it was assumed to be caused by weak
anti-localization, allowing an analysis by applying the Hikami-Larkin-Nagaoka formalism
and the obtained results corresponded well with observations from e.g. the temperature
dependence of the sheet resistance. However, beyond the measurements presented in
the previous chapter, applying higher magnetic fields, increasing the temperature, or
changing the field angle revealed a rich magnetoresistive behavior that motivates a deeper
investigation, not only concerning the applicability of the HLN theory, but also to gain
deeper insight into the mechanisms of electronic transport in our samples. For this
purpose, four samples from the heterostructure study were chosen: 1+12, 1+40, 4+12,
and 4+40. Additionally, a Bi2Se3 film with a thickness of 60QL, in the following termed
sample 60BS, was measured as a reference. Due to the large n-type doping in BS, the
electronic transport in this sample is expected to be largely dominated by bulk carriers.
The measurements discussed in this chapter utilized the Spektromag SM-4000 cryostat
described in section 5.1.4 that enables the application of magnetic fields up to ±7T
for variable temperatures between 1.4K and 300K and adjustable penetration angles
from the perpendicular out-of-plane- (OOP) to the in-plane (IP) configuration. Figure
8.1 shows the absolute magnetoresistances MRabs = 's(�) − 's(0 T) at ) = 1.4K in
the OOP configuration of the heterostructures in a) and 60BS in b). By means of the
curves displayed in a), the reasoning for the TSS being the main cause of MR for the
heterostructure samples provided in section 7.2.2 shall be briefly repeated: in simplified
terms, the m-bulk and the semiC-bulk conduction contributions should increase with
increasing BS or, respectively, BSTS thickness, but no correlation to an increase of
magnetoresistance is observed in the measurements, leaving the TSS as the main origin.
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Figure 8.1: Absolute magnetoresistance MRabs = 's(�) − 's(0 T) at ) = 1.4K
in the OOP configuration of the samples investigated in this chapter. a) 1+12,
1+40, 4+12, and 4+40. b) 60BS.

As apparent from Fig. 8.1 b), the completely bulk dominated transport in sample 60BS
not only yields much smaller magnetoresistance values, but also a qualitatively different
behavior. While a small cusp-like feature is still observable around zero magnetic field,
the MRabs curve follows a power-law behavior for � & 0.5T. Such a magnetoresistance
is typical for TIs with dominant bulk conduction and the high-field response is usually
interpreted to stem from the Lorentz deflection of bulk carriers, where Kohler’s rule (see
Sec 3.1.2) yields "' ∼ �2 [137, 157–161]. This sample is hence the ideal reference
to identify possible bulk contributions to the magnetoresistance of the heterostructures
within the following investigations. First, the temperature dependence of the MR in the
OOP configuration will be studied, including a particular interest on the high temperature
behavior. In section 8.2, several observations will be presented that clearly demonstrate
the presence of low-temperature effects additional to weak anti-localization from the TSS
and signatures of electron-electron interactions will be discussed. Possible indications
of bulk contributions to the MR at high fields will be investigated in Sec. 8.3. Finally,
section 8.4 will summarize and discuss the main results, with a particular emphasize
on the applicability and accuracy of the HLN analysis for OOP magnetic fields in the
presence of additional magnetoresistive effects.
Note that in the experiments presented in the following, the p-n heterostructures mostly
showed a qualitatively identical behavior and hence usually only the data from selected
samples will be presented.

8.1 Temperature dependence of the
magnetoresistance

In Figure 8.2 the temperature dependence of the OOP-MR of samples 1+12 (a, b), 1+40
(c, d), and 60BS (e, f) is displayed.
The magnetic field sweeps at constant temperature, shown in a), c), and e), reveal a cusp
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8.1 Temperature dependence of the magnetoresistance

Figure 8.2: Temperature dependence of the magnetoresistance of samples 1+12
(a, b), 1+40 (c, d) and 60BS (e, f). a), c), d) Absolute magnetoresistance versus
magnetic field at fixed temperatures of the respective samples. The inset in
e) shows a magnification of � = ±0.5T. b), d), f) Sheet resistance 's versus
temperature and fixed magnetic fields of the respective samples.
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8 Analysis of magnetoresistive effects

shape for all three samples at ) = 1.4K. However, while this cusp spans the complete
range of ±7 T for the heterostructures, it only manifests within ≈ ±0.5 T in sample 60BS,
which is magnified in the inset of panel e). As a fingerprint of quantum interference
effects, the cusp-shaped MR becomes broader and gradually diminishes in amplitude,
when the temperature is increased due to the decrease of the phase coherence length ;i
[50]. For sample 60BS, it already vanished entirely at 50K. The MR then only follows
the power-law behavior that is almost unchanged within the presented temperature range,
which clearly suggests classical effects as its origin. In both heterostructure samples, the
MR still shows cusp-like contributions at ) = 50K that completely vanish, however, on
further increase of the temperature, where a power-law regime similar to sample 60BS
is reached. These observations can be further clarified by investigating the modulation
of the temperature dependent sheet resistance 's()) by the applied field as plotted in
panels b), d), and f). The temperature dependent freeze-out of bulk carriers has been
discussed in Sec. 7.2.1 and can be retraced in Fig. 8.2 d) by means of the zero-field
curve. There, the increase of 's with decreasing temperature between 200K and 125K
discloses dominant electronic transport by thermally activated bulk carriers. Below
100K all three samples show a metal-like behavior at � = 0. However, the response
of 's to the application of a perpendicular magnetic field is drastically different in the
heterostructures compared to sample 60BS, suggesting that indeed two different types of
metal-like conduction channels might be present in the TI samples. For sample 60BS,
where the large n-type doping is expected to shift the Fermi level into the conduction
band, the metallic temperature dependence of 's stems from trivial bulk states throughout
the whole temperature range and applying a perpendicular magnetic field increases 's
only slightly and essentially independent of temperature. On the other hand, the behavior
of the heterostructures can be roughly divided into two regimes. Above ) ≈ 100K, the
transport is dominated by bulk carriers, with a semiconductor-like temperature behavior
in sample 1+40, a metal-like response in sample 1+12 originating from trivial carriers
of the m-bulk channel and a small, approximately parabolic magnetoresistance in both
samples as observed in BS. Below ) ≈ 100K, the magnetoresistance increases in value
and gradually evolves into the cusp-shaped form typical for quantum interference effects.
This strongly suggests a drastically increasing contribution of the TSS to the electronic
transport below this threshold temperature. Further indications for the power-law behavior
stemming from trivial bulk states can be found in literature. For example, in Refs. [159,
160] an evolution from a cusp-shaped to a parabolic MR is observed by increasing the
sample thickness and hence increasing the relative bulk contribution to the transport. In
Refs. [157, 162], moreover, it is shown how the deposition of a thin, magnetic layer
as well changes the MR from a cusp shape to a parabolic behavior, which is ascribed
to the introduction of magnetic scattering of the TSS or the opening of a band gap due
time-reversal symmetry breaking.
Figure 8.3 shows a further evaluation of the high temperature response of the heterostruc-
tures’ resistances to a perpendicular magnetic field, where panel a) depicts the field sweeps
for the p-n samples at ) = 200K. Whereas the measurements at ) = 1.4K shown in Fig.
8.1 a) revealed a large difference between the samples of the 1+x and 4+x series, the
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8.1 Temperature dependence of the magnetoresistance

Figure 8.3: High temperature behavior of the magnetoresistance. a) Absolute
magnetoresistance versus magnetic field at ) = 200K of the heterostructure
samples. The white dotted lines fit the curves to a power-law behavior: MRabs =
0�V. b) Temperature dependence of the exponent V between 100K and 200K.
All samples show an increase of V with increasing temperature ) , but do not
reach the classically predicted V = 2 within the investigated range.

values at 200K at least for samples 1+12, 4+12, and 4+40 are similar. Only sample 1+40
shows a higher absolute MR, which could be connected to the lowest m-bulk conduction
contribution in this sample, or, alternatively, a remaining influence of the TSS on the
magnetoresistance. Such a residual TSS contribution might also be responsible for the
observed deviation from the theoretically expected "' ∼ �2 behavior predicted by
Kohler’s rule for a classical magnetoresistance. The white dotted lines in Fig. 8.3 a) show
a fit to the data using the equation MRabs(�) = 0�V. The temperature dependence of the
exponent V between 100K and 200K is displayed in sub-figure b). The Samples 1+12,
4+12, and 4+40 not only show a very similar MR at 200K, but also an almost identical
behavior of V with respect to temperature. Again, sample 1+40 poses an outlier, but its V
values approach the other samples more closely at higher temperature. All samples show
an increase of V with increasing temperature, but fall short of the classically predicted
V = 2, possibly hinting towards a remaining presence of non-classical effects that could
further diminish with higher temperature.
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8 Analysis of magnetoresistive effects

8.2 Signatures of electron-electron interactions
In the previous section the high temperature () > 100K) magnetoresistance was argued to
dominantly stem from the electronic transport of trivial bulk carriers for the investigated
samples. For the p-n-type heterostructures, the MR drastically increases in value and
gradually evolves to the typical cusp shape, when the temperature is decreased. We
ascribed this observation to an increasing contribution of the TSS to electronic transport.
So far, the discussion of the origin of this low temperature MR was limited to weak
anti-localization. The investigations presented in this chapter, however, clearly suggest
the presence of low-temperature (magneto-) resistive effects additional to WAL stemming
from the two-dimensional surface states. In the following, the key observations will be
briefly presented, before they are discussed in more depth in the subsequent sections
showing that effects of strong electron-electron interactions are a possible common
origin.

Zero field, low temperature resistance behavior
The first relevant observation was already contained in the measurements of the zero field
temperature dependence of the sheet resistance presented in Fig. 8.2 b) and d). There, the
main behavior of the curves of samples 1+12 and 1+40 was ascribed to semiconductor-
and metal-like bulk contributions, as well as, especially at low temperatures, the metallic
TSS. However, even in the absence of a magnetic field, the 's()) measurements showed a
small increase for ) . 10K that was disregarded in the discussion above. This upturn can
only be very slightly observed in sample 60BS (see Fig. 8.2 f), but is clearly present in all
four investigated p-n heterostructures. This is shown in Fig. 8.4, where 's is normalized
by 'min, which corresponds to the minimum resistance at the temperature )min, before the
increase in Rs occurs. In the context of quantum corrections to the electronic transport at
low temperatures this observation is surprising, since the expected weak anti-localization
should decrease the resistance at � = 0. An increase of 's could, in principle, stem from
weak localization, but this effect should yield a negative magnetoresistance that is not
observed in the measurements. Hence, an additional effect must be present that modifies
the electronic transport in our heterostructure samples at low temperatures. This will be
discussed in Sec. 8.2.1.
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8.2 Signatures of electron-electron interactions

Figure 8.4: Sheet resistance 's normal-
ized by the resistance 'min at theminimum
temperature )min for 1.4 K < ) < 20 K.
In this relative depiction, the resistance
upturn for ) < )min is very similar for all
four samples.

Figure 8.5: Absolute magnetoresistance
MRabs of sample 1+12 at ) = 1.4K for
different angles between � and the sample
surface from OOP (0◦) to IP (90◦). The
MR does clearly not vanish in the IP con-
figuration as it would be expected from
weak anti-localization of the TSS.

Figure 8.6: Absolute magnetoresistance
MRabs (upper panel) of sample 1+12 ver-
sus a magnetic field � at ) = 1.4K. No
saturation of the cusp-shaped MR is ob-
served within the investigated field range.
The lower panel shows the HLN fit (red
dashed line) to the corresponding magne-
toconductance (blue solid line), where a
very good agreement is observed yield-
ing the fit parameters U = −0.66 and
;i = 58.6 nm.
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In-plane magnetoresistance
A second observation that can not be explained by WAL from the two-dimensional
topological surface states is revealed by tilting the angle of the applied magnetic field
with respect to the sample surface. As explained in Sec. 3.2.2, the positive correction
to the conductivity by WAL stems from the destructive quantum interference of phase-
coherent, time-reversed loops of a single electron wave function. Applying a magnetic
field perpendicular to the loops dephases the partial waves and hence destroys the effect,
leading to a positive magnetoresistance. Since the TSS are confined to the sample surface,
only the component of the magnetic field perpendicular to the surface plane should
contribute to the magnetoresistance. Figure 8.5 exemplarily shows a MR measurement of
sample 1+12, where the angle between � and the sample surface is tilted from the OOP-
(0◦) to the IP configuration (90◦).1 While the magnetoresistance shows a decreased value
in the IP case and a more rounded shape around � = 0, it does clearly not vanish as would
be expected if it originated solely from weak anti-localization of the TSS. Hence, like
the sheet resistance increase at low temperatures, this requires a deeper evaluation of the
underlying phenomena that will be given in Sec. 8.2.2.

Non-saturating out-of-plane magnetoresistance
So far, weak anti-localization has been the only effect discussed in the context of the
observed cusp-shaped magnetoresistance. The upper panel of Fig. 8.6 shows an OOP-MR
measurement of sample 1+12 performed at ) = 1.4K, where no saturation is observed in
the applied field range of ±7 T. Applying the HLN formalism that theoretically describes
the WAL effect in a magnetic field to the corresponding magnetoconductance Δ�s, as
displayed in the lower panel, shows nearly perfect agreement between theory and data,
yielding realistic values with respect to literature for the fit parameters U = −0.66 and
;i = 58.6 nm. While this observation not necessarily requires an explanation that goes
beyond weak anti-localization, it is still worth to be discussed in more detail. In the
theoretical introduction given in Sec. 3.2.2 it was shown that the magnetic field necessary
to dephase two time-reversed partial waves depends on the surface area ( enclosed by
the respective loops, requiring larger � for smaller (. In order to travel a closed loop
an electron has to be scattered multiple times. Hence, a lower limit of the enclosed
area ( and subsequently an upper limit of � exists, above that no further contribution
to the magnetoresistance should be caused by WAL. As discussed in Sec. 3.2.2, the
smallest possible surface area depends on the mean-free path ℓ and is of the order of ℓ2.
The corresponding upper magnetic field limit for the WAL contribution is then given by
� ≈ ℎ/(44ℓ2). In many material systems that show signatures of weak anti-localization,
like semiconductor-based two-dimensional electron gases, the effect manifests onmagnetic
field scales of � � 1 T due to large mean-free paths [163–166]. If the anti-localization in
our samples is still present at � = ±7T, this would then yield an upper boundary of the
mean-free path ℓ =

√
ℎ/(44�) ≈ 12 nm. Of course, the investigated TIs are not strictly

comparable to very clean semiconductor quantum wells, but on the other hand, the used
1In the IP configuration, the magnetic field is oriented perpendicular to the current applied through the
Hall-bar. The three other p-n samples qualitatively show the same behavior.
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8.2 Signatures of electron-electron interactions

magnetic field range of � = ±7 T was merely limited by the experimental conditions and
no real prediction for the behavior beyond this field regime can be made. This raises the
question, whether the high field MR of the heterostructure samples is still dominated
by WAL or other effects are present that might be easily misinterpreted when the HLN
formalism is applied. This will be evaluated in Sec. 8.2.3.

8.2.1 Zero field, low temperature resistance behavior

For the increase of the resistance below 10K several processes are conceivable. As stated
above, a quantum correction originating from weak localization can be excluded, since
this is expected to be accompanied by a negative magnetoresistance, which is not observed
in the measurements. It could furthermore be ascribed to the freeze-out of bulk carriers,
for example from an impurity band [167]. Then, the resistance in this temperature regime
should follow an activation law as [50, 127]

'S = '0 exp
(
Δ

:B)

)
,

where '0 is a constant, Δ is the activation and :B) the thermal energy. In Fig. 8.7 a)
and b) the sheet resistance measurement of sample 4+12 is plotted between ) = 1.4K
and ) = )min = 9.2K. To provide a dimensionless representation, the values of the sheet
resistance and the temperature are normalized to 'min and )min, respectively. In panel a),
both axes are rescaled such that the curve should approach a linear behavior for decreasing
temperature, if the resistance indeed followed an activation law behavior. As can be seen
in the plot, no good agreement with a straight line is observed.
Another effect that is expected to cause an increase of resistance at low temperatures is
strong electron-electron interaction (EEI). In literature, EEI has been discussed extensively
in the context of topological insulators from an experimental [57, 80, 140–142, 161,
168] as well as a theoretical [59, 139] perspective and moreover also for other Dirac
systems such as Weyl semimetals [143, 169–171] or graphene [172, 173]. This sometimes
termed Altshuler-Aronov effect was theoretically described for disordered metals long
before the discovery of TIs and predicts a 's ∼ ln()) behavior for two-dimensional
systems as introduced in Sec. 3.2.3 [54, 61, 63, 174]. Panel b) of Fig. 8.7 plots the
same measurement as sub-figure a), but here the normalized sheet resistance 's/'min
of sample 4+12 is depicted versus ln()/)min), such that a linear behavior is expected
for an underlying electron-electron interaction mechanism. Indeed, below ) ≈ 5K the
presented data approaches a straight line. However, the discussion is further complicated
when the additional effect of weak anti-localization is taken into account that should yield
a contribution that reduces the resistance for decreasing temperature at zero magnetic
field. While this could explain the deviation from a straight line for the activation
law consideration given in Fig. 8.7 a), it was shown in Sec. 3.2.2 that for WAL as
well a logarithmic temperature dependence is predicted. Hence, assuming that the two
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8 Analysis of magnetoresistive effects

Figure 8.7: a), b) Sheet resistance of sample 4+12 normalized to the resistance
'min obtained at temperature )min = 9.2K plotted for a temperature range
between 1.4K and )min. The axes of the plots are respectively adjusted such that
a linear dependence would be expected, if the data followed an activation law (a)
or an electron-electron interaction (b) behavior for the lowest temperatures. The
black arrows indicate the direction of decreasing ) . c) �i = ~/(44;2i) versus
temperature obtained from the HLN fit to the magnetoconductance. The observed
linear behavior corresponds to ;i ∼ )−1/2 indicating dephasing mediated by
quasi-elastic electron-electron interactions. d) Measured total correction of the
conductance X� tot (blue circles) plotted versus ln()/)min). From the linear fit
(red dashed line) the Coulomb screening factor �̃f can be obtained.
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corrections to the conductance X�WAL and X�EEI are approximately additive [141],
the total correction X� tot would still be expected to show a logarithmic behavior in
temperature and be given by2 [57, 141, 143]

X� tot = (1 −
3
4
�̃f)

42

cℎ
ln

(
)

)EEI

)
︸                         ︷︷                         ︸

X�EEI

+ U?
42

cℎ
ln

(
)

)WAL

)
︸                ︷︷                ︸

X�WAL

. (8.1)

Here, �̃f is the Coulomb screening factor of the electron-electron interaction, U is the pre-
factor of the HLN formula (see Eq. 3.39) accounting for the strength of spin-orbit coupling
and the number of channels contributing to electronic transport and ? is determined by
the dominant dephasing mechanism and is connected to the phase coherence length via
;i ∼ )−?/2 (see Sec. 3.2.1). The parameters )EEI and )WAL are the critical temperatures,
below which the quantum corrections are expected to dominate the �s()) behavior.
Following the approach of Refs. [57, 141, 143], the EEI screening factor �̃f can be
obtained, when)EEI = )WAL = )min is assumed and the parameters U and ? are determined
from the magnetoconductance measurements. To obtain a value for ?, Fig. 8.7 c) plots
�i = ~/(44;2i) of sample 4+12 for 1.4 K < ) < 9.2 K. The values are obtained by fitting
the HLN formula to the magnetoconductance measurements at the respective temperature
within a magnetic field range of ±1 T.3 Since the phase coherence length is proportional
to )−?/2 and �i = ~/(44;2i), the observed linear behavior of �i yields ? = 1, which
corresponds to dominant dephasing by quasi-elastic electron-electron interactions in a
two-dimensional system [56] that has similarly been reported for other TI systems [57,
175, 176]. From the same HLN fit to the magnetoconductance U ≈ −0.77 is obtained and
after converting the resistance measurement to the conductance correction by [161, 167,
177]

X� tot()) =
's()) − 's()min)

'2
s ()min)

, (8.2)

the data can be fitted to Eq. (8.1) for ) ≤ 4.2K as shown in Fig. 8.7 d). The slope
of the linear fit yields �̃f ≈ 0.86, which is in good agreement with the theoretically
expected range 0 < �̃f < 1 [61], where �̃f → 1 indicates complete screening [143].
While this value certainly contains significant uncertainty due to the large amount of
influencing parameters and the narrow temperature window it was obtained from, the
fact that it lies within the theoretically predicted regime provides a further indication
that electron-electron interaction is indeed the origin of the resistance increase at low
temperature.

2Both X�WAL and X�EEI describe conductances, while the formulas were theoretically introduced for
conductivities in the corresponding sub-sections of Sec. 3.2. Like for the HLN formula describing
the WAL magnetoresistance, this discrepancy stems from the fact that the original formulas were
theoretically derived for purely (quasi-) 2D systems.

3Note that, as introduced in the beginning of section 8.2, a key question of this chapter is the accuracy
of the HLN fit procedure in the presence of magnetoresistive effects additional to WAL. This will be
discussed in Sec. 8.4.
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8 Analysis of magnetoresistive effects

Besides the physical origin of this anomaly, also the question about the responsible
conduction channel has to be discussed. In the previous chapter, the presence of metal-like
and semiconductor-like bulk contributions to the electronic transport additional to the
TSS has been presented. The linear increase of the sheet resistance in ;=()) at low
temperatures shown in Fig. 8.7 b) specifically indicates electron-electron interactions
within a two-dimensional system. However, a thin film can be considered (quasi-)
two-dimensional in the context of EEI, already if the Thouless length !Th =

√
�/:B)

is larger than the film thickness C [61, 178]. While the diffusion constant � is unknown
for our systems and thus no quantitative value for !Th can be provided, it is conceivable
that the thin films discussed in this chapter with a maximal thickness of C ≈ 44 nm lie
below this quasi-2D threshold and all present transport channels could in principle be the
origin of the two-dimensional EEI signature in the measurement. On the other hand, the
fact that the manifestation of the resistance anomaly was shown to be very comparable
within all four investigated samples, despite the variation of the layer thicknesses (see
Fig. 8.4), and that very similar observations have been reported in literature for different
topological insulators and other Dirac materials lend credence to the assumption that the
topological surface states are the origin. A possible way to gain deeper insight to this
questions is the investigation of magnetic field effects presented in the following.

8.2.2 In-plane magnetoresistance

In the previous section we ascribed the peculiar behavior of the sheet resistance at low
temperatures to strong electron-electron interactions. The presence of this effect is
intriguing, since it could also lie at the origin of the observed in-plane magnetoresistance
that was exemplarily shown for sample 1+12 in Fig. 8.5.
In figure 8.8 a) the IP-MR of the four investigated heterostructure samples at ) = 1.4K is
presented. Compared to the OOPmeasurements the IP values ofMRabs are smaller, but the
respective decrease for each of the four samples is almost identical with MRabs

IP /MRabs
OOP ≈

55%. Hence, as in Fig. 8.1 for the OOP configuration, also in the IP case a significantly
higher MR is observed for the 1+x compared to the 4+x samples. Applying the same
argumentation as above for perpendicular fields thus suggests that the IP MR at ) = 1.4K
as well stems from the TSS. To further emphasize the presence of a magnetoresistive effect
that does not solely depend on the perpendicular component of the applied magnetic field,
figure 8.8 b) exemplarily shows the MRabs of sample 4+40 at 1.4K for different angles \
versus � cos(\). The inset shows the corresponding geometry. The current �x is applied
through the Hall-bar along the x-axis. In the OOP configuration (\ = 0◦), the magnetic
field is parallel to the z-axis and it is tilted in the z-y plane for increasing \. Thus, � is still
perpendicular to �x in the IP configuration and the value � cos(\) equals the component
of the magnetic field normal to the sample surface. If MRabs was only proportional
to � cos(\), all measurements displayed in 8.8 b) would collapse on the \ = 0◦ curve.
However, while the measurements for 0◦ and 30◦ coincide well, a clear deviation is
observed for larger angles. A variety of candidates have been discussed to possibly cause
such a non-vanishing IP magnetoresistance in topological insulators, reaching from WAL
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Figure 8.8: Investigation of the absolute magnetoresistance in the in-plane
geometry at ) = 1.4K. a) IP MR of the four heterostructure samples. Similar
to the OOP configuration, the 1+x samples show significantly higher values. b)
MRabs for an out-of-plane to in-plane rotation of sample 4+40 plotted against the
the magnetic field component perpendicular to the sample surface � cos(\). The
measurement geometry is sketched in the inset. For large angles \ a clear deviation
from the 0◦ curve is observed, indicating the presence of magnetoresistive effects
that are not solely dependent on the perpendicular field component. c) Modified
Hall-bar layout that allows MRabs measurements with respect to the IP angle
q. The current is driven between contacts A and B, the longitudinal voltage is
measured between two adjacent contacts, where each pair is tilted with respect to
the previous by Δq = 15◦. d) Dependence of MRabs on the in-plane angle q of
sample 4+40 obtained by utilizing the Hall-bar shown in c) and the measurement
geometry shown in the inset. e) MRabs versus ln()) of sample 4+40. Above
� ≈ 1.5T a linear behavior is observed as predicted by theory for EEI. f)
Magnified plot of the small field curves shown in e).
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effects stemming from the sample bulk [157, 179], the sample sidewalls [180], or the
non-zero extension of the TSS into the bulk [181], to coupling effects between parallel
conductors [182], hexagonal warping of the surface states [183, 184], or a tilt of the Dirac
cone by the magnetic field [185]. A measurement that excludes most of these effects to
be the origin of the in-plane MR in our samples is presented in Figs. 8.8 c) and d), where
the MR dependence on the in-plane angle q is shown for sample 4+40 at ) = 1.4K. The
measurement geometry is shown in the inset of panel d). The direction of the magnetic
field is kept constant parallel to the y-axis, while q is varied by changing the direction of
the applied current �ϕ. For this, a modified Hall-bar layout is utilized that is shown in an
optical image in c). The current is driven between A and B and the four-point voltage
is measured between two adjacent contacts, where each pair is tilted with respect to the
previous one by 15◦. The measurement displayed in d) reveals an almost isotropic MR
between q = 0◦ and q = 90◦, where we ascribe the small deviations at large fields to
minute local variations of the sample. As discussed in the theoretical introduction of Sec.
3.2.3, Lee and Ramakrishnan predict an isotropic magnetoresistance in disordered metals
originating from the influence of field-induced spin splitting on the electron-electron
interactions in Ref. [61]. While the observed anisotropy of the OOP-to-IP measurements
is expected to stem from a WAL contribution that solely depends on perpendicular fields,
the isotropy in the IP geometry, where WAL from the surface states is absent, provides a
strong indication for the presence of such a magnetoresistive effect caused by isotropic
spin-splitting. The functional dependence of the magnetoconductance corresponding
to EEI was provided in Eq. (3.46) and from this the MR caused by electron-electron
interaction is expected to be proportional to ln(ℎ) with ℎ = 6`B�/:B) � 1. To test
this prediction, Fig. 8.8 e) plots MRabs of sample 4+40 at fixed magnetic fields in the IP
configuration, where no additional effects from WAL should be present, against ln())
for ) between 1.4K and 20K. In this plot the data should approach a straight line, if
ℎ � 1 is fulfilled. According to expectation, the measurements for 0.1 T < � < 0.5 T,
that are magnified in Fig. 8.8 f), do not show a straight line behavior. For � & 1.5 T the
regime of ℎ � 1 already seems to be approached and the presented data thus qualitatively
agrees with the prediction. To conclude, additional to the presented fingerprint of strong
electron-electron interactions in the context of the 's()) measurements presented in the
previous sub-section, also the observed IP magnetoresistive effects agree well with the
theoretical predictions for EEI. The in-plane geometry is ideal for studying the effects
of a magnetic field on interelectron correlations, since no additional contributions by
weak anti-localization from the TSS should be present. However, since the theory of
EEI in principle predicts a completely isotropic magnetoresistance, its influence on the
obtained out-of-plane MR has in turn to be investigated. This will be discussed in the
following.

8.2.3 Non-saturating out-of-plane magnetoresistance

Next to the 's()) anomaly and the in-plane magnetoresistance, the third observation
presented in the introduction of this section was the non-saturating cusp-shaped mag-
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Figure 8.9: Comparison of HLN fitting of measured and modelled data artifi-
cially generated by the equation for Δ�EEI(�). a) Measurement of the sheet
magnetoconductance Δ�s of sample 1+12 for 2 T < � < 7 T at ) = 1.4K (blue
solid line) and according HLN fit (red dashed line) showing good agreement.
b) Data generated using the equation for Δ�EEI(�) for the same �-range using
the parameters 6 ≡ 10 and �̃f ≡ 1 (black solid line). The HLN fit (red dashed
line) as well shows good agreement demonstrating the close functional similarity
between Δ�EEI and Δ�HLN

netoresistance in the OOP geometry displayed for sample 1+12 in Fig. 8.6, where the
corresponding magnetoconductance was shown to exhibit nearly perfect agreement with
the applied HLN fit within the complete investigated field range of±7 T. This measurement
is shown again for 2 T ≤ � ≤ 7 T in Fig. 8.9 a).
In literature, the HLN formalism is usually applied for small magnetic fields (� . 1 T),
since for larger � the magnetoconductance often deviates from the WAL-type cusp shape
and adopts a linear or parabolic behavior. The latter was e.g. observed in our studies for
sample 60BS (see Fig. 8.1 b)), where we expect the transport to be largely dominated
by trivial bulk carriers. In some publications [186–188], the magnetoconductance is
analyzed within the HLN framework for much larger magnetic fields, even up to 60 T in
Ref. [188]. However, the underlying physical meaning is unclear. While the magnetic
field range relevant for the WAL effect is inversely proportional to the mean-free path and
hence increases with disorder, at some � even the smallest possible pairs of time-reversed
loops should be dephased and the contribution of WAL to the magnetoconductance should
vanish. In the context of the observed signatures of a magnetoresistance stemming from
the modulation of electron-electron interactions in the in-plane geometry, presented in the
previous sub-section, a new aspect is added to this discussion, as the theory provided by Lee
and Ramakrishnan in Ref. [61] predicts the effect to be non-saturating and, in principle,
isotropic. The close functional similarity for the respective magnetoconductances Δ�HLN
and Δ�EEI raises the question, whether contributions of EEI are present or even dominate
the MR in the OOP geometry for large �, while being easily misinterpreted for WAL.
The equations for Δ�HLN and Δ�EEI were theoretically introduced in section 3.2 and are
given by
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Δ�HLN(�) = U
42
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[
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)]
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Importantly, both equation predict a magnetoconductance proportional to �2 for small
and to ln(�) for large magnetic fields. The close similarity is visualized in Fig. 8.9 b).
There, the black solid line shows model data artificially generated using the theoretical
formula for Δ�EEI(�) inserting ) = 1.4K, 2 T ≤ � ≤ 7 T and the arbitrarily chosen
�̃f = 1 and 6 = 10, whereas the red dashed line represents a fit to this artificial data using
Δ�HLN with the free parameters U and ;i. The fitted curve not only exhibits very good
agreement with the generated data, but also yields realistic values for U = −0.53 and
;i = 59 nm that even lie in the vicinity to those obtained in our measurements. Testing
the HLN fitting of artificial Δ�EEI curves for different sets of parameters revealed that
the functional agreement increases with increasing g-factor, since for large 6 and the
chosen field range the functions for both Δ�HLN and Δ�EEI lie in the ∼ ln(�) regime.
The amplitude of both conduction corrections is then mainly determined by the prefactors
that are identical if �̃f = 1 and U = −0.5, which are realistic values within the respective
theories. For the WAL effect the condition for Δ�HLN(�) to enter the ∼ ln(�) domain
is already reached for fields of the order of a few tens of millitesla for typical phase
coherence lengths. At a temperature of ) = 1.4K the requirement to enter this regime in
the case of EEI is met if 6� � 2. Considering the usually reported large g-factors for
Bi-based TIs4 [141, 189, 190], this condition should as well be fulfilled for the presented
magnetic field range of � ≥ 2 T. Thus, from a functional point of view, the two effects can
be easily misinterpreted, especially when considering comparably large magnetic fields.
However, the actual physical interpretation of the measured data is more complex. In
sub-section 8.2.1 the simultaneous presence of weak anti-localization and electron-
electron interaction effects on the low temperature conductance at zero magnetic field
was discussed. For � = 0, the corresponding quantum corrections to the conductivity
were shown to have opposite sign, while both exhibit a ∼ ln()) behavior in temperature.
We observed the effect of EEI to be stronger, such that the measured total conductance
correction X� tot()) was negative and obtained a linear behavior in ln()) for ) < 5K. In

4Experimentally obtaining reliable g-factor values relevant for this discussion by fitting the equation for
Δ�EEI to the obtained magnetoconductance data is not straight forward. On the one hand, fitting to the
OOP data is questionable, since it is unclear, if EEI effects play a role in the OOP magnetoconductivity
(see discussion below). On the other hand, fitting the IP data, where we ascribe the magnetoconductance
to dominantly stem from EEI, yields values of 3 . 6 . 10, but using these values in a discussion of
OOP data would disregard a possible large IP-to-OOP anisotropy of the g-factor [141, 189]. Hence,
providing distinct values is omitted at this point.
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8.2 Signatures of electron-electron interactions

Ref. [139] it is theoretically proposed to use the measured sheet conductance �s with
respect to temperature under constant, non-zero magnetic fields to obtain a threshold for
�, above which the WAL effect is expected to be completely quenched. For this, the slope
of �s in the linear regime is parameterized as ^ given by

^ =
cℎ

42
m�s
m ln()) . (8.3)

For � = 0 both WAL and EEI contribute to ^ in full extend. However, when applying
non-zero, out-of-plane magnetic fields in increasing discrete steps, ^ is predicted to be
modified, until � is large enough to completely suppress the WAL effect. This approach
has been applied experimentally in Refs. [57, 140, 141, 161, 168] and is shown for our
samples in Fig. 8.10 a) and b). Panel a) exemplarily displays the sheet conductance
�s plotted versus the logarithmic temperature at distinct OOP magnetic fields between
0T and 2T for sample 1+12. The respective dashed lines represent linear fits to the
data for ) ≤ 4K. Applying small magnetic fields yields a variation of the linear slope
in comparison to the � = 0T curve. Approximately above � = 1T, however, almost
no additional modulation is observed. This manifests in the extracted values for ^ that
are shown as function of � for all four heterostructure in sub-figure b). All samples
exhibit a very similar behavior with respect to magnetic field, showing an increase of
^ for small � before saturation is approached above � ≈ 1T. The results we obtain
for ^(�) are in good agreement with literature. For example, in Ref. [191] the effect
of interelectron correlations is systematically studied using Bi2Te3 antidot arrays and
comparable values for ^ with a very similar field dependence are reported. This result
would suggest a quenching of the WAL effect on the magnetoresistance already for
magnetic fields � & 1 T and hence reinforces the question raised above about the physical
origin of the logarithmic OOP MR for larger fields that was, for example, observed
in sample 1+12, which is displayed again in Fig. 8.10 c) (\ = 0◦). As discussed
above, comparing this curve qualitatively with the corresponding in-plane measurement
(\ = 90◦) does reveal that in the presence of WAL in the OOP geometry the MR retains a
logarithmic behavior to almost zero field, while the EEI originated IP curve adopts a clear
parabolic shape around � = 0 T. For large fields, both measurements are logarithmic in �
with similar slopes. If the magnetoresistance stemming from interelectron correlations
observed for in-plane magnetic fields was completely isotropic, as predicted by the
theory of Lee and Ramakrishnan, to a first approximation the curve for \ = 90◦ should
be identically contained in the OOP measurement. Thus, calculating the difference to
obtain ΔMRabs(�) = MRabs(\ = 0◦) −MRabs(\ = 90◦) would yield the magnetoresistance
that solely depends on the OOP field component. This is shown for sample 1+12 in
Fig. 8.10 d). Intriguingly, the field dependence of the resulting curve agrees well
with the results obtained from the investigation of ^ extracted from the temperature
dependencies of the conductance in constant magnetic fields shown in panel b). Around
� = 0T, a sharp WAL-type cusp is observed that starts to vanish for |� | & 1T and
evolves into an approximately linear behavior for |�| & 2T. The vertical dashed lines
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8 Analysis of magnetoresistive effects

Figure 8.10: a) Measured sheet conductance �s with respect to temperature of
sample 1+12 and under static magnetic fields �. Independent of �, the curves
exhibit a linear behavior below ) ≤ 4K and the dashed lines represent the
respective linear fits. b) ^ versus � extracted from the linear fits for all four
heterostructure samples. c) OOP (\ = 0◦) and IP (\ = 90◦) MR of sample 1+12
at ) = 1.4K. d) Difference ΔMRabs of the two curves shown in c). e) ΔMRabs at
different angles \ between the OOP and IP geometry. f) Used coordinate system.
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8.2 Signatures of electron-electron interactions

in Fig. 8.10 d) mark the integer field values as a guide to the eye and we ascribe the
slight asymmetry with respect to � = 0T in the displayed curve to an artefact of the
measurement. At first sight, the agreeing observations for ^ and ΔMRabs(�) would
clearly suggest that WAL is indeed only relevant for |� | . 2T in the OOP geometry
and suggest the conclusion that the logarithmic MR for larger fields might be largely
determined by an effect of electron-electron interactions. However, while the evaluation
of ^ should actually be valid within the theoretical approach proposed in Ref. [139], the
justification to calculate ΔMRabs(�) = MRabs(\ = 0◦) − MRabs(\ = 90◦) relies on the
assumption of complete isotropy of the magnetoresistive EEI effect. In principle, the
theory indeed does predict an isotropic behavior and the IP angle dependence presented
in Fig. 8.8 d) of the previous sub-section experimentally confirmed this for the x-y-plane
(see Fig. 8.10 f) for the coordinate system). However, an "indirect" IP-to-OOP anisotropy
within the y-z-plane could arise via two different mechanisms. On the one hand, large
anisotropies of the g-factor between IP and OOP magnetic fields have been reported
for example for Bi2Se3 [141, 189], which would in turn modulate the EEI effect, when
the angle \ is varied. Moreover, the theory of Lee and Ramakrishnan and hence the
equation for Δ�EEI(�) given above, was derived disregarding spin-orbit scattering. If spin
scattering is non-negligible, the spin-up and spin-down channels are mixed and the effect
of spin-splitting and subsequently the magnetoconductivity is attenuated. For this case,
Lee and Ramakrishnan propose in Ref. [61] that the additional condition 6`B� � ~/gi

so
has to be fulfilled, before the Zeeman term causes a modulation of the EEI conductance
correction. Here, gi

so is the characteristic spin scattering time, where the superscript i
specifies the geometric axis with i=(x,y,z). This presents the second possible mechanism
to induce an anisotropy to the EEI magnetoresistance, since, while usually gx

so = g
y
so

within the sample plane is assumed, the value of gz
so can differ widely. The influence of

spin-orbit coupling on the interelectron correlations has been under debate for trivial,
disordered metallic systems [192–199] and also has received some attention in the context
of topologically non-trivial materials [139, 140, 143, 186]. For the latter, the publications
unambiguously report a suppression of the EEI induced magnetoresistive effects in OOP
fields, which is qualitatively ascribed to a very small gz

SO due to strong spin-orbit coupling
and the subsequently non-valid condition 6`B� � ~/gz

so for the available field ranges. In
Ref. [186] quantitative values for gx

SO and gz
SO of thin Bi2Te3 films are obtained by fitting

the OOP magnetoconductance to the non-approximated HLN formula introduced in Eq.

125



8 Analysis of magnetoresistive effects

(8.2.3) of section 3.2 that is given by
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where 1 = 44��/~ and the parameters gx
SO and gz

SO together with the characteristic times
g and gi are contained in ge, g1, g2, and g3 as shown in Eqs. (3.36). The authors of Ref.
[186] report gx

SO � gz
SO. Subsequently, they ascribe the observed IP magnetoresistance to

EEI and claim a suppression of this effect in the OOP geometry, where the MR is solely
ascribed to weak anti-localization. However, we were unable to apply this approach, since
the fitting to our data with the extended HLN equation did not yield reliable results. We
attribute this to the large amount of unknown parameters contained in the theory. Hence,
we can not provide a quantitative investigation of the magnetic field range for which the
condition 6`B� � ~/gi

so is fulfilled in our samples. We do, however, have experimental
evidence of an IP-to-OOP anisotropy of the magnetoresistance in our heterostructures,
which is shown in Fig. 8.10 e). There, ΔMRabs = MRabs(\) − MRabs(\ = 90◦) is
plotted for different angles \ versus the perpendicular component of the magnetic field
� cos(\), according to the geometry sketched in panel f). The displayed curves are
obtained by measuring the magnetoresistance up to � = ±7T at constant angles \ and
subtracting the in-plane MR (\ = 90◦). As explained above in the context of Fig. 8.10 d),
subtracting the \ = 90◦ should yield the contribution to the magnetoresistance that only
depends on the OOP field component, if the in-plane MR was indeed stemming from a
completely isotropic effect. Hence, plotting the curves against � cos(\) should make all
measurements collapse onto one curve, which is clearly not observed in the presented
figure.
To conclude, the origin of the logarithmic OOP magnetoresistance observed, for example,
in sample 1+12 remains puzzling. On the one hand, especially the investigation of ^ for
increasing magnetic fields displayed in Figs. 8.10 a) and b) provides a clear hint that the
influence of weak anti-localization on the sample conductance already starts to vanish for
� & 1T. The magnetoresistive effect of EEI described by Lee and Ramakrishnan is the
most obvious candidate to induce the logarithmic behavior above this threshold, since
we not only experimentally observed it for in-plane magnetic fields, but the theoretically
derived �-dependence of the conductance corrections stemming from WAL and EEI also
show a close similarity. However, the predicted isotropy and hence the contribution to
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8.3 Linear magnetoresistive regime: classical bulk effects at low temperatures

the OOP MR is questionable, as shown within the discussion of Fig. 8.10 e). While the
origin of the observed IP-to-OOP anisotropy could be the dependence of the g-factor
on the field angle \, an aspect more widely discussed in literature is the influence of
spin-orbit coupling on the EEI induced magnetoresistance. A quantitative investigation
of the condition 6`B� � ~/gi

so would allow to create a clearer picture of the presence of
EEI contributions to the magnetoresistance with respect to magnetic field magnitude and
angle. A possible framework to access values for gx

so and gz
so is provided by the extended

HLN equation. If some of the material parameters contained in this theory, like the
diffusion constant � or the mean-free time g could be accurately obtained by means of
additional measurement methods, a reliable determination of the spin-orbit scattering
times would be conceivable.

8.3 Linear magnetoresistive regime: classical bulk
effects at low temperatures

In the previous two sections of this chapter the magnetoresistance was discussed for
two distinct temperature regimes. In Sec. 8.1 it was shown that the MR in OOP fields
at high temperatures () & 100K) shows a power-law behavior that was ascribed to
classical effects of bulk electrons. Decreasing the temperature revealed an increasing
emergence of quantum mechanical interference contributions that largely dominate the
MR and mostly show a logarithmic �-dependence in the heterostructure samples. On the
other hand, for sample 60BS, where we expect the electronic conduction to be largely
dominated by trivial bulk states at all temperatures, the subsequent characteristic cusp
shape of the magnetoresistance was only observed within |� | . 0.5T. For larger fields
the observed power-law behavior proved to be largely independent of temperature. The
magnetoresistance of the heterostructure samples at the lowest available temperature was
so far only discussed in the context of the quantum mechanical interference effects, i.e.
the interplay of weak anti-localization and electron-electron interactions presented in Sec.
8.2. In figure 8.6 the dominance of the interference terms was illustrated by displaying
how sample 1+12 exhibited a logarithmic dependence in � within the whole investigated
field range of ±7T. While the same behavior was obtained in our measurements for
sample 1+40, the samples 4+12 and 4+40 revealed a contrasting observation.
This is exemplarily shown in Fig. 8.11 a) for sample 4+40, where in accordance to
figure 8.6 the HLN fit is applied for � ± 7T. In contrast to sample 1+12, sample 4+40
shows a clear deviation from the logarithmic behavior of the fit. The corresponding OOP
magnetoresistance (\ = 0◦) is displayed in 8.11 b), which approaches an approximately
linear field dependence for large �. The observation of linear magnetoresistive regimes
has been reported before for topological insulator systems [82, 106, 137, 187, 200–208]
and different responsible mechanisms have been identified. In Refs. [204, 206] the linear
magnetoresistance (LMR) is associated to disorder induced inhomogeneities of the carrier
distribution and mobility [209]. Since we expect such inhomogeneities to be present in
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8 Analysis of magnetoresistive effects

Figure 8.11: Investigation of linear magnetoresistive regime at ) = 1.4K. a)
Magnetoconductivity Δ�s of sample 4+40 and HLN fit for � = ±7 T. In contrast
to sample 1+12, the fit shows a clear deviation for sample 4+40. b) Absolute
magnetoresistance MRabs of sample 4+40 in the out-of-plane (\ = 0◦) and
in-plane (\ = 90◦) geometry. For OOP fields, the MR approaches a linear
behavior for large fields, which is absent in the IP case. c) OOP and IP MRabs

for sample 60BS. The parabolic �-dependence for � & 1T vanishes, when
the field is tilted to the in-plane orientation. d) Magnification of the cusp-like
feature around zero field of sample 60BS. The behavior for −1 T ≤ � ≤ 1 T
closely mirrors the �-dependence of sample 4+40 for � = ±7T. e), f) ΔMRabs

obtained by subtracting the IP MR from the measurements obtained at angle
\ for samples 4+12 (e) and 4+40 (f). Both plots share the legend provided in
f). By subtracting the mostly logarithmic IP MR, the two samples reveal an
evolution into an approximately power-law behavior for fields beyond the cusp
around � = 0 T, which behaves like the parabolic �-dependence in sample 60BS,
when \ is increased.
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our samples, these effects are intriguing candidates. However, disorder effects should
be equally relevant for all four heterostructures, but the linear MR regime is only clearly
observed for samples 4+12 and 4+40. Moreover, in Ref. [204], the slope of the LMR
is reported to be directly proportional to the sheet resistance of the samples in a gate-
dependent study. This is not observed in our measurements (not shown). The fact that the
LMR regime in our investigations is only clearly obtained in the heterostructures of the 4+x
series suggests a connection to the significantly larger contribution of the m-bulk channel
in these samples (see Ch. 7.2). This would furthermore exclude the quantum mechanical
model proposed by Abrikosov [210], which links a linear magnetoresistance to linearly
dispersive states and is hence discussed as an LMR origin in the context of topological
surface states [118, 207, 208]. On the other hand, Parish and Littlewood suggest in a
classical model the emergence of a LMR in trivial two-dimensional disordered conductors
[211, 212], which could be applicable to describe the sizeable contribution to electronic
transport by the m-bulk channels in the samples of the 4+x series. Another explanation
conceivable for our samples is provided in Ref. [187], where the superposition of a
parabolic and a logarithmic term within the extended HLNmodel (Eq. (3.35)) is suggested
to yield an approximately linear overall behavior. The authors thus ascribe both types
of field dependencies to stem from the anti-localizing quantum interference mechanism.
In our measurements, we observe an approximately quadratic MR in sample 60BS (see
Fig. 8.11 c)). Due to the weak temperature dependence of this parabolic behavior, we
described this observation to be caused by classical effects. A very similar power-law
field dependence of the MR was revealed for the heterostructures at high temperatures,
where the quantum interference effects are suppressed. Assuming the same physical
origin as for sample 60BS, it would follow from the weak temperature dependence that the
power-law MR contribution is as well present for all heterostructures at low temperatures,
but is largely masked by the logarithmic quantum effects, especially for the investigated
1+x samples due to the thin BS layer. Since the m-bulk channel and subsequently trivial
bulk electrons provide a large contribution to the electronic transport in the 4+x samples,
a possibly associated quadratic MR would naturally be more pronounced and could in
turn yield an approximately linear behavior in a superposition with logarithmic quantum
effects. This motivates a close comparison between the magnetoresistances of sample
60BS and the 4+x heterostructures. In Figs. 8.11 b) and c) the absolute magnetoresistance
MRabs at ) = 1.4K and within � = ±7 T measured in the OOP (\ = 0◦) and IP (\ = 90◦)
geometry is displayed for samples 4+40 and 60BS, respectively. As can be seen in panel
b), the LMR vanishes, when the magnetic field is tilted from the perpendicular to the
in-plane orientation and the remaining MR exhibits a logarithmic behavior. Comparing
this to the same measurements in c) reveals that the quadratic component of the MR indeed
goes to zero and even adopts a slightly negative slope in the IP geometry for sample 60BS,
which corresponds to a (quasi-) 2D behavior in the picture of classical Lorentz deflection
of charge carriers [213–215]. The low-field MR for � = ±1 T, which is shown magnified
in Fig. 8.11 d), almost mirrors the behavior exhibited by sample 4+40 within the whole
available field range. After a sharp cusp around � = 0, the MR adopts an almost linear
dependence up to ≈ 1T in OOP orientation, where it begins to evolve into the parabolic
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shape observed for larger fields in panel c). In the IP geometry the cusp is slightly broader
in � and the linear regime has vanished. This directly projects how the superposition
of logarithmic quantum- and quadratic bulk effects can yield a linear MR. The origin
of the logarithmic MR for in-plane magnetic fields of the heterostructure samples and
the question about its predicted isotropy have been discussed in-depth in sections 8.2.2
and 8.2.3. As stated in the latter, subtracting the measured IP magnetoresistance from
the curve obtained for fields with \ ≠ 90◦ is only completely justified, if the IP effect is
perfectly isotropic. While this is not necessarily the case, subtracting the two curves to
obtain ΔMRabs does eliminate a logarithmic component from the OOP data. The residual
curves for samples 4+12 and 4+40 are shown in Figs. 8.11 e) and f), respectively, where
both panels share the legend given in f). For \ = 0◦, both samples show a sharp cusp
around � = 0, but evolve into a parabolic shape for lager fields. When \ is increased, like
for sample 60BS, this parabolic part bends downwards and even adopts a slight negative
slope in sample 4+12. In combination, the presented observations thus indicate that the
approximately linear MR obtained in our investigation for samples 4+12 and 4+40 at low
temperatures originates from the superposition of quantum and classical effects that are
logarithmic and parabolic in �, respectively.

8.4 Summary and discussion

In summary, this chapter provided an in-depth analysis of the influence of magnetic fields
on the longitudinal sample resistance. By comparing the samples 1+12, 1+40, 4+12,
and 4+40 from the p-n heterostructure series with a pure 60QL thick Bi2Se3 film in
temperature and field angle dependent investigations, different aspects and contributions
to the magnetoresistance have been discussed, yielding valuable information to gain
a deeper understanding of electronic transport processes relevant in our topological
insulator samples. Especially nearing liquid helium temperatures a rich MR behavior
emerges, combining classical with different kinds of quantum interference effects. The
first section of this chapter (Sec. 8.1) presented the temperature dependence between
1.4K and 200K for out-of-plane magnetic fields. For ) & 100K all samples showed
a power-law behavior approaching a parabolic �-dependence. The weak temperature
dependence of this parabolic MR, especially observed in sample 60BS, lets us ascribe
this term to stem from a classical Lorentz deflection of charge carriers described by
Kohler’s rule. When the samples are cooled down below the ) ≈ 100K threshold, an
increasing manifestation of a cusp-shaped magnetoresistance is observed. In sample
60BS this cusp is observed for � ≈ ±1T, whereas for larger fields the parabolic MR
behavior preserves. On the other hand, for the heterostructures the cusp-shaped MR
almost spans the complete available field range of ±7T, especially in samples 1+12 and
1+40. The cusp shape is a characteristic fingerprint of quantum interference effects, with
weak anti-localization being most prominently discussed in literature in the context of
topological insulators. However, section 8.2 of this chapter presented observations that
require additional contributions beyondWAL of the topological surface states to be present.
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First, in sub-section 8.2.1 the temperature dependence of the zero field sheet resistance
showed a distinct increase for ) . 10K, contrary to the expectation considering anti-
localization effects, which should decrease the resistance. The logarithmic temperature
dependence of this upturn of 's()) is typically explained in literature by localizing effects
stemming from electron-electron interactions. This interpretation is supported in our
investigations by the second observation presented in sub-section 8.2.2, where strong
interelectron correlations as well serve as a viable explanation. Tilting the magnetic
field at ) = 1.4K into an orientation parallel to the sample plane, revealed a sizeable
positive magnetoresistance, which can as well not be explained by two-dimensional WAL.
The observed �-dependence and the in-plane anisotropy of this IP magnetoresistance
agree well with the theory of Lee and Ramakrishnan provided in Ref. [61] describing
the influence of magnetic fields on strong electron-electron interactions in disordered
metals and the subsequent modulation of the conductance. In the context of the observed
logarithmic magnetoresistance spanning the whole investigated field range of ±7T,
sub-section 8.2.3 discussed possible EEI influences on the OOP magnetoresistance and
demonstrated the close functional similarity between EEI andWAL effects under magnetic
fields. While theory predicts the MR from electron-electron interaction to be isotropic,
literature consensually reports its suppression in perpendicular magnetic fields due to large
spin-orbit coupling in topological insulators. Within our investigations no clear conclusion
could be drawn. On the one hand, the magnetoresistance of sample 1+12 was shown to
exhibit good agreement with the HLN theory for fields up to ±7T. However, especially
the presented study of ^, which parameterizes the slope of the logarithmic temperature
dependence of the conductance under static magnetic fields, provides direct hints towards
a vanishing of the WAL contribution to the magnetoresistance already for � & 1 T. For a
quantitative evaluation of the EEI effect in perpendicular magnetic fields values for the
spin-orbit scattering times of the system would be essential. A further possible additional
contribution to the OOP magnetoresistance at low temperatures was discussed in Sec.
8.3, where the observation of a linear magnetoresistive regime for large fields observed in
samples 4+12 and 4+40 was presented. While multiple mechanisms could be the origin
of a linear magnetoresistance and have been discussed in literature, the data displayed in
section 8.3 suggest classical effects from the large m-bulk transport contribution to be the
origin in these samples. Like more dominantly observed in sample 60BS, these classical
effects are expected to exhibit a power-law behavior in �. The subsequent superposition
of this approximately parabolic field dependence with logarithmic contribution from the
quantum interference effects can subsequently lead to the observation of an apparent
linear magnetoresistance for large fields within the investigated range.
The magnetoresistance is one of the key observables in electronic transport experiments
on topological insulator systems. Especially for OOP magnetic fields the usually observed
cusp-shaped MR around � = 0 is mostly associated solely to WAL and analyzed within
the HLN formalism. While the application of the HLN fitting to TI transport experiments
has received some general theoretical criticism, since the theory was originally derived
for (quasi-) two-dimensional systems with parabolic dispersion [216, 217], our data
presented in this chapter furthermore raises the question of the accuracy of the HLN
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evaluation in the potential presence of additional MR contributions from bulk effects
or electron-electron interactions. For our heterostructure samples, the bulk effects are
observed to be small at low temperatures, especially for small fields due to the parabolic
�-dependence. Furthermore, we would expect a sizeable contribution of such effects
to lead to a clear deviation of the HLN fit from the obtained data. This is observed
for sample 4+40 in Sec. 8.3 within � = ±7T, but not the case, if the fitting range is
limited to fields of � ≤ 1T as performed in Sec. 7.2.2 of the previous chapter. On the
other hand, possible contributions of EEI could more subtly hamper the accuracy of the
HLN fitting, because of the theoretically predicted similarity of the field behavior to
that of WAL. Even in the presence of a sizeable EEI contribution to the MR, the overall
measured response could thus preserve a �-dependence that can be fitted well by the
HLN equation. However, the investigations we presented in Sec. 8.2.3 suggest that WAL
indeed is the dominant magnetoresistive effect in perpendicular magnetic fields within
the heterostructure samples, at least for � . 1T. This is supported by the HLN study of
the three heterostructure thickness series presented in Sec. 7.2.2 of the preceding chapter,
where the fitting range was limited to � ≤ ±1T and particularly the obtained values for
the prefactor U showed a very predictable behavior and good agreement with expectation
as well as with observations drawn from separate measurements.
In the temperature dependence of the zero field sheet resistance discussed in Sec. 8.2.1
the EEI effects clearly dominate over the anti-localization for ) . 10K. Considering the
sample thickness dependence of the EEI-induced in-plane MR displayed in Fig. 8.8 a),
the very similar observations reported in literature for different topologically non-trivial
materials, and the theoretical prediction of an increased EEI relevance in low-dimensional
systems [61], it is plausible that interelectron correlations in the transport conducted by
TSS electrons are the origin of the EEI manifestations in our measurements. Moreover,
as discussed in the theoretical introduction provided in Sec. 3.2.3, for electron-electron
interactions to be non-negligible, sizeable disorder of the system is required. Structural
and atomic surface disorder was already identified in the conclusion of the previous
chapter as a possible cause of the absence of observable Landau quantization in our
magnetotransport studies (see Sec. 7.4). Since we expect the observed strong interelectron
interaction signatures in our measurements to be as well correlated to this type of disorder,
the EEI effects could be used as a sensor in future efforts to improve the surface quality,
e.g. by optimizing the growth conditions and post-growth treatment, changing the alloy
composition or varying the heterostructure components. Additionally to the mapping
of the surface topography via AFM, especially the temperature dependence of the
longitudinal sheet resistance at zero field, where the EEI show the largest influence on the
electronic transport, would thus provide a quick and easy method to test the influence of
surface disorder on the electronic behavior of the samples. For this, not even a Hall-bar
sample geometry would be necessary and the patterning process could be omitted by
utilizing a van der Pauw-like measurement geometry [218].
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Optimizing the p-n heterostructure
sample design

9

From the conclusions of the previous two chapters, two main challenges towards a further
optimization of the p-n sample concept can be identified. Chapter 7 introduced the
BS/BSTS heterostructure design and showed how the implementation of the Bi2Se3 seed
layer significantly contributed to the improvement of sample growth quality, whereas its
sizeable n-type impact to the parasitic bulk conduction can be suppressed by creating
intrinsic compensation of excess bulk carriers when using a p-type BSTS layer. This
electronic depletion of the metal-like bulk (m-bulk) conduction channel caused by the
strongly n-type BS layer was achieved by limiting the BS thickness to 1QL, while the
thickness of the slightly p-type BSTS layer needed to be increased to at least 20QL.
Reaching a completely depleted m-bulk channel with minimized BSTS thickness poses
the first challenge for the concept optimization, since this would provide two crucial
advantages: first, it was presented in Ch. 7 that despite the Fermi level being nominally
tuned into the bulk band gap for the used (Bi1−GSbG)2(Te1−HSeH)3 stoichiometry, still a not
completely vanishing bulk conductance is obtained, which could be caused by remaining
charge puddles. A reduction of the overall sample thickness is thus favorable in terms of
parasitic contributions to the electronic transport stemming from the BSTS layer. The
second advantage of a minimized BSTS thickness concerns the electrostatic tunability of
the electronic properties by back-gating. While the BG was shown in section 7.3 to be
capable of creating a capacitive coupling to the top surface of the sample even for a total
device thickness of 41QL, we expect a still enhanced field effect induced variation of
the Fermi level throughout the sample thickness in thinner films. Besides the reduction
of the sample thickness, the second major challenge for optimizing the heterostructure
concept is the minimization of surface disorder. This disorder was not only identified in
the conclusion of chapter 7 as one of the main possible reasons for the absence of Landau
quantization in the magnetotransport studies of our samples, but also discussed in chapter
8 as the root of strong interelectron correlations that contribute to a localization of TSS
electrons.
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These two challenges motivate the investigations presented in this chapter. Addressing
the goal of minimizing the sample thickness, we aim to achieve electronic depletion of
the m-bulk channel in samples consisting of 1QL BS and 10QL of BSTS (1+10). We
approach this by continuously increasing the antimony concentration of the BSTS layer,
which enhances the amount of present excess acceptors, with the goal of optimizing the
compensation between n- and p-type bulk carriers for the targeted thickness. Concerning
the issue of disorder, the samples discussed in this chapter underwent a slightly modified
growth procedure. While all growth parameters were applied identically to the previously
presented heterostructure samples, an additional heating was supplied to the front of
the sample, which will be termed front-heating in the following. In the usual epitaxial
growth procedure, the only heating is applied to the sample through the substrate by the
manipulator heating station. By running an additional evaporation cell at 1030◦C1, we
provide more heat to the sample surface by radiation and hence to every newly impinging
atom during the growth process, aiming to reduce the atomic disorder.
To investigate these approaches towards an optimization of our p-n heterostructure concept,
this chapter is structured as follows. First, Sec. 9.1 will present a series of 1+10 samples
with varying Sb concentration G, covering a range of 0% ≤ G . 89%, where especially
beyond G & 0.7 an intriguing electronic behavior was observed. To provide a deeper
understanding of the phenomena obtained for high G, Sec. 9.2 will discuss a thickness
series at a constant Sb concentration of G ≈ 0.9. The thinnest sample of this series
(1+10) will be more deeply discussed in Sec. 9.2.1, before Sec. 9.3 will provide a brief
summary and discussion of this chapter. Note that a detailed evaluation of the influence
of front-heating on the sample topography can be found in Ref. [219]. The following
investigations focus on the electronic properties of the samples and all magnetotransport
measurements were performed utilizing the 4He dewar introduced in Sec. 5.1.4.

9.1 Antimony concentration series

As stated in the introduction to this chapter, a main goal for the optimization of the p-n
heterostructure sample design is to obtain a completely depleted m-bulk channel for very
thin BSTS films. This way, the sizeable contribution to the parasitic bulk conduction
introduced by the BS seed layer would be suppressed, whereas the small BSTS thickness
not only minimizes possible further conduction contributions by the BSTS bulk, but would
also be expected to facilitate an improved capacitive coupling of the back-gate throughout
the whole sample thickness. For the samples discussed in this section we chose a 1+10
structure, i.e. 1QL Bi2Se3 and 10QL of (Bi1−GSbG)2(Te1−HSeH)3. While even thinner
films can easily be prepared by means of MBE, this thickness is used to certainly stay
above the threshold, where the TSS of top and bottom sample surface are predicted to
hybridize accompanied by a gap opening [220, 221]. Figure 9.1 provides an overview of
the investigated samples with a fixed Se (H ≈ 0.9) and varying Sb concentration, that are

1Without evaporating any material.
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9.1 Antimony concentration series

Figure 9.1:Overview of investigated (Bi1−GSbG)2(Te1−HSeH)3 samples with fixed
H ≈ 0.9 and varying G. The samples are subdivided into two groups. The first
group (blue circles) contains all samples of the series with an Sb concentration
up to G ≈ 0.72, which corresponds to the value used in Ch. 7. Samples of the
second group (green circles) were grown with G > 0.72. The values of G and
H were targeted during growth by adjusting the beam fluxes and verified post
growth by XPS.

subdivided into two groups.
The first group (blue circles) contains all samples with an Sb concentration up to G ≈ 0.72,
which corresponds to the value used for all heterostructures discussed in Ch. 7. These
samples will be used here to verify the results of chapter 7 and to possibly identify any
significant influences of the front-heating procedure on the electronic properties. From
the findings of Ch. 7 clear expectations for the behavior of the group 1 samples in these
studies can be formulated. For low G, we expect the Fermi level of the BSTS layer to lie
in the conduction band and hence the complete sample stack should exhibit a metal-like
behavior in electronic transport experiments. When the BSTS Fermi level is tuned into
the band gap by increasing G, less bulk conduction and semiconductor-like signatures
should be observed. Once the BSTS enters a p-type regime, we expect a compensation of
bulk carriers with the n-type BS and hence an additional reduction of bulk conduction.
However, since no complete depletion of the m-bulk channel was observed in Ch. 7 on
a 1+12 sample, where the BSTS layer was grown with a Sb concentration of G ≈ 0.7, a
sizeable metal-like contribution stemming from BS-induced trivial bulk carriers should
remain for all group 1 samples of this series. Only for the samples of the second group
(green circles in Fig. 9.1), where the Sb concentration is increased beyond G ≈ 0.72, a
modified transport behavior is expected. Both groups will be investigated and compared
below bymeans of temperature, magnetic field, and back-gate dependent magnetotransport
measurements. Note that the desired values for G have been targeted during MBE growth
by adjusting the beam fluxes. The values provided in the following investigations have
been obtained post growth by means of XPS and have to be considered with an error of
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9 Optimizing the p-n heterostructure sample design

about ±3%. For details see Ch. 4.

9.1.1 Temperature dependence of the sheet resistance

The temperature dependence between room temperature and 4.2K of the longitudinal
sheet resistance 's of the complete series is shown in Fig. 9.2 a), where the respective
blue and green colors represent the two sample groups as introduced in Fig. 9.1.
The samples of group 1 precisely meet the expectations formulated above based on the
results of Ch. 7. For small G, a low sheet resistance with a strictly metallic temperature
dependence is observed, which we ascribe to the BSTS Fermi level lying inside the bulk
conduction band and hence the whole sample stack essentially behaves like a metal. From
G = 0.5 to G = 0.55 the sheet resistance at ) = 4.2K almost doubles, accompanied by
the appearance of a semiconductor-like signature in the temperature dependence that
becomes more pronounced when increasing G towards 0.72. This is highlighted in Fig.
9.2 b), where the temperature dependence of the sheet resistance normalized to its value
at room temperature 'norm

s is shown to exemplarily compare the qualitative temperature
behavior of the samples with G = 0.21 and G = 0.67. In contrast to the strict metal-like
trend observed for G = 0.21, the sample with G = 0.67 exhibits an upwards bending of
the curve for temperatures of ) & 150K, which is a clear sign of a freeze-out of bulk
carriers. In chapter 7 we connected such a behavior to a semiconductor-like conduction
channel within the heterostructure, where the Fermi level is located in the bulk band gap.
From the observations of Fig. 9.2 a) we thus conclude �F to lie within the energy gap
for the samples with 0.55 ≤ G ≤ 0.72 at least partially within the sample stack. In this
concentration regime we also observe a small increase of 's, when the sample is cooled
down towards the lowest available temperatures. In section 8.2.1 such an upturn was
interpreted as a manifestation of disorder-induced quantum mechanical electron-electron
interactions in transport mediated by the TSS. While this is a further hint for an increased
surface contribution at low ) for G ≥ 0.55, this also suggests that the slightly modified
growth procedure, which all samples of this chapter underwent, does not decisively solve
the issue of surface disorder. The highest observed resistance within group 1 is observed
for G = 0.72. For a very similar Sb concentration (G ≈ 0.7), we have shown in Ch. 7 that
the BSTS layer possesses a slight surplus of acceptor-type donors and the subsequent
compensation of p-type BSTS with n-type BS carriers leads to an overall reduction of
parasitic bulk conduction. On further increase of G it could be expected that after a
maximum of 's, obtained where the optimum intrinsic bulk charge carrier compensation
is reached, the acceptors within the BSTS become dominant until the Fermi level is pushed
into the bulk valence band, accompanied by a stark decrease of the sample resistance
and the recovering of a completely metal-like temperature dependence. However, the
measurements presented in Fig. 9.2 a) show a completely different picture. For the
samples of group 2 (green), where the Sb concentration is increased beyond G = 0.72,
the sheet resistance shows a drastic increase with G, reaching a value of 37.5 kΩ/�
at ) = 4.2K for G = 0.89. For a sample with an Sb concentration of G = 0.94 the
resistance became so high that no electrical measurement was possible by the applied
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9.1 Antimony concentration series

Figure 9.2: Temperature dependence of the longitudinal sheet resistance 's
between room temperature and 4.2K. a) Overview of all samples from the
Sb concentration series, with the respective value of G being given at the top
of each column. The samples are subdivided into two groups as introduced
in Fig. 9.1. The first group (blue) contains samples with G ≤ 0.72, which
approximately represents the value used in Ch. 7. The second group (green)
contains samples with a higher Sb concentration, where a different transport
regime is reached. b) Comparison of 'norm

s ()) = 's())/'s(300 ) − 1 for two
samples from group 1, showing a strictly metallic behavior (G = 0.21) and
signatures of semiconductor-like carrier freeze-out (G = 0.67), respectively. c)
'norm

s ()) for G = 0.89, exhibiting a similar behavior to G = 0.67 shown in b) for
high temperatures, but a steep increase of the resistance for ) . 60K.
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9 Optimizing the p-n heterostructure sample design

low frequency lock-in technique for all available temperatures. The behavior of the
normalized sheet resistance 'norm

s versus temperature for G = 0.89 is shown in Fig. 9.2 c).
For high temperatures the curve is similar to that of G = 0.67 displayed in b), exhibiting
an overall metal-like dependence with slight semiconductor-like freeze-out signatures.
Below ) ≈ 60K, on the other hand, a steep increase of 'norm

s is observed. Section 9.2.1
will show that this very pronounced resistance upturn is not solely explainable by an effect
of EEI.
From these observation it is clear that the group 2 samples with G ≥ 0.78 enter a
different transport regime. Due to the used high Se concentration (H = 0.9) the
stoichiometry approaches the binary Sb2Se3 for G → 1, which is predicted to display
properties drastically contrasting to the other binary compounds of the BSTS family.
While the topologically non-trivial Bi2Te3, Sb2Te3, and Bi2Se3 show a rhombohedral
crystal structure [27], Sb2Se3 is mostly been described in literature to crystallize in an
orthorhombic pattern, which is accompanied by a topological phase transition to a trivial
insulator [222–228]. Considering the Sb2Se3 bulk band gap, a variety of values have
been reported experimentally and theoretically that usually exceed 1 eV and are hence
considerably larger than that for the three other binary BSTS compounds [224, 229–233].
An extensive overview over the range of proposed band gap sizes including the respective
determination method is provided in Ref. [226]. In our transport investigations we did
observe a completely insulating behavior of a sample with G = 0.94 and H = 0.90, which
indeed suggests the transition towards a trivial insulator. On the other hand, this also
means that no electrical transport is mediated through the bulk of the system. For the
three measured samples of group 2 shown in green in Fig. 9.2 a), where G and H are
large, but smaller than 1, this opens interesting perspectives. Especially considering MBE
grown samples, this stoichiometry regime has received little experimental attention so
far. In Ref. [234] (Bi1−GSbG)2Se3 (i.e. H = 1) nanosheets prepared in a tube furnace have
been investigated and a similar evolution towards an insulating behavior was observed,
however already for G > 0.2. By performing first-principles calculations, Ref. [235]
theoretically predicts a transition of (Bi1−GSbG)2Se3 from a non-trivial to a trivial Z2
topology for 0.78 . G . 0.83. Crystallographically, a mixed phase of rhombohedral
and orthorhombic crystal structure is reported in Ref. [228] for high values of G and
H smaller than 1. These considerations suggest that the electronic transport for our
group 2 samples with high G becomes even more complex. On the one hand, the drastic
increase of the observed sheet resistance hints towards a strong suppression of parasitic
bulk conduction, including a depletion of the metal-like bulk channel induced by the
BS seed layer, which was one of the main goals of this sample series. On the other
hand, the impact of the high Sb concentration on the topological surface states is unclear.
Even for the binary Sb2Se3 the underlying topology is under some debate in literature.
While orthorhombic Sb2Se3 is predicted to be in principle Z2 trivial as stated above,
some publications suggest a transition to a non-trivial topology under pressure or strain
[236–240]. In Ref. [241] a non-trivial Sb2Se3 topology is theoretically reported even
for ambient conditions, when the van-der-Waals bonding between the quintuplelayers is
taken into account and a rhombohedral crystal structure is assumed. While strain could
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play a role in our samples, especially the latter prediction of a non-trivial band structure
for rhombohedric Sb2Se3 is intriguing, because in our studies such a crystal structure
could be maintained for very high values of G, as the thin BSTS film is grown onto a
rhombohedral layer of Bi2Se3 [242]. However, if the BSTS layer crystallizes in a mixed
phase, local changes between trivial and non-trivial topology are conceivable, which
should manifest in magnetotransport investigations.
From these complex prerequisites the central question for the following experimental
investigation is the presence of electrical transport mediated by topological surface states
in the group 2 samples. The previous two chapters have shown that gate and magnetic field
dependent transport experiments provide valuable insights on bulk and TSS contributions
to conduction. These studies are presented in the following.

9.1.2 Back-gate dependence of the sheet resistance

We have shown in Chapter 7 that the response of the longitudinal sheet resistance to
an applied back-gate voltage by using the SrTiO3 substrate as the dielectric allows to
gain valuable information especially concerning bulk contributions to the electronic
transport. An idealized behavior was illustrated in Fig. 7.5 a) showing a symmetric
's(+BG) reaching a maximum value 'peak for a certain applied voltage. In this context
it was explained, however, how our asymmetric p-n sample structure and the possible
presence of bulk conduction channels can largely complicate the matter. In particular, a
large metallic bulk contribution induced by the highly doped BS seed layer at the interface
to the STO substrate can completely screen the field effect, preventing the observation of
a maximum in the resistance.
Figure 9.3 exemplarily shows the dependence of the longitudinal sheet resistance 's on
the applied back-gate voltage measured at a temperature of ) = 4.2K for four samples of
group 1 (blue, a) - d)) and two samples of group 2 (green, e) - f)) of the Sb concentration
series. The respective values for G are given within each plot. In the investigations of the
temperature dependent sheet resistance presented in the previous subsection, the samples
of group 1 were shown to fully confirm the expectations formed from the introduction of
the heterostructure concept in Ch. 7. The two different kinds of temperature behaviors
observed within this regime were highlighted in Fig. 9.2 b) and connected to a tuning of
the BSTS Fermi level from the conduction band towards the bulk energy gap starting above
a Sb concentration of 0.55. This trend is reproduced in the gating response. For G = 0.31
displayed in Fig. 9.3 a) the bulk conduction is large enough that no 'peak can be observed
even when applying voltages up to −150V. We obtained such a gate dependence for all
samples with G ≤ 0.5. As for the temperature investigations, the behavior starts to change
from a Sb concentration of G = 0.55, which is depicted in Fig. 9.3 b), where the onset
of a very shallow maximum of 's can be observed for a gate voltage of approximately
−28V. On further increase of G to 0.68 and 0.72, displayed in panels c) and d) of Fig.
9.3, this maximum becomes continuously more pronounced and shifts towards smaller
back-gate voltages. We ascribe this trend to an enhanced as-grown depletion of the m-bulk
channel at the STO/TI interface by intrinsic compensation of opposite charge carriers,

139



9 Optimizing the p-n heterostructure sample design

Figure 9.3: Dependence of the longitudinal sheet resistance 's on the back-gate
voltage measured at ) = 4.2K and at a gate sweeping rate of ∼ 50mV/s for
selected samples from the Sb concentration series. The value for G is given
in each respective panel. a)-d) Exemplary measurements of samples from
group 1. While no 'peak is reached for G = 0.31, a shallow maximum can
be observed for G = 0.55 that becomes increasingly more pronounced with
increasing G. e), f) Measurement for samples of group 2 with G = 0.78 and
G = 0.89. Accompanied by a drastic increase of the sheet resistance, especially for
G = 0.89, the qualitative trend continuous and an increasingly more pronounced
'peak showing a increasingly more symmetric curve is observed.
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when G is sufficiently large to tune the BSTS into a slight p-type regime. At G = 0.72 the
obtained qualitative gate dependence almost identically reproduces the curve obtained for
sample 1+12 with G = 0.7 presented in Ch. 7 (see Fig. 7.5 b)). Intriguingly, when the Sb
concentration enters the range of group 2 with G ≥ 0.78, where a possible transition to a
different transport regime has been discussed above, the qualitative trend of the series
continues. Figures 9.3 e) and f) show the obtained results for G = 0.78 and G = 0.89.
Especially for the latter, the absolute sheet resistance value has drastically increased, but
still a curve with a pronounced 'peak is observed, exhibiting an almost symmetric gate
dependence. This observation closely resembles the expected behavior for an idealized
TI sample. The high sheet resistance and the symmetric gate dependence provide a
hint that parasitic bulk conduction is largely suppressed in this sample. Considering
electronic transport mediated by topological surface states, more insight can be gained by
investigating the behavior under the influence of a perpendicular magnetic field, which
will be discussed in the following.

9.1.3 Magnetotransport in out-of-plane magnetic fields

The presented back-gate study provided promising results, especially concerning the bulk
conduction in the range of high Sb concentration. Applying an out-of-plane magnetic
field, on the other hand, was discussed in the previous two chapters to be a valuable tool
to gain indications for the contribution of the topological surface states to transport. In
simplified terms, we argued that increasing the TSS-to-bulk transport ratio is accompanied
by an increase in magnetoresistance, due to the surface states being subject to strong
quantum interference effects at low temperature. Previously, we plotted the absolute
magnetoresistance defined as MRabs = 's(�) − 's(0T). This is shown in gray in Fig.
9.4 a) for constant � = 5T and measured at ) = 4.2K with respect to the antimony
concentration G.
The obtained results again confirm the assumption that a high MR is connected to a
high TSS-to-bulk transport ratio: within group 1 we have shown above by temperature
and gate-dependent measurements of the Sb concentration series that the transport is
dominated by trivial bulk states for G ≤ 0.5. This is accompanied with a comparatively
almost vanishing MRabs. Above G = 0.5, where we expect the bulk conduction to be
increasingly reduced, also the value of the absolute magnetoresistance starts to drastically
increase up to G = 0.89. However, when MRabs is additionally normalized to yield the
relative field induced increase of the resistance MRrel, i.e. MRrel = MRabs/'s(0T), a
different behavior for the samples of group 2 (green background) can be observed, asMRrel

decreases after a maximum is reached at G = 0.78. This means that in this concentration
regime the enhancement of MRabs is smaller than that of the zero field resistance 's(0T).2
The dependence on the applied OOP magnetic fields of three exemplary samples are
displayed in Fig. 9.4 b) - d) for � up to ±5 T obtained at ) = 4.2K. While the amplitude

2Note that this is the only measurement within all of our studies, where a significant qualitative difference
between MRabs and MRrel was observed.
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Figure 9.4: Investigation of transport properties under an OOP magnetic field
up to ±5T and measured at ) = 4.2K. a) Absolute (MRabs, gray) and relative
magnetoresistance (MRrel, red) at � = 5T. Both values show a drastic increase
for G & 0.5, but while MRabs keeps increasing for all G, MRrel starts to decrease
for G > 0.78. b)-d) Exemplary measurements of MRabs versus magnetic field for
different G as given in the respective panel. Independent of the Sb concentration
all samples qualitatively exhibit a cusp-shaped behavior. e) HLN fits (red dashed
lines) to the magnetoconductance for samples G = 0.21, G = 0.67, and G = 0.89
attesting good agreement between theory and measurement. f) Obtained values
for U from the HLN fits with respect to G. After a slight increase of |U | for
0 ≤ G < 0.5 and a plateaus-like behavior for 0.5 ≤ G ≤ 0.68, |U | exhibits a steep
decrease towards zero.
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of the displayed MRabs drastically depends on the respective antimony concentration, the
qualitative field dependence is very similar, exhibiting the cusp-shaped form typical for
quantum interference effects. The qualitative behavior for G = 0.67 (Fig. 9.4 c)) and
G = 0.89 (Fig. 9.4 d)) is almost identical. Hence, under the assumption that this type of
MR is a fingerprint of TSS conduction, this would suggest that even for an Sb concentration
of 0.89 sizeable surface transport is still present and at least no complete transition towards
a trivial insulator has occurred. Interpreting the origin of this magnetoresistance to stem
from weak anti-localization at least for small fields, as discussed in detail in Ch. 8, the
HLN formalism can be applied to provide a deeper evaluation. The relevant equation was
introduced in Sec. 3.2.2 and is given by
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with the free fit parameters U and ;i and the digamma function k. Figure 9.4 e) shows
the HLN fits (red dashed lines) to the magnetoconductance corresponding to the three
samples shown in panels b) to d) and a very good agreement between theory and data
is observed independent of the Sb concentration. A key role within this framework is
played by the prefactor U, as it is predicted by theory to "count" the number of uncoupled
channels contributing to conduction in units of -0.5 in the case of topological insulator
systems. The obtained values of U for all samples of the Sb concentration series are
plotted in Fig. 9.4 f).3 Due to the strong bulk conduction, which effectively couples
all possible conduction channels within the sample, U indeed lies around the expected
value of -0.5 for the lowest values of G. However, already a slight absolute increase
is observed for Sb concentrations larger than zero, what we ascribe to a reduction of
bulk conductivity. At G = 0.5 a plateau is reached with U ≈ −0.7 that holds up to a Sb
concentration of 0.68. Despite our expectation formed from the above considerations
that the Fermi level within this regime is tuned into the bulk band gap at least partially
within the sample thickness, the value of -1 for two completely decoupled channels is not
reached. We observed the same behavior for similarly thin films in Sec. 7.2.2 and ascribed
this to a remaining coupling between conduction channels at top and bottom surfaces
due to the small sample thickness as suggested in Ref. [146]. Indeed, when increasing
the BSTS thickness at G = 0.65 to 25QL we again obtained a value of U → −1 as in
Sec. 7.3, which remained constant on a further thickness increase to 50QL. After this
plateau-like behavior for 0.5 ≤ G ≤ 0.68, U starts to fall towards 0, which is particularly
pronounced for the samples of group 2 shown in green, reaching a value of U = −0.1
for G = 0.89. Such a behavior is puzzling, since it is unaccounted for by the underlying
theory. It has, nonetheless, been similarly observed before in the context of topological
insulators in Refs. [159, 243] for Bi2Se3 samples. However, in both publications the
transition of U → 0 occurred in a thickness dependent study only for samples thinner

3For the second free fit parameter, ;i , no systematic behavior with respect to the Sb concentration was
observed. The values scattered between ∼ 35 nm and ∼ 55 nm
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than 5QL. In Ref. [243] a gap opening caused by the hybridization of top and bottom
surface state was proposed as a possible explanation. In our samples, on the other hand,
such a hybridization should not play a sizeable role due to a total sample thickness of
11QL and it should moreover not depend on the Sb concentration. In Ref. [133] large
disorder and surface scattering are suggested to be a further mechanism possibly causing
U to go to zero. Especially considering possible changes of the crystallographic structure
that might even be accompanied by a topological phase transition, a further increase of
surface scattering in the Sb concentration regime of group 2 is conceivable.
In combination, these observations in the Sb concentration dependent study of the
OOP magnetoresistance could indeed hint towards the formation of a crystallographic
mixed-phase of rhombohedric and orthorhombic structure as discussed above and shown
in Ref. [228]. The quantum interference fingerprint we obtained independent of the Sb
concentration as displayed in Fig. 9.4 b) to d) does suggest some contribution of surface
states to electronic transport independent of G. An enhancing decay of the crystal with
increasing G in the regime of group 2 towards a completely orthorhombic structure could
significantly enhance the surface scattering potential and hence explain the decreasing
relative magnetoresistance MRrel observed in Fig. 9.4 a), as well as the evolution of U
towards zero shown in Fig. 9.4 f). Importantly, even the topology of such a mixed crystal
structure is uncertain, since the material could enter a topologically trivial phase when
taking an orthorhombic form. To our knowledge, such a possible crystallographic mixed
phase of BSTS has not been investigated in detail so far, but would be intriguing especially
concerning the electronic and topological properties and will thus be subject of our future
studies. MBE TI growth, where samples with precisely tuned thickness and stoichiometry
can be quickly prepared, in combination with our BS seed layer sample design that allows
high quality BSTS epitaxy independent of the alloy composition, is the ideal basis for
such an investigation. The following section will already provide a first step in presenting
magnetotransport experiments on a sample thickness series at G = 0.9.

9.2 Thickness dependence at x−−0.9

Chapter 7 introduced the heterostructure concept with a (Bi1−GSbG)2(Te1−HSeH)3 stoi-
chiometry of G ≈ 0.7 and H ≈ 0.9. The idea to go beyond this Sb concentration that
is discussed in this chapter was based on the desire to increase the amount of excess
acceptor BSTS dopants to achieve a maximum compensation with the n-type carriers
induced by the BS seed in very thin films. As discussed above, the situation for G → 1
does further complicate due to possible crystallographic changes that might even have
impact on the underlying topology of the system. What was not subject of discussion in
the Sb concentration series of Sec. 9.1, was the evolution of the horizontal Hall resistance
'xy with respect to G obtained from the OOP magnetic field dependence and from which
the dominant charge carrier type of the electronic transport can be determined. Along
with the expectations, we did observe a clear n-type conduction for all samples of group 1
(G ≤ 0.72) corresponding to an overall donor surplus within the heterostructure. On the

144



9.2 Thickness dependence at x−−0.9

other hand, by further increasing the Sb concentration, the dominant behavior did shift to a
p-type conduction for G ≥ 0.78. Hence, this indicates that the principle idea of increasing
the amount of acceptor-type dopants within the BSTS layer by tuning G did fulfill the
expectation. For G = 0.89 we observed a vastly enhanced longitudinal sheet resistance in
Fig. 9.2 a). Disregarding possible implication of such a high G for the TSS at this point,
this means that also bulk conduction should be highly suppressed. In our interpretation,
two mechanisms are conceivable leading to this suppression of bulk conductance. First, it
could indeed be caused by the desired compensation of opposite excess carriers. Second,
the observed behavior could be connected to a drastic enhancement of the band gap when
the BSTS stoichiometry approaches the binary Sb2Se3, which can considerably exceed
1 eV as mentioned above [226].
A tool to investigate this question is the variation of theBSTS thickness in this stoichiometry
regime, as this should largely influence the transport properties in case of the first proposed
mechanism and not or little in case of the second. For this, we kept the stoichiometry
constant at G = H = 0.9 and investigated three samples utilizing 1QL of BS seed layer
and varying the BSTS thickness from 10QL to 25QL and 50QL. The main results
of this study are shown in Fig. 9.5. Panel a) compares the temperature dependence
of the three samples with increasing BSTS thickness from left to right as given at the
top of each column. Sample 1+10 shows a very similar behavior to the heterostructure
given with a value of G = 0.89 in Fig. 9.2 a), exhibiting a slight freeze-out signature
at high temperatures, a decrease of 's cooling down from ) ≈ 250K to ) ≈ 100K
(see inset for 100 K ≤ ) ≤ 300 K) and a steep increase for lower temperatures.4 The
upturn of 's below 100 is even more pronounced and the sheet resistance reaches a
value above 60 kΩ/� at ) = 4.2K. When the BSTS thickness is increased to 25QL,
however, the behavior completely changes. Not only does the sheet resistance decrease to
around 10 kΩ/�, but especially the qualitative temperature dependence adopts a strictly
metal-like behavior. This is also observed for sample 1+50, where the sheet resistance
further decreases to 's ≈ 1 kΩ/� at ) = 4.2K. This clearly suggests that the electronic
transport is completely dominated by bulk carriers for the samples with a thickness
larger than 10QL. Since a p-type Hall resistance is observed in magnetic field dependent
measurements (not shown), we expect this to be caused by the Fermi level residing in
the bulk valence band for samples 1+25 and 1+50. This is confirmed by evaluating the
response of the longitudinal resistance to the application of a back-gate voltage, which
is presented for samples 1+10 and 1+50 in Fig. 9.5 b) and c), respectively. For sample
1+50 no maximum of 's is obtained for voltages up to 250V, which was previously
argued in this thesis to be caused by a screening of the gate induced field effect by a high
density of mobile bulk carriers. The gate dependence of sample 1+10, on the other hand,
closely resembles the behavior expected for an idealized TI system (see Sec. 7.5 for a
discussion). A very pronounced and symmetric peak is obtained close to +BG = 0 and the

4Of course, the XPS obtained values for G of the respective samples specified with G = 0.89 in Fig. 9.2 a)
and G = 0.90 in Fig. 9.5 a) are identical within the error of the measurement and a very similar behavior
is expected.

145



9 Optimizing the p-n heterostructure sample design

Figure 9.5: a) Temperature dependence of the longitudinal sheet resistance 's
for the three investigated samples. All samples use 1QL of BS seed layer and
the BSTS thicknesses are chosen to be 10QL, 25QL, and 50QL as given at
the top of each column. While sample 1+10 shows a very high 's exhibiting a
steep increase for ) . 100K, the two other samples follow a strictly metal-like
dependence with a reduced 's. b), c) 's versus applied back-gate voltage
measured at ) = 4.2K for sample 1+10 (b) and 1+50 (c). The resistance of
sample 1+10 exhibits a strong response to the applied voltage and shows a
pronounced peak at +BG ≈ 0.45V. Due to large bulk conductivity, the field effect
is screened in sample 1+50 and no peak of 's is observed for voltages applied
up to 250V. Back-gating of sample 1+25 did not work due to technical reasons.
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9.2 Thickness dependence at x−−0.9

value of 's can be strongly modulated for negative as well as positive voltages. While,
as discussed above, the topological state of a sample with such a high Sb concentration
is inconclusive, this observation at least indicates that we indeed achieved a significant
suppression of bulk carriers in this sample. Most importantly, due to the evolution to a
metal-like bulk conduction by merely increasing the BSTS thickness, we interpret this
bulk depletion to stem from compensation effects within the p-n heterostructure and not
from a drastic opening of the band gap. Furthermore, this sample with a 1+10 stack and
G = 0.9 stands out due to a very strong influence of temperature and back-gate voltage on
the longitudinal sheet resistance. These signatures will be more closely discussed in the
following section.

9.2.1 Sample 1+10 at x−−0.9

The temperature dependence of the sheet resistance of sample 1+10 with an Sb concentra-
tion of G = 0.9 was already plotted in Fig. 9.5 a) and is shown again in Fig. 9.6 a) (green,
0V) normalized to the value at room temperature, i.e. 'norm

s = 's())/'s(300 K) −1.
Most prominently, the behavior with decreasing temperature shows a drastic increase of
's below ) ≈ 100K. In section 8.2.1, small upturns of the sheet resistance were presented
for samples with G = 0.7 and discussed in the context of electron-electron interactions.
There, however, the increase was observed only for temperatures below 10K and with
values less than 5% relative to the minimum resistance. For the sample presented here,
the evolution into an increasing resistance behavior with decreasing temperature not
only already starts at much higher temperatures, but also exceeds a value of 50% with
respect to the minimum. Figure 9.6 b) shows the corresponding sheet conductance �s
versus temperatures of 4.2 K < ) < 20 K in a logarithmic scale. As a fingerprint of
EEI, the conductance indeed exhibits a linear behavior in ln()), but only for ) . 7K.
Hence, while EEI still seems to be present within the lowest available temperature range,
we expect the majority of the observed resistance increase for higher temperatures to
stem from different mechanisms, such as an activation law behavior or a variable range
hopping process. As discussed in Ch. 8, a manifestation of EEI does on the one hand
suggest the presence of sizeable surface disorder, but could in turn also be a hint to a
surface contribution to electronic transport. A clear indication that the unique temperature
dependence of the sheet resistance of this sample is connected to the Fermi level residing
within the band gap can be seen from the biased cool-down measurements shown in
Fig. 9.6 a). The drastic response of 's to the application of a back-gate voltage +BG at
constant temperature ) = 4.2K was already plotted in Fig. 9.5 b). In the as-grown state at
+BG = 0V the resistance lies close to the observed peak value and a steep decrease of 's is
obtained, when applying positive or negative voltages, before saturation is approached for
+BG = ±15V. Next to the as-grown temperature curve, Fig. 9.6 a) shows measurements,
where a constant back-gate voltage of +15V (orange) or −15V (red) is applied at room
temperature at the beginning of the gradual cool down of the sample towards ) = 4.2K.
Intriguingly, these comparatively small voltages are sufficient to change the temperature
curve from the insulating behavior observed at +BG = 0V to a metal-like dependence
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9 Optimizing the p-n heterostructure sample design

Figure 9.6: Transport properties of sample 1+10 with G = 0.9. a) Temperature
dependence of the normalized sheet resistance 'norm

s ()) = 's())/'s(300 K) − 1
in the as-grown case (green, 0V) and under constant back-gate voltages of
±15V (orange and red). While 'norm

s ()) shows a stark increase for low
temperatures in the as-grown case, a metal-like behavior is adopted for applied
voltages. b) Conductance versus temperature in a logarithmic scale for the
unbiased measurement. The curve shows indications of strong electron-electron-
interactions as it exhibits a linear behavior, but only for ) . 7K. The observed
steep resistance increase in a) for larger temperatures is thus expected to stem
from different mechanisms. The red dashed line provides a guide to the eye.
c) Transversal Hall resistance 'xy versus magnetic field measured at ) = 4.2K
for different gate voltages. The curve shows dominant p-type transport for
+BG = 0V and+BG = −15V and a switch to n-type for+BG = +15V. d) Absolute
magnetoresistance at ) = 4.2K. Especially for +BG = −15V MRabs drastically
decreases compared to the unbiased measurement, showing the strong influence
of the back-gate on the electronic properties of the sample.
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that is qualitatively independent of the sign of the applied voltage.5 We interpret this
behavior to stem from a gate-induced shift of the Fermi level from the energy gap towards
the bulk bands, creating a metal-like channel that dominates the electronic transport.
This is supported by determining the dominant charge carrier type from the slope of the
transversal Hall resistance 'xy(�) that is shown in Fig. 9.6 c) for the applied voltages. In
the unbiased measurement (green), a p-type behavior is observed indicated by a negative
slope in our measurement geometry. Applying a negative gate voltage shifts the Fermi
level downwards in energy and, subsequently, transport stays p-dominated at+BG = −15V.
From the smaller slope of the Hall curve, an increased carrier density can be concluded,
which we ascribe to an increased participation of valence band states in comparison to
+BG = 0V. For +BG = +15V, on the other hand, �F is shifted towards the bulk conduction
band and the transport becomes n-type dominant. The strong influence of the back-gate on
the electronic sample properties, furthermore, manifests in the absolute magnetoresistance
displayed in Fig. 9.6 d). While, as discussed above, this quantity becomes more difficult
to interpret in the regime of high Sb concentration, the presented measurements further
confirm the large back-gate tunability of the electronic properties, as MRabs is almost
decreased by an order of magnitude going from +BG = 0 to +BG = −15V. In conclusion,
these observations suggest that the as-grown Fermi level of this sample resides mainly
within the bulk energy gap and that the back-gate is capable to induce a very effective
tuning of the electronic properties.

9.3 Summary and discussion

In the beginning of this chapter, two main objectives were formulated for the optimization
of the p-n heterostructure concept. First, to address the issue of large surface disorder,
all samples discussed in this chapter underwent a slightly modified growth procedure,
where additional heat was provided from the front side during epitaxy. However, while
we observed some positive effects in terms of sample topography [219], a possible
beneficial influence on the electronic properties remains inconclusive. Within the Sb
concentration series introduced in Sec. 9.1 we obtained indications of a sizeable surface
state contribution in magnetotransport for G & 0.55. In all of these samples, we still
observed signatures of strong electron-electron interactions in the 's()) measurements,
which was identified in Ch. 8 as a potential electronic indicator for large surface disorder.
Due to a possible crystallographic evolution from a rhombohedric to an orthorhombic
structure, accompanied by a mixed-phase in the transition regime, the disorder could

5The almost identical temperature dependence of all three curves in Fig. 9.6 a) for ) & 120K can be
explained by the temperature behavior of the dielectric constant n of the STO substrate shown in Fig.
6.1 e), which causes a strong temperature dependence of the effective field effect induced by a constant
back-gate voltage. Since n is significantly decreased at high ) , the applied voltages of ±15V only induce
a negligible tuning to the electronic bands of the sample in this range. When ) falls below ≈ 120K, n
steeply increases and the applied voltage manifests in a sizeable field effect that tunes the position of the
Fermi level within the sample and subsequently influences the temperature dependence of 's.

149



9 Optimizing the p-n heterostructure sample design

further increase for an Sb concentration of G > 0.72. Experimental hints to this claim
were provided in Fig. 9.4 of section 9.1, where we observed a decrease of the relative
magnetoresistance and the approach of U→ 0 obtained from the HLN fits. However, the
front-heating procedure still provides an important starting point for the optimization of
the growth procedure for future efforts to further improve the sample quality.
The second objective was to achieve a depletion of the excess n-type bulk carriers induced
by the Bi2Se3 seed layer as already realized in chapter 7, but by employing a thinner
p-type BSTS layer aiming for a further reduced total parasitic bulk conduction and for an
enhanced tunability of the electronic properties by means of back-gating. Utilizing two of
the main advantages of MBE, the precise thin film growth and the comparatively quick
preparation of samples with varying stoichiometries, we approached this in section 9.1 by
fixing the heterostructure to 1QL of Bi2Se3 and 10QL of (Bi1−GSbG)2(Te1−HSeH)3 and
tuned the Sb concentration G with a constant H = 0.9. The samples of this series with
G ≤ 0.72 (group 1) were used to test the expectations gained from the investigations of Ch.
7 and all transport measurements confirmed the previous results. By increasing G beyond
0.72 (group 2), we aimed to increase the amount of excess BSTS acceptors and thus
enhance the compensation with the donor-type dopants present within the BS layer. From
the observed drastic enhancement of the sheet resistance and the evolution of the back-gate
response, we concluded that indeed a strong suppression of bulk conduction is achieved
in this Sb concentration regime. However, especially considering the investigations of the
magnetoresistance in OOP fields (Fig. 9.4) and the observed approach of a completely
insulating state for G = 0.94, also questions concerning possible transport mediated by
the TSS were raised. Deeper insight to the transport properties in the high Sb regime was
gained in Sec. 9.2, where G was fixed to 0.9 and the BSTS thickness was increased from
10QL to 25QL and 50QL, still using 1QL of BS seed layer. While the thinnest sample
again showed an extremely enhanced sheet resistance, exhibiting a unique temperature
dependence and a very large back-gate induced modulation at ) = 4.2K, a metal-like
behavior was adopted for samples 1+25 and 1+50. We thus concluded that the transport
properties of sample 1+10 originated from an intrinsic compensation of charge carriers
and not a complete transition to a trivial insulator with a largely increased band gap.
Especially concerning the back-gate tunability of the electronic characteristics, sample
1+10 seemed to approach the expected behavior for an idealized TI system. We not only
observed a very pronounced and symmetric peak in the 's versus +BG measurement,
but Fig. 9.6 also illustrated the strong back-gate influence on other magnetotransport
observables. Particularly, we presented a modulation of the as-grown insulator-like
temperature dependence of 's to a metal-like behavior for +BG and the tuning between
dominant p-type and n-type conduction at ) = 4.2K for +BG = ±15V.
While some uncertainties concerning electronic transport of the TSS arise when increasing
the Sb concentration to G → 1, the presented results of this chapter open two intriguing
perspectives. On the one hand, the BSTS regime with high Se and high Sb concentration
has to our knowledge received little to no attention so far in literature, especially concerning
magnetotransport of samples prepared by MBE. The predicted crystallographic transition
from rhombohedric to orthorhombic, accompanied by an intermediate mixed-phase, not
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only poses interesting questions in terms of basic electronic properties such as the size of
the energy gap, but also about the topology of the system, as the orthorhombic crystal
structure is often associated in literature to possess a trivial insulator topology. Further
studies are necessary, ideally employing methods like AFM, STS, or ARPES with high
local resolution, to create a clearer picture of this stoichiometric BSTS regime. The second
intriguing result is the prove of concept of our approach to optimize the p-n heterostructure
sample design. The enhanced amount of acceptor-type BSTS dopants by increasing the Sb
concentration did indeed lead to a stronger suppression of parasitic bulk conduction and, in
combination with the small film thickness, yielded a very strong back-gate tunability of the
electronic characteristics of the samples. We expect this principle approach, i.e. creating
a maximal intrinsic compensation in very thin p-n-type heterostructures, to be highly
favorable for the desired transport properties of the system and furthermore applicable
to many different combinations of p- and n-type TIs. Varying the heterostructures’
constituents, employing the same underlying approach, could furthermore avoid possible
crystallographic changes and be moreover beneficial for the issue of surface disorder.
This will be one of the main objectives for future studies.
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Conclusion and Outlook

10
The main focus of this thesis was the development and investigation of reliable and
high quality MBE grown quaternary (Bi1−GSbG)2(Te1−HSeH)3 samples. The promise of
this topological insulator alloy is twofold: on the one hand, effective suppression of
parasitic bulk conductivity along with high mobility surface transport has already been
reported for certain alloy ratios [150]. Secondly, the possibility to engineer the electronic
characteristics simply by means of varying the material stoichiometry opens perspectives
to design TI samples with band structures custom-tailored to the respective application.
Efforts to exploit both of these desirable properties, however, face the challenge of a
suitable crystal growth method. While the high mobility surface transport was realized in
exfoliated flakes from macroscopic Bridgman crystals, the band structure engineering
aspect is only practically applicable by means of epitaxy. Moreover, epitaxial growth
provides a variety of additional benefits that are indispensable for many types of use
scenarios, with several of them playing a key role in this thesis, where we employed
molecular beam epitaxy.

Chapter 6 provided an introduction to the field of band structure engineering in the
family of Bi-based topological insulators. It presented first results of our MBE grown
samples, evidencing the presence of topological surface states and demonstrating the
influence of the alloy stoichiometries on the electronic characteristics of the material.
Moreover, it also discussed issues of the epitaxy especially of the quaternary BSTS alloys
and presented the benefits of the implementation of a Bi2Se3 seed layer as a milestone for
the sample quality and the reproducibility of their electronic properties.
One of the central results of this thesis was reported in chapter 7. Therein, we have shown
that interfacing the n-type BS seed with a BSTS layer that is tuned into a slight p-type
regime via its stoichiometry creates an intrinsic band bending within the heterostructure.
This vertical p-n-type sample concept provides an additional tool for band structure
engineering, as the electronic properties of the bilayer can now be largely tuned by the
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respective thicknesses of its constituents. Depending on the heterostructure stack, two
types of bulk contributions to transport additionally to the surface states can be identified:
a metal-like and a semiconductor-like channel. In a systematic magnetotransport study
we were not only able to disentangle the different contributions, but, most importantly,
also showed that the metal-like channel introduced by the BS seed layer can be completely
suppressed by compensation of opposite charge carriers within the heterostructures.
Hence, the BS seed layer approach can be employed for its benefits regarding the sample
growth, while its detrimental influence on the parasitic bulk conductivity can be inhibited.
Moreover, already in this first generation of these heterostructure samples we demonstrated
in Ch. 7 the capability to tune the electronic bands at the Fermi level throughout the
whole sample thickness via electrostatic back-gating by utilizing the SrTiO3 substrate as
the dielectric. In combination with the precise as-grown band engineering by varying
the layer thicknesses or the BSTS stoichiometry, this sample design opens a multitude of
perspectives. The dispensability of a front-gate leaves the sample surface vacant, allowing,
for example, optical experiments or a clean interfacing of the TI with a ferromagnetic layer
for spin-pumping investigations. Employing our TI heterostructure concept, we are able to
realize samples for such experiments with precisely tailored and well understood as-grown
electronic properties that are, moreover, externally tunable during the measurements
by means of back-gating. Beyond these investigations, the p-n heterostructure concept
presented in Ch. 7 also laid the ground work for the deeper studies on electronic transport
discussed in this thesis.
The ability to deliberately tune the respective transport contributions of the two bulk
channels by varying the BS and BSTS thicknesses, enabled us to disentangle different
magnetoresistive effects in chapter 8. Moreover, a strong focus of this chapter was
the interplay of two types of quantum interference effects that largely dominate the
magnetoresistance of the heterostructures at low temperatures: weak anti-localization
and electron-electron interactions. Analyzing these two effects together with bulk contri-
butions and comparing the results between different heterostructure stacks in addition
to a pure Bi2Se3 film not only allowed us to generate a deeper understanding of the
transport processes relevant in our samples, but also highlighted potential challenges in
the interpretation of magnetoresistive effects of TIs, which is one of the most employed
tools for sample characterization in literature.
The p-n heterostructure sample design furthermore opens a myriad of concepts towards a
further optimization of the TI characteristics. A first approach was presented in chapter
9. Aiming to realize a depleted metal-like bulk transport channel in even thinner films
as achieved in Ch. 7, we continuously increased the antimony concentration of the
BSTS layer to enhance the inherent amount of excess acceptors and hence facilitate a
compensation of the n-type BS dopants in thinner samples. The findings of Ch. 9 clearly
highlighted the benefits of a reduced film thickness for the suppression of bulk conductivity
and the ability to tune the samples’ electronic properties by means of back-gating. While
a high Sb ratio was shown to provide indications to enhance the sample disorder and even
affect the topological properties, which calls for a deeper evaluation, the results already
provide a proof of concept paving the way for a further development of the MBE grown
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topological insulator samples.

The work presented in this thesis not only introduced and investigated the p-n het-
erostructure concept, but also clearly identified two major challenges going forward
towards the goal of realizing MBE grown TIs with completely suppressed bulk conduc-
tivity and high mobility surface transport. While the results presented in Ch. 9 already
showed how compensation in very thin films can lead to a strongly reduced parasitic
bulk conduction, a clear future task is to combine this property with a reduction of the
structural disorder of the samples. This could, for example, be directly achieved by
further optimizing the pre-growth substrate treatment, the growth conditions, and the
post-growth annealing procedures. On the other hand, the underlying concept of the p-n
sample design can also be extended or modified. For example, a virtual substrate could
be realized, where the n-type BS seed layer is interfaced with a thin, strongly p-type TI
layer to account for the desired compensation of the excess bulk dopants. This bilayer
could then be used as a substrate for the subsequent growth of the active layer, that can
be arbitrarily chosen, since it does not need to provide excess acceptors to create a band
bending and can hence be freely optimized to minimize bulk conduction and structural
disorder. Within such a trilayer or even multilayer design, it is furthermore conceivable to
exchange the quaternary BSTS film with ternary or even binary TI materials. While this
would, of course, decrease the band structure engineering capabilities of such samples,
the flexibility in tailoring the electronic properties could at least be partially replaced by
the variation of the respective thicknesses of the stacks’ constituents. Such a design could
allow a band structure tunability sufficient for many applications, while simultaneously
be less prone to disorder in comparison to devices utilizing a quaternary BSTS film.
Beyond the material optimization, the developed sample concept provides a multitude of
intriguing experimental perspectives. In magnetotransport, for example, the utilization
of local front-gating in addition to the global back-gating provided through the SrTiO3
substrate could allow the creation and precise control of lateral p-n junctions, where
unique signatures in the transport of Dirac electrons across an implemented lateral
p-n potential step are expected [151, 244–246]. Moreover, next to the aforementioned
interfacing of the TI samples with a ferromagnetic layer for spin pumping experiments,
the Regensburg MBE cluster opens a broad spectrum of possibilities for incorporating the
TI growth developed in this thesis into more complex devices. For example, the cluster
allows the preparation of semiconductor nanowires, that could subsequently be equipped
in-situ with a topological insulator shell and ferromagnetic or superconducting contacts.
These technical capabilities in combination with the deep understanding of the electronic
properties of our topological insulator materials generated through the investigations
presented in this thesis provide an ideal basis for all of these future fields of research.
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Parameters for molecular beam
epitaxy

A

In the following, the key parameters for the molecular beam epitaxy will be provided,
details concerning the growth procedure are described in Sec. 4. Since almost all samples
discussed in the main text of this thesis were grown on SrTiO3, only the parameters for
this growth procedure will be given. When the Bi2Se3 seed layer is implemented the
parameters are transferable to other substrates. Since the parameters for (Bi1−GSbG)2Te3
and (Bi1−GSbG)2(Te1−HSeH)3 depend highly on the targeted stoichiometry of the alloy, only
intervals will be provided below. In A.3 the parameters for (Bi1−GSbG)2(Te1−HSeH)3 with
a stoichiometry of (G = 0.7|H = 0.9) are listed exemplarily, as this alloy ratio is utilized in
chapters 7 and 8.

A.1 Pre-growth SrTiO3 preparation

Instead of using larger wafers, usually three square STO pieces of 5×5mm are transferred
into the UHV of the TI MBE chamber via a load lock and placed onto the manipulator.
The pre-growth preparation of the STO is crucial to enable high quality epitaxial sample
preparation. The procedure is:

• heating of manipulator to 700◦C with 15◦C/min

• constant 700◦C for 10min

• cooling manipulator to targeted temperature for TI growth

• exposure with selenium flux for 2.5min with selenium cell at ) = 180◦C
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A.2 Growth parameters

A.2.1 (Bi1−GSbG)2Te3

• manipulator: temperature ramp from ) = 245◦C to ) = 270◦C during growth with
10◦C/min

• bismuth: 300◦C ≤ ) ≤ 345◦C

• antimony:
– cracker: ) = 650◦C
– reservoir: 260◦C ≤ ) ≤ 290◦C
– valve opening: 25% - 66%

• tellurium: ) = 275◦C independent of targeted stoichiometry

A.2.2 Bi2Se3 seed layer

• manipulator: ) = 190◦C

• selenium: ) = 180◦C, bismuth: ) = 350◦C

• exposure for 2.5min

• ramping of manipulator to ) = 255◦C in 6min

• after this time 1QL of seed layer finished, longer exposure for thicker seed layers

• after targeted seed layer thickness is reached: close bismuth shutter

• ramp of manipulator to ) = 290◦C

• annealing for 15min

• cooling to growth temperature

A.2.3 (Bi1−GSbG)2(Te1−HSeH)3 with seed layer

• after seed layer growth, manipulator set to ) = 255◦C

• bismuth: 315◦C ≤ ) ≤ 350◦C

• antimony:
– cracker: ) = 700◦C
– reservoir: 275◦C ≤ ) ≤ 280◦C
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– valve opening: 25% - 66%

• tellurium: 250◦C ≤ ) ≤ 290◦C

• selenium: 140◦C ≤ ) ≤ 180◦C

A.3 Example: (Bi1−GSbG)2(Te1−HSeH)3 with
(x=0.7|y=0.9)

• after seed layer growth, manipulator set to ) = 255◦C

• bismuth: ) = 345◦C

• antimony:
– cracker: ) = 700◦C
– reservoir: ) = 280◦C
– valve opening: 66%

• tellurium: ) = 280◦C

• selenium: ) = 150◦C
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Sample fabrication

B
B.1 Optical lithography

To obtain the Hall-bar geometry used for the magnetotransport measurements in this thesis,
the samples are fabricating using optical lithography patterning, ion-beam etching and
e-beam Ti/Au evaporation. For front-gate implementation additionally plasma-enhanced
chemical vapor deposition (PECVD) and atomic layer deposition (ALD) were employed.
All processes were performed in clean room conditions and the optical lithography
additionally under yellow light. In the following, the standard patterning recipe developed
during this thesis is provided, before in B.1 some general remarks and common issues are
provided.

B.1.1 Hall-bar patterning recipe

I. Cutting samples in halves

• spin coating with arbitrary optical resist for protection

• baking on heat plate (5’, 80◦C)

• gluing to Teflon disk using mounting wax (80◦C)

• cutting of sample using a diamond saw

• removing sample from Teflon disk in warm acetone (60◦C)

• thorough cleaning in acetone ultrasonic bath

• standard cleaning procedure: acetone, propanol, nitrogen drying

II. Mesa patterning

• resist spin coating
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- resist: S1813
- parameters: 6000 rpm, 4000 rpm/s, 30”
- baking: 80◦C, 5’

• mask aligner
- mask: TI mask, Hall-bar structure
- exposure: &120”, ∼275W

• development: 40” MF-26A, 30” H2O, thorough nitrogen drying

III. Mesa etching: CAIBE
• Mounting to CAIBE, spot on sample holder according to machine book
• settings: recipe 21, MFC: 15% argon
• time: 2×30”, 2’ in-between break
• unmounting sample and checking of etching using two-point resistivity probe
• if necessary, additional etching step
• resist lift-off

- >15’ in acetone at 60◦C
- rinsing sample withe acetone using a syringe
- if necessary, brief ultrasonic bath in acetone
- standard cleaning procedure

IV. Bond pad patterning
• resist spin coating I

- resist: LOR-3A
- parameters: 4000 rpm, 2000 rpm/s, 45”
- baking: 80◦C, 5’

• resist spin coating II
- resist: S1813
- parameters: 8000 rpm, 4000 rpm/s, 30”
- baking: 80◦C, 5’

• mask aligner
- mask: TI mask, Bond pad structure
- alignment of mask directly above pad structures of mesa
- exposure: &120”, ∼275W

• development: 45” MF-26A, 30” H2O, thorough nitrogen drying
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V. Titanium/gold e-beam deposition
• parameters according to machine book
• thickness: 10 nm Ti, 100 nm Au
• lift-off

- 15’ in RPG at 60◦C
- rinsing sample with RPG using a syringe
- standard cleaning procedure

B.1.2 Front-gate implementation

The front-gate implementation requires additional clean room patterning steps, performed
directly following the Hall-bar processing:

I. Patterning of stripe for dielectric
• resist spin coating I

- resist: LOR-3A
- parameters: 4000 rpm, 2000 rpm/s, 45”
- baking: 80◦C, 5’

• resist spin coating II
- resist: S1813
- parameters: 8000 rpm, 4000 rpm/s, 30”
- baking: 80◦C, 5’

• mask aligner
- mask: TI mask, stripe structure
- alignment of mask above main Hall-bar canal
- exposure: &120”, ∼275W
- two additional exposures creating a cross-pattern (see B.1)

• development: 45” MF-26A, 30” H2O, thorough nitrogen drying

II. Deposition of bilayer dielectric
• SiO2 deposition using PECVD

- temperature: 80◦C
- thickness: 30 nm
- procedure: default 3-step procedure saved at machine

• Al2O3 deposition using ALD
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- temperature: 80◦C
- thickness: ∼ 80 nm (1000 cycles)
- procedure: recipe "zĳ57805_Al2O3_100nm_80C_66sPurge",
66” purge time

• lift-off
- 15’ in RPG at 60◦C
- rinsing sample with RPG using a syringe
- standard cleaning procedure

III. Ti/Au gate electrode
• Patterning equivalent to Bond pad patterning of B.1 IV.
• Ti/Au e-beam deposition equivalent to B.1 V.

B.1.3 Back-gate implementation

For samples grown on SrTiO3 substrates, the back-gate functionality is implemented by
gluing the sample to the socket using two-component silver epoxy in a ratio of 1:1. To cure
the glue the samples are placed on a heat plate at 80◦C for ∼90’. Electrical connection is
established by wire bonding from one contact of the socket to the socket bottom.
B.1.4 Wire bonding

Electrical contacts between sample and socket are established by standard wire bonding
utilizing a tpt wire bonder equipped with an aluminum wire of 25 μm diameter. The
machine is used in manual wedgebond mode and the parameters can slightly vary from
sample to sample, with typical ones being (ultrasonic / time [ms] / force [mN]):
• bond 1: 200 / 200 / 300

• bond 2: 200 / 200 / 350

The first bond is placed on the sample, the second on the socket.

B.1.5 General remarks and common issues

I. All patterning processes have been optimized to not exceed temperatures of
80◦C

II. Hall-bar patterning
• patterning two Hall-bars per halved sample provides redundancy and allows
direct testing for parasitic conduction through the substrate at ) ≤ 4.2K in
the measurement setup
• optical lithography
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B.1 Optical lithography

Figure B.1: Rip-off of Ti/Au electrode layer at the dielectric boundary. a)
Scanning electron microscope image showing the rip-off, where the Ti/Au layer
overlays the dielectric boundary. b) Zoom-in of a) visualizing the disruption
of the electrical connection. c) Finished sample, where the dielectric (blue) is
patterned in a cross-shape. The rip-off still happens at the dielectric edges, but
enough space on the electrode bond pad is available for wire bonding.
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B Sample fabrication

- required exposure time is dependent on lamp output and can vary over
time (check machine book)

- the comparatively large structures of the Hall-bar pattern are rather insen-
sitive to slight overexposure→ longer exposure times are recommended

• lift-off processes
- application of ultrasonic bath is only recommended for lift-off processes
not involving Ti/Au, due to possible damaging of areas that should not
be removed

- the dual-resist process utilizing LOR-3A and S1813 applied before Ti/Au
deposition creates an undercut that eases the lift-off

- every process involving LOR-3A requires RPG; if only S1813 is used,
acetone is sufficient

- RPG is more aggressive than e.g. acetone → samples should not be
exposed to RPG for longer than necessary (usually ∼ 15′)

• ion-beam etching (CAIBE) and check for parasitic substrate conduction
- etching in 30” intervals with breaks of 1.5’ - 2’ prevents burning of resist
- if samples are grown on SrTiO3 substrates, etching times have to opti-
mized, since excessive ion-beam exposure of the STO can cause oxygen
vacancies that create a parasitic conduction layer [247–249]

- after etching samples need to be checked for parasitic substrate conduction
using a two-point resistivity probe, where the tips have to be placed on
suitable areas of TI material (placing tips directly on the substrate does
not create sufficient contact and eventual parasitic conductance remains
undetected)

- since the parasitic substrate conduction can be temperature dependent,
it should be checked again at liquid-helium temperatures before the
measurement using a second Hall-bar

- after unmounting the samples from the CAIBE, remaining glue has to be
thoroughly removed from the back side

III. Front-gate implementation
• bilayer dielectric required to achieve higher reliability in terms of leakage
currents
• if the sample is only partially covered by the dielectric, the subsequently

deposited Ti/Au layer for the electrode breaks at the boundary of the dielectric
disrupting the electrical connection (see Fig. B.1 a) and b)) → fixed by
creating a dielectric cross-pattern as shown for a finished sample in Fig. B.1
c)
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B.2 Electron-beam lithography

• alternatively the sample can be covered completely by the dielectric, which
then requires an etching to facilitate reliable wire bonding

B.2 Electron-beam lithography

All samples discussed in the main text of this thesis were patterned by optical lithography.
However, also successful fabrication using electron-beam lithography was performed
on topological insulator samples and topological insulator/permalloy heterostructures.
Below, the relevant lithography recipe is provided. All other patterning processes, like
ion-beam etching or Ti/Au deposition including the corresponding lift-off process are
applicable as presented in B.1. The e-beam lithography involves processes utilizing
positive and negative resists. The positive steps are used to pattern areas for material
evaporation, like Ti/Au deposition for alignment crosses, bond pads or waveguides. The
negative steps define areas for etching purposes.

I. Positive resist
• resist spin coating I

- resist: PMMA 50K / 12%
- parameters: 8000 rpm, 1000 rpm/s, 30”
- baking: 80◦C, 5’

• resist spin coating II
- resist: PMMA 200K / 9%
- parameters: 8000 rpm, 1000 rpm/s, 30”
- baking: 80◦C, 5’

• lithography
- EHT: 20 kV
- aperture: 30 μm
- area dose: 250 μC/cm2 (140 μC/cm2 for smaller structures ∼ 2 μm)

• development: 40” MIBK 1:3, 30” propanol, thorough nitrogen drying

II. Negative resist
• resist spin coating

- resist: AR-N 7500.18 (negative resist, no exposure to ambient light!)
- parameters: 6000 rpm, 1000 rpm/s, 30”
- baking: 80◦C, 5’

• lithography
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B Sample fabrication

- EHT: 20 kV
- aperture: 30 μm
- area dose: 150 μC/cm2

• development: 90” AR300-47, 30” H2O, thorough nitrogen drying
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Magnetotransport details

C
To achieve comparable results in the electronic characterization of the TI samples, a
standard procedure was established for the work presented in the main text of this thesis
that prevents distortion of the results by measurement artefacts. Before this procedure
will be given in C.1, the following will briefly discuss the main sources for error and
explain how they can be avoided.

C.1 Standard electrical characterization
procedure

C.1.1 Sources for error

Parasitic conduction and leakage currents
Every contribution to the conduction that does not stem from the TI sample obviously
falsifies the obtained results. Such parasitic conduction channels can originate from a
not completely insulating substrate (e.g. caused by too long etching times in the case of
SrTiO3) or leakage currents through the dielectric to the front-gate electrode. After the
sample is cooled down to the desired measurement temperature, the front-gate should
be tested via a leakage measurement and substrate conduction should be excluded by
measuring the resistance between the two neighbouring Hall-bars.

Cool-down time
The velocity of the cool-down procedure can have an influence on the low temperature
resistance of the sample. Figure C.1 illustrates this on an arbitrary TI heterostructure
sample, where each pair of gray circle and red triangle represent a cool-down of the
same sample from room temperature to 4.2K during the respective time C. While the
sheet resistance at room temperature (gray circles) and hence the starting point of the
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C Magnetotransport details

measurement is constant for all runs, the resistance at low temperature (red triangles)
is smaller for shorter cool-down times. However, for C & 125 s the low temperature
resistance saturates. Thus, extending the cool-down time to approximately 3 to 5 minutes
yields reproducible results.

Figure C.1: Influence of the cool-down time
on the low temperature resistance.

Back-gating: long-term effects
The unique dielectric properties of the SrTiO3 substrate allow easy implementation of
back-gating, but at the same time require accuracy in the measurement procedure to avoid
unintended artefacts. First, after the back-gate voltage is changed, long-term effects lead
to a further modulation of the electronic properties of the TI samples on a time scale of
minutes. This is illustrated in Fig. C.2 a). At time C < 0, the back-gate voltage is set from
30V to 0V, after which the monitoring of the sample’s sheet resistance is immediately
started defining C = 0. Even though the gate voltage (and all other parameter) are not
changed during C > 0, the resistance still shows a variation for several minutes. One of the
possible subsequent measurement artefacts is shown in Fig. C.2 b), where the absolute
magnetoresistance MRabs of a heterostructure sample is shown measured at ) = 4.2K.
The usually axis-symmetric curve to � = 0 shows a bent shape for � < 0, due to the
superposition of the magnetic field effect and the long-term influence on the resistance
after a change of the back-gate. To avoid such artefacts, the resistance should be monitored
after the back-gate voltage is changed and further measurements should only be started
once it has saturated.

Figure C.2: a) Long-term effect on the sample’s resistance induced by a change
of the back-gate voltage. b) Subsequent artefact in the magnetoresistance.
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C.1 Standard electrical characterization procedure

Back-gating: hysteresis-effects
The second possible source of error in the back-gate measurements is the hysteresis of
the gate. This is shown in Fig. C.3. The back-gate voltage +BG is swept from 0V to
−32V (dark blue line) and back to 0V (light blue line). Due to the STO hysteresis, both
curves do not coincide. The offset at +BG = −32V stems from the long-term effect stated
above. To yield comparable back-gate studies, every measurement series should start at
+BG = 0V and the voltage should always be monotonically increased or decreased. To
erase the hysteresis, the sample has to be brought to room temperature and cooled down
again at +BG = 0V.

Figure C.3: Influence of the STOhysteresis
on the sheet resistance of a samplemeasured
at ) = 4.2K.

C.1.2 Standard procedure 4He dewar

For the standard sample characterization procedure the 4He dewar system is used as
introduced in Sec. 5.1.4. It follows:

I. Test all contacts via a two point resistance measurement after sample is mounted to
the dip stick

II. Connect the temperature sensor and the contacts needed for the measurement with
the respective Lock-in or voltage source for gate operation, set all contacts to "float"
on the switch box and switch on outputs of voltages source at 0+

III. Start data acquisition and slowly lower dip stick into helium dewar on a time scale
of 3 to 5 minutes, while always monitoring the current temperature (temperature
decreases slowly in the beginning, but rapidly when the sample approaches the He
bath)

IV. At ) = 4.2K, check sample for leakage or parasitic currents

V. Sweep magnetic field to 5 T

VI. At � = 5T, where the highest signal of +xx and +xy is reached, optimize Lock-in
settings
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VII. Measure magnetic field sweep from +5 T to −5 T; from the sign of the slope of +xy
usually the sign of the gate voltage of the resistance maximum can be predicted

VIII. Sweep magnetic field to 0 T

IX. At � = 0 T measure gate sweep to positive or negative direction up to desired value;
usually beyond the maximum in resistance

X. Sweep gate back to 0V

XI. Bring sample to room temperature and let it warm up for some time

XII. Repeat cool-down procedure

XIII. If desired, measure gate sweep for opposite sign values; after measurement sweep
gate back to 0V and repeat warm-up and cool-down

XIV. Set gate to desired constant values, wait until resistance has saturated at the
respective +BG and measure magnetic field sweeps between ±5 T

XV. Sample has to be brought to room temperature, when magnetic field sweeps at
opposite sign gate values are desired to be measured.

C.2 Symmetrization of Hall measurements

In the simplest case, the classical horizontal Hall resistance 'xy of a conductive material
is a straight line. While the Hall curve can be non-linear in the presence of multiple
conduction channels of different mobilities and types, it is always expected to be point-
symmetric to � = 0 T and to fulfill 'xy = 0Ω at � = 0 T. In our measurements, however,
we routinely obtained Hall curves that did not meet these expectations. An exemplary
measurement is shown in Fig. C.4 a), where clearly a non-point-symmetric curve with
a large offset from 'xy = 0Ω at � = 0T can be observed. That this observation is an
artefact from the measurement and has no physical origin can be easily illustrated by
comparing the curve in panel a) with the one in panel b). As indicated by the insets, where
the rectangles framed in red represent the used Hall-bar contacts, the only difference
between the two measurements is the side of the contacts used to obtain the longitudinal
voltage drop, the measurement of the horizontal voltage drop and the applied current are
identical. As can be seen from the two measurements, changing the side of the contacts
for the longitudinal voltage drop flips the measured curve of 'xy that is obtained from +xy.
The origin of this effect is a leakage current through the Lock-in that is utilized for the
longitudinal measurement and that is caused by the high sample resistance. As indicated
in Fig. C.4 c), this leakage current changes the potential landscape within the sample on
that side, where the longitudinal voltage drops are contacted, which in turn influences the
horizontal measurement. A practical solution of this issue is a post-measurement digital
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C.2 Symmetrization of Hall measurements

Figure C.4: Illustration for the symmetrization of Hall curves. a),b) Measured
Hall resistances on same sample with contacts connected as indicated in the
insets. c) Sketch of potential landscape variation by connecting a Lock-in to
measure the longitudinal voltage drop. d) Symmetrized measurements of a) and
b) along with an un-symmetrized measurement, where no longitudinal contacts
were connected. All curves yield identical results.

symmetrization of the +xy data that extracts all components from the curve that are not
point-symmetric to � = 0 T by

'
sym
xy (�) =

'xy(�) − 'xy(−�)
2

.

That this procedure is physically justified is highlighted in Fig. C.4 d). The blue and
orange curves correspond to the measurements of panels a) and b), respectively, after
the digital symmetrization. The red curve represents the measurement of the same
horizontal resistance, but with no segment to obtain +xx connected to a Lock-in and
without symmetrization. All three curves are identical, showing that the symmetrization
procedure can eliminate the measurement artefact without falsifying the physical results.
More details can be found in Ref. [250].
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Figure C.5: Two runs of front-gate sweeps implemented before the dual-gated
measurement to avoid hysteresis effects. a) Run 1: sweep of front-gate following
+30V→ -30V→ +30V→ -30V→ +30V. b) Run 2 with identical sequence.

C.3 Dual-gated measurement
Figure 7.6 of section 7.3.1 showed a color plot of a dual-gated sample. The following will
present the procedure conducted to obtain this plot.
Before the actual measurement, the sample was cooled to 4.2K in the 4He dewar system
with both gates contacted to voltage sources with engaged output at 0V. To ensure the
absence of leakage currents through the front-gate dielectric, a leakage measurement
was performed for +FG = ±30V. After bringing the sample back to room temperature
and cooling down again to 4.2K, the front-gate was swept twice from +30V to -30V
in two runs to erase all front-gate hysteresis effects. The measured sheet resistance of
the two runs are displayed in Fig. C.5. Whereas the first run shows some hysteresis
effects, especially the two sweeps from +30V to −30V in run 2 coincide very well.
Subsequently, the measurement to acquire the color plot of Fig. 7.6 in the main text
only contains front-gate sweeps +30V to −30V. To obtain the color plot, the back-gate
was varied from 0V in steps of 1.5V in positive direction. At each back-gate value and
after a waiting time of 10 minutes to avoid long-term effects from the STO dielectric
(see C.1), a front-gate sweep was measured from 30V to -30V with 60mV/s. After the
measurement at a back-gate voltage of +30V, the BG was set to zero and the sample was
brought to room temperature to reset both gates. After cool-down, the whole procedure
was repeated (including the two runs to avoid the FG hysteresis) with the back-gate being
set to negative values. Due to this required reset of the gates, a small discrepancy between
the measurements for positive and negative back-gate direction is unavoidable. To account
for this, the 'S values for positive back-gate voltage were shifted by 3.3V front-gate in
Fig. 7.6.
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